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The Scope of the Special Issue. Nanostructured materials are
a new class of materials, having dimensions in the 1∼100 nm
range, which provide one of the greatest potentials for
improving performance and extended capabilities of prod-
ucts in a number of industrial sectors. Nanostructures can be
divided into zero-dimensional (0D when they are quantum
dot or nanoparticle structures), one-dimensional (1D when
they are elongated), and two-dimensional (2D when they
are planar) based on their shapes. The recent emphasis in
the nanomaterials research has been on 1D nanostructures
perhaps due to the intriguing possibility of using them in
the majority of short-term future applications. The most
successful examples are seen in the microelectronics, where
“smaller” has always meant a greater performance ever since
the invention of transistors, for example, higher density
of integration, faster response, lower cost, and less power
consumption. In recent years, applications of nanostructured
nanomaterials on microelectronic devices have been a highly
developing field, due to the flexibility and the light weight for
daily use, which has the potential to be deployable. Therefore
the fields of nanostructure devices have been the subject of
reviews.

With the continuous downscaling of material technolo-
gies, reliability is more and more becoming a major bottle-
neck. First of all the electric fields and mechanical stress have
increased continuously and are now reaching the maximum
values that can be allowed for reliable operation. At this time,

we are introducing nanomaterials and a new design to main-
tain the effective performance scaling. Somematerials like the
low carbon alloy steel, transparency conducting AZO films,
piezoelectric material, AlN flake, and titanium dioxide films
have already been introduced and under investigation.These
materials and devices often have unknown reliability behav-
ior and/or introduce new failure mechanisms. In addition,
themarket is continuously demanding higher reliability levels
for present technologies. The chance to share and discuss
these crucial nanostructured materials for microelectronic
developments is very important.

This special issue selects 9 papers about materials for
microelectronic applications and other related fields. This
special issue enables interdisciplinary collaboration between
material science and engineering technologists in the aca-
demic and industrial fields.
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The objective of this study is to investigate the influence of three significant parameters, namely, swirl flow, loading height, and
semi-confined combustion flame, on thermal efficiency and CO emissions of a swirl flow gas burner. We focus particularly on the
effects of swirl angle and inclination angle on the performance of the swirl flow burner.The results showed that the swirl flow burner
yields higher thermal efficiency and emits lower CO concentration than those of the conventional radial flow burner. A greater swirl
angle results in higher thermal efficiency and CO emission. With increasing loading height, the thermal efficiency increases but
the CO emission decreases. For a lower loading height (2 or 3 cm), the highest efficiency occurs at the inclination angle 15∘. On the
other hand, at a higher loading height, 4 cm, thermal efficiency increases with the inclination angle. Moreover, the addition of a
shield can achieve a great increase in thermal efficiency, about 4-5%, and a decrease in CO emissions for the same burner (swirl
flow or radial flow).

1. Introduction

Much attention has been paid to higher thermal efficiencies
and lower emissions of domestic gas burners since the ever-
increasing demand for energy saving and emission reduc-
tion [1–13]. As recognized, the domestic gas burner most
extensively used is of the conventional Bunsen type (i.e.,
partially aerated) [6, 14, 15]. The typical partially aerated
burner entrains primary air naturally by a momentum-
sharing process between the high velocity gas jet and the
ambient air [6]. The most popular fuel used in domestic gas
burners is liquefied petroleum gas (LPG), which is also used
in this work. Typically, designs of conventional domestic gas
burners are mainly relied upon open combustion flame such
that energy loss through the dispersion of the flue gas to the
surroundings is very large, resulting in relatively low thermal
efficiency [13]. Clearly, if the dispersion of the flame or flue
gas to the surroundings can be prolonged, then the thermal
efficiency can be improved.

Heat and mass transfer are strongly influenced by swirl
in a number of natural and technological flows [16]. It has
been shown that swirl flow had great potential to lengthen

the residence time and enhance mixing by means of the
rotating flow field [10–13]. Swirl flows have been extensively
used in many industrial furnaces and boilers as well as
internal combustion engines as they can enhance mixing
between fuel and oxidant and flame stabilization. However,
most of the domestic gas burners are of nonswirl flow type,
rather than swirl flow type.Therefore, in order to achieve high
efficiency and low emissions, it is of great importance that the
swirl flow in a domestic gas burner can be properly designed.

Recently, low-emission, energy-efficient gas burners have
attractedmuch attention.However, there is still lack of studies
on the flow type affecting burner performance, especially
swirl flow. The objective of this study is to investigate the
influence of swirl flow including swirl angle and inclination
angle on the burner performance. Domestic gas burners with
swirl flow are proposed by adjusting different values of swirl
angle and inclination angle. Their thermal efficiencies and
CO emissions characteristics will be discussed and compared
with those of the convectional nonswirl flow burner. Further-
more, the influences of heating height (loading height) and
semiconfined flame (shielded flame) on thermal efficiencies
and CO emissions are explored. The results obtained herein
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would be helpful for us to understand what parameters
govern burner performance and to provide significant design
or operation concepts of domestic gas cookers in real appli-
cations.

2. Experimental Setup and Method

Figure 1 schematically illustrates the experimental apparatus.
LPG contained in a steel cylinder is used as fuel, which
consists of 40% propane and 60% butane by volume with
a higher heating value of 114MJ/m3. A wet-gas meter is
used to measure the flow rate of LPG. Meanwhile, a U-tube
manometer is employed to regulate the supply pressure of
LPG, which can be adjusted by the pressure regulator. In this
study, a double-ring gas burner, which consists of a burner
head (see Figure 2(a)) and outer- and inner-ring burner caps
(made of copper), is adopted. The flow rates of outer- and
inner-ring burner caps can be separately controlled by means
of their own mixing tubes.

The port design of gas burner is the primary factor
greatly influencing the flow type and in turn dominating the
burner performance (thermal efficiency and emissions). In
the present work, we only change the outer-ring flow type
(radial flow (nonswirl flow) or swirl flow with various swirl
angles and inclination angles) but keep the inner-ring flow
type (radial flow) and the other remaining components the
same. This is because the outer-ring flow supplies the major
heat source and mainly governs the burner performance.
As shown in Figure 2(b), the outer-ring burner cap has
50 ports with the same diameter of 0.0028m along their
circumference.Their axes are designed to be oriented towards
the horizontal plane of the burner at an inclination angle, 𝛽,
and thus their tangential projections at a swirl angle, 𝛼, with
respect to the burner’s radius can be generated. Accordingly,
swirl flames can be formed in the outer-ring burner cap by
supplying a primary air-LPG mixture through the burner
ports. Figure 3(a) shows a typical rotating flame, which is
produced by the flame jets emerging from the burner ports
with swirl flow. Different values of swirl angle (𝛼 = 26,
36, 46, and 56∘) and inclination angle (𝛽 = 10, 15, 20, and
25∘) are designed to access the influence of swirl flow on the
burner performance. On the other hand, if 𝛼 = 0∘, then
the conventional nonswirl flow burner (radial flow burner)
is formed (see Figure 3(b)).

In addition to swirl flow, we also examine the effects of
adding a shield enclosing the burner on improving thermal
efficiency and reducing CO emission. The circular shield is
made of stainless steel sheet, whose height is 0.11m, inner
diameter is 0.32m, and thickness is 0.0008m (see Figure 4)
[15]. The shield has 15212 round holes of 0.00155m diameter.
The semiconfined combustion flame (with the circular shield
enclosing the burner) has a potential to suppress the disper-
sion of the high temperature flame and flue gas, resulting
in higher thermal efficiencies. Therefore, comparisons of
thermal efficiencies and CO emissions for the semiconfined
and open combustion flames are made.

As shown in Figure 5, the sampling and analysis system is
adopted to measure the thermal efficiency and CO emission.

According to CNS standard [17], the variations of water
temperature versus time were recorded by a 𝐾-type ther-
mocouple, which is arranged at the midpoint of the water
depth. The thermal efficiency of a gas burner is defined as
the percentage of the thermal input transferred to the loading
water, which can be determined by (1). In other words, it can
be calculated by measuring the elapsed time for a standard
load of water (4.4 kg) to be heated through a temperature rise
of 50∘C from the initial temperature (room temperature) and
the corresponding fuel (LPG) consumed:

𝜂 =

𝑚 × 𝐶

𝑝
× Δ𝑇

𝑄 ×HHV
× 100%, (1)

where𝑚 (kg) denotes the mass of water, 𝐶
𝑃
(kJ/kg-∘C) is the

specific heat at constant pressure of water, Δ𝑇 equals 50∘C,𝑄
(m3) represents the consumption of LPG, and HHV (kJ/m3)
designates the higher heating value of LPG.

The CO emissions are measured by a semicircular sam-
pling tube that is located at 1/3 of the loading height from the
top and 3mm away from the edge of the loading vessel. A
gas analyzer (Testo 350-XL) is used to continuously measure
the concentrations of combustion products.TheCOemission
resulting from incomplete combustion is greatly taken into
consideration because of the hazard of CO poisoning. In this
study, CO∗ is employed to designate the CO emission, which
is defined by the following equation [17]:

CO∗ = CO
𝑎
×

O
2𝑡

O
2𝑡
−O
2𝑎

, (2)

where CO∗ is the theoretical CO concentration of dry
combustion product, CO

𝑎
is themeasuredCOconcentration,

O
2𝑡
is the theoretical O

2
concentration in dry air, and O

2𝑎
is

the measured O
2
concentration.

3. Results and Discussion

Variations of thermal efficiency andCO emission versus swirl
angle at a fixed thermal input 4.75 kW for the open flame and
semiconfined flame at fuel supply pressure 𝑃 = 280mmH

2
O

and loading height 𝐿 = 2.5 cm are shown in Figures 6 and
7, respectively. As can be seen in Figures 6 and 7, for both
open flames and semiconfined flames, the swirl flow burner
gives higher thermal efficiency than the radial flow burner. As
swirl angle is increased from 0∘ to 56∘, the latter gives higher
thermal efficiency than the former by at least 2% for the open
flames (Figure 6) and semiconfined flames (Figure 7). The
improvement in thermal efficiency of the swirl flow burner
is mainly achieved by the increased heat transfer coefficient
at the vessel bottom resulting from prolonged residence time
of the combustion products in the vicinity of the vessel
bottom [15]. Moreover, the enhancement in flow mixing and
combustion process can be achieved owing to the rotating
flow field [15]. Figures 6 and 7 also show that the addition of
the shield yields a great increase in thermal efficiency, about
4-5%, for the same burner with swirl flow or radial flow at a
fixed thermal input. The reason is that, as the dispersion of
the flame or flue gas into the surroundings can be delayed
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Figure 1: Schematic of the experimental apparatus.
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Figure 2: Schematic of (a) burner head and (b) outer-ring swirl flow burner.

(a) (b)

Figure 3: Top view of (a) swirling flame burner and (b) nonswirling flame burner.
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Diameter of circular shield (D): 0.32m

Thickness of circular shield (t): 0.0008m

Height of circular shield (H): 0.11m

Number of round holes (N): 15212

H

D

Diameter of round hole (DH): 0.00155m

Figure 4: Schematic diagram of the circular shield.
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Gas stove

Loading vessel
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H

1/2 of water depth

1/3 of vessel height

3mm

b

A A

A-A section

30
∘

𝜃 = 60
∘

𝜃 = 0
∘

Figure 5: Schematic diagram of the sampling and analysis system.

by the shield, a significant improvement of thermal efficiency
can be achieved.

Furthermore, it can be seen from the results of Figures 6
and 7 that the swirl flow burner produces slightly higher CO
emission than the radial flowburner at fixed values of thermal
input and loading height. The port shape of the swirl flow
burner is elliptic, different from that of the radial flow burner,
which is circular, along the circumference of the outer-ring
burner.Therefore, the swirl flow burner has relatively narrow
port spacing leading to slightly lower secondary aeration
as compared with the radial flow burner. In comparison to
the radial flow burner, however, enhanced mixing, extended
residence time, and higher heat transfer coefficient between

the flame and the thermal load of the swirl flow burner greatly
prevent incomplete combustion and eventually lead to only a
relatively small increase in CO emissions.

Since loading height is an important design parameter,
particular emphasis is now put on the impact of loading
height (𝐿) on thermal efficiency and CO emissions. In
addition, inclination angle (𝛽) is a significant port design
parameter strongly affecting burner performance. Figures 8
and 9 demonstrate the influence of the inclination angle
(𝛽) and loading height (𝐿) on the thermal efficiency and
CO emission at a thermal input 4.75 kW for the open
flame, respectively. Meanwhile, Figures 10 and 11 show the
influence of the inclination angle (𝛽) and loading height (𝐿)
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Figure 7: Effect of 𝛼 on 𝜂 and CO for semiconfined flames.

on the thermal efficiency and CO emission for the semicon-
fined flame, respectively. It can be found from the results
of Figures 8–11 that an increase in loading height leads
to a decrease in thermal efficiency and a reduction in
CO emissions. At a higher loading height, the flame and
combustion gases are cooled to a greater extent owing to flow
mixing with ambient cool air before they contact the loading
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Figure 8: Effects of 𝛽 and 𝐿 on 𝜂 for open flames.
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Figure 9: Effects of 𝛽 and 𝐿 on CO for open flames.

vessel.Therefore, the temperature gradient for heat transfer is
decreased.

On the other hand, as the loading height decreases, the
slope of water temperature versus time becomes steeper due
to an increase in flame impingement on the load such that a
smaller amount of fuel consumption is required to heat up
a load and higher thermal efficiency is achieved, as shown
in Figures 8 and 10. Meanwhile, as loading height decreases,
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Figure 11: Effects of 𝛽 and 𝐿 on CO for semiconfined flames.

a larger amount of postflame gases is cooled as a result of
contacting with the loading vessel. Consequently, incomplete
combustion increases because of increased flame quenching
by the load, leading to an increase in CO emission, as shown
in Figures 9 and 11. These characteristics have also been
observed by Ko and Lin [6].

It is also found from the results of Figures 8–11
that, for a lower loading height (𝐿 = 2 or 3 cm),

the highest efficiency occurs at 𝛽 = 15∘. On the other hand,
at a higher loading height (𝐿 = 4 cm), thermal efficiency
increases with inclination angle 𝛽.The reason is that a greater
inclination angle𝛽 corresponds to a longer flame and thus the
temperature gradient for heat transfer is increased.Moreover,
as can be seen, at a lower loading height (𝐿 = 2 or 3 cm), the
CO emissions increase with an increase in inclination angle
because of increased quenching (incomplete combustion)
by the load, while, at a higher loading height (𝐿 = 4 cm),
the CO emission is quite low and only slightly influenced by
the inclination angle.

4. Conclusions

In this study, a domestic gas burner with swirling flames
was adopted to investigate the significant parameters, namely,
swirl angle, inclination angle, loading height, and shielded
flame (semiconfined flame), affecting the burner perfor-
mance. Concluding remarks are addressed as follows.

(1) As swirl angle is increased from 0∘ to 56∘, the latter
gives higher thermal efficiency than the former by
at least 2% for both open flames and semiconfined
flames.

(2) Generally, the increase in loading height results in
a decrease in thermal efficiency and a reduction in
CO emissions. The opposite holds for the decrease in
loading height.

(3) For a lower loading height (𝐿 = 2 or 3 cm), the highest
efficiency occurs at the inclination angle 𝛽 = 15∘, and
the CO emission increases with an increase in incli-
nation angle. On the other hand, at a higher loading
height (𝐿 = 4 cm), thermal efficiency increases with
inclination angle 𝛽 but the CO emission is quite low
and only slightly influenced by the inclination angle.

(4) The addition of the shield yields a great increase in
thermal efficiency, about 4-5%, and a decrease in CO
emissions for the same burner (swirl flow or radial
flow).
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Based on overcoming the sleeping obstacle for people, the purpose of this study is to design a photo-induced biofeedback fabric
which is a kind of optical fiber fabric with the function of enhancing sleeping sense and to evaluate its effect. The fabrics with two
layers including background layer and pattern layer were designed firstly. The pattern layers with 3 kinds of wavelengths of sine
waves and the light controller with 3 kinds of flashing frequencies were then prepared. Guiding the light into the optical fiber, it will
emit out of the optical fiber and stimulate our visual system to change the form of brain wave. Finally, EEG and sleeping scale were
applied to evaluate the effect of enhancing sleeping sense. The results were shown that human’s brain wave can be changed from
sober status to shallow-sleeping status and the effect of enhancing sleeping sense can be achieved for all pattern layers in frequencies
of 0, 5 and 10Hz. Furthermore, female is more significant than male and participants age from 30 to 49 are the most significant.
Besides, the stronger the participant’s stress is, the more significant the sleeping sense is.

1. Introduction

According to the investigation of Taiwan Society of Sleep
Medicine (TSSM),more than 4.5million people have sleeping
obstacle and 2.5 million people have suffered from chronic
insomnia in Taiwan in 2006. Only a few people would like
to consult doctors for this general issue. Therefore, how to
enhance sleeping sense by using an effective and natural
method has become an important issue and needs to be
studied. Because the sleeping quality is strongly relative to
stress [1, 2], stress relaxation and providing sound sleeping
quality are the main aims of this paper.

In general, methods of stress relaxation are listed as
follow: medical control treatment, exercise and homework
treatment, breathing control treatment, musical treatment,
Biofeedback treatment, and so forth [3, 4]. The principle of
Biofeedback was adopted in this paper and was applied to
train the people with sleeping obstacle to realize that it is
their own ability to exercise self-control and self-adjustment,
as well as it is also to make them understand that it is one’s
own responsibility to overcome this stress problem [5–7].

Referring to the aforesaid method of biofeedback treat-
ment, a unique home decoration fabric with the functions
of stress relaxation and sleeping sense enhancement was
created by the combination of textile, photoelectric system,
and medical technology. This is in a way with the hope to
stimulate the activity of the brain wave by the light emitting
out of the optical fibers which were weaved into fabric and
sewn on it, other than by medication. It is expected that such
innovation can release the stress exerted in our busy life and
provide a new natural way choice of stress relaxation and
enhancing sleeping sense for the people.

2. Materials and Methods

2.1. Biofeedback Fabrics Design. There are two layers in this
biofeedback fabric including pattern layer and background
layer. The background layer is woven with the warp and
the weft densities of 36 ends per inch by 150 denier white
synthetic filament yarn (SFY) and plastic optical fiber (POF)
of 0.25mm diameter. By sewing the Plastic Optical Fibers
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Figure 2: A design draft of pattern layer with 𝜆 = 60 cm sine wave.

(POFs) of 1.5mm diameter on the surface of the background
layer in a form of sine wave with various wavelengths as the
pattern layer, the light can be guided into one end of the POFs
and then emit out of the lateral of the POFs.The emitting light
can stimulate a change of the brain wave by the reaction of
man’s visual system. Besides, a light controller was designed
for obtaining various flashing frequencies of light.The details
of the design for our study were described as follows.

(1) Background Layer.The background layer draft was shown
in Figure 1. A plain weave fabric was applied to this back-
ground layer. The warp yarn of the background layer is
composed of synthetic filament yarn and plastic optical fiber
(POF) in ratio of 1 : 1 for color appearance in background
layer. The weft yarn is applied with the same SFY as the warp
yarn. All of the POFs of the warp yarn were gathered into

Table 1: Analysis of differences of the participants’ brain waves in
phases of 𝑓

1

,𝑓
2

, and𝑓
3

at resumed stages for all samples by ANOVA
test.

Sample Brain
wave 𝑓

1

𝑓

2

𝑓

3

𝐹 𝑃

Sample 1

B1 M 4.99 5.19 4.76 .201 .818
Alpha SD 2.20 2.73 2.94
B2 M 3.90 4.14 3.89 .310 .734
Beta SD 1.36 1.31 1.46
B3 M 3.52 3.69 3.29 .498 .610

Theta SD 1.42 1.64 1.64
B4 M 6.36 7.37 6.21 .824 .442

Delta SD 3.50 4.23 3.69

Sample 2

B1 M 6.00 6.09 5.93 .035 .966
Alpha SD 2.32 2.28 2.33
B2 M 4.13 4.23 4.38 .458 .634
Beta SD 0.86 1.01 1.15
B3 M 4.08 4.30 4.16 .303 .739

Theta SD 1.04 1.16 1.15
B4 M 4.27 8.61 7.88 .820 .444

Delta SD 3.19 4.98 4.27

Sample 3

B1 M 5.93 5.89 5.65 .128 .880
Alpha SD 2.26 2.31 2.28
B2 M 4.52 4.39 4.27 .395 .675
Beta SD 1.02 1.10 1.08
B3 M 4.29 4.30 4.49 .165 .848

Theta SD 1.01 1.14 2.06
B4 M 6.89 7.76 7.79 .931 .398

Delta SD 2.62 3.50 2.51

a strand and connected to a 0.3 watt natural LED light with a
flashing frequency adjusted by a light controller.

(2) Pattern Layer. The pattern layer draft was shown in
Figure 2. For the curvature of pattern layer, plural sine waves
with wavelengths (𝜆) of 60 cm in sample 1 (𝑆

1
), 30 cm in

sample 2 (𝑆
2
), and 10 cm in sample 3 (𝑆

3
) in a ratio of

amplitude towavelength 1 : 2, were arrangedhorizontallywith
a distance of 4 cm between each line. The plastic optical
fibers of 1.5mm diameter with significant side emitting
light characteristic were sewn on the background layer with
transparent Polyamide 6 filament yarns of 0.2mm diameter.
All of the POFs of pattern layer were gathered into a strand
and connected to a 0.3 watt blue LED light with a flashing
frequency adjusted by a light controller.

(3) Light Controller. There are four types of light intensities
and were provided including dark, glimpse, moderate, and
strong. Besides, three types of the flashing frequencies were
provided including 0HZ (𝑓

1
), 5HZ (𝑓

2
), and 10HZ (𝑓

3
).

The LED can be connected with the strand of POFs by using
a black thermoplastic tube.



Advances in Materials Science and Engineering 3

Table 2: Analysis of brain wave differences between resumed stage (RS) and stimulated stage (SS) in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

for all samples
by t-test.

Sample 𝑓

1

M SD 𝑡 𝑃 𝑓

2

M SD 𝑡 𝑃 𝑓

3

M SD 𝑡 𝑃

Sample 1

B1
RS 4.99 2.80 2.637 .110 B1

RS 5.19 2.73 2.853 .007 B1
RS 4.76 2.94 2.175 .035

SS 3.68 1.59 SS 3.56 1.50 SS 3.41 1.71

B2
RS 3.90 1.36

−3.37 .737 B2
RS 4.14 1.31 .520 .605 B2

RS 3.98 1.45
−4.520 .653

SS 4.03 1.52 SS 3.95 1.41 SS 4.06 1.47

B3
RS 3.52 1.42

−3.189 .003 B3
RS 3.69 1.64

−2.502 .015 B3
RS 3.29 1.64

−2.765 .008
SS 5.30 2.69 SS 4.92 2.13 SS 4.67 2.18

B4
RS 6.36 3.50

−4.664 .000 B4
RS 7.37 4.23

−3.830 .000 B4
RS 6.21 3.69

−3.993 .000
SS 14.11 8.40 SS 12.68 6.30 SS 11.58 6.37

Sample 2

B1
RS 6.00 2.32 4.039 .000 B1

RS 6.09 2.28 4.651 .000 B1
RS 5.93 2.33 4.372 .000

SS 4.12 1.06 SS 3.97 .99 SS 3.91 .97

B2
RS 4.13 .86

−1.241 .219 B2
RS 4.23 1.01

−.062 .951 B2
RS 4.38 1.15 .377 .708

SS 4.47 1.23 SS 4.25 1.02 SS 4.26 1.26

B3
RS 4.08 1.04

−3.498 .001 B3
RS 4.30 1.16

−2.765 .008 B3
RS 4.16 1.14

−3.793 .000
SS 5.64 2.20 SS 5.47 1.99 SS 5.79 2.05

B4
RS 7.21 3.19

−5.369 .000 B4
RS 8.61 4.98

−3.754 .000 B4
RS 7.88 4.27

−4.814 .000
SS 15.01 7.28 SS 14.45 6.91 SS 14.80 6.62

Sample 3

B1
RS 5.93 2.26 .429 .669 B1

RS 5.89 2.31 4.140 .000 B1
RS 5.65 2.28 3.789 .000

SS 5.33 2.30 SS 3.95 1.09 SS 3.82 1.34

B2
RS 4.52 1.02 .830 .410 B2

RS 4.39 1.10 .135 .893 B2
RS 4.27 1.08 .085 .932

SS 4.29 1.08 SS 4.35 1.16 SS 4.25 1.26

B3
RS 4.29 1.01

−3.208 .003 B3
RS 4.30 1.14

−2.847 .007 B3
RS 4.49 2.06

−1.481 .144
SS 5.65 2.07 SS 5.64 2.31 SS 5.33 2.34

B4
RS 6.89 2.62

−4.897 .000 B4
RS 7.76 3.50

−4.228 .000 B4
RS 7.79 2.51

−3.728 .001
SS 14.87 8.26 SS 14.69 8.26 SS 12.77 6.86
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Figure 3: Brain wave potential position.

2.2. Evaluating Procedure and Method

(1) Biofeedback Apparatus for Measuring Brain Wave. This
experiment used PED international Limited Electroen-
cephalogram (EEG) measurement instrument model no: 1-
330C-2, J + J engineering as the main equipment to measure

and collect data. This instrument is equipped with Physiolab
USE3’S Software for data storing and data analyzing.

This experiment sets the brain wave into 4 categories as
follows:

(1) B
1
is Alpha wave ranged from 8 to 14HZ;

(2) B
2
is Beta wave ranged from 14 to 40HZ;

(3) B
3
is Theta wave ranged from 4 to 8HZ;

(4) B
4
is Delta wave ranged from 0.4 to 4HZ.

The brain wave electrodes are located in F8 as positive, A2
as negative behind the right ear, and A1 as ground behind the
left ear as shown in Figure 3.The biofeedback reaction will go
into the encoder unit via the above said EEG measurement
instrument. The brain wave reaction of the participant will
simultaneously indicate on the computer screen.

(2) Sleeping Scale. We widely collected 130 adjectives related
to sleeping sense and relaxation from the literature. The 21
preferable adjectives were selected by using KJ (Kawakita
Jiro) method which is a grouping method performed by 6
members. Finally, 7 adjectives were chosen including Relaxed
(Q1), Soft (Q2), Comfortable (Q3), Stretchable (Q4), Light
(Q5), Free (Q6), and Sleepy (Q7); those 21 adjectives by using
SDT (Semantic Differential Technique) of 5 scales performed
by 30 subjects. After transferring these 7 adjectives into 7
questions and a sleeping scale of SDT with 11 scales (0 to 10),
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Table 3: Analysis of brain wave differences among 𝑓
1

, 𝑓
2

, and 𝑓
3

for
all samples at stimulated stage by ANOVA test.

Sample Brain
wave 𝑓

1

𝑓

2

𝑓

3

𝐹 𝑃

Sample 1

B1 M 3.68 3.56 3.41 .224 .799
Alpha SD 1.59 1.50 1.71
B2 M 4.03 3.96 4.06 .041 .960
Beta SD 1.52 1.41 1.47
B3 M 5.30 4.92 4.67 .537 .587

Theta SD 2.69 2.13 2.18
B4 M 14.11 12.68 11.58 .962 .386

Delta SD 8.40 6.30 6.37

Sample 2

B1 M 4.12 3.97 3.91 .316 .730
Alpha SD 1.06 .99 .97
B2 M 4.47 4.25 4.26 .333 .717
Beta SD 1.23 1.02 1.26
B3 M 5.64 5.47 5.79 .178 .838

Theta SD 2.20 1.99 2.05
B4 M 15.04 14.45 14.80 .050 .951

Delta SD 7.28 6.91 6.62

Sample 3

B1 M 5.33 3.95 3.82 1.117 .332
Alpha SD 1.30 1.09 1.34
B2 M 4.29 4.35 4.25 .058 .944
Beta SD 1.08 1.16 1.26
B3 M 5.65 5.64 5.33 .191 .827

Theta SD 2.07 2.31 2.35
B4 M 14.87 14.69 12.77 .653 .523

Delta SD 8.53 8.26 6.86

they were utilized to evaluate the sleeping sense in this study.
For further data analysis, the 6 questions of Q1 to Q6 can be
grouped together standing for Relaxed asQ1–Q6 expressed in
Table 9 to Table 12.

(3) Evaluating Procedure. The evaluating procedure of this
experiment was shown in Figure 4 and described below.

(1) 5 minutes before the evaluation is conducted, the
participants have to be informed of the purpose and
the procedure in preparation stage and the samples
should be prepared as showed in Figure 5.

(2) For the comparison of sleeping sense after the stim-
ulated stage, filling sleeping scale is conducted in 1
minute before starting the resumed stage.

(3) Closing the eyes and taking a rest for 3 minutes is
necessary in resumed stage (RS), it can assure that the
participant’s condition has recovered from the former
evaluated stage (SS).

(4) In the stimulated stage (SS), the participants open
their eyes and look at the biofeedback fabric for 3
minutes. During this period of time, the participants’
visual system will be stimulated and their brain waves

(1) Preparation stage (5 min)

End

(3) Resumed stage (RS) (3 min)

(4) Stimulated stage (SS) (3 min)

×3 (f1,

(5) Fill sleeping scale (1 min)

(2) Fill sleeping scale (1 min)

(S1,(6) ×3

f2 and f3)

S2 and S3)

Figure 4: A flow chart of the evaluating procedure with EEG
instrument and sleeping scale.

200 cm
50 cm

100 cm

Participant

Biofeedback fabric
adhered on an
objective board

Figure 5: An illustration of the relative position in evaluation room.

was changed and then recorded at every 10-seconds
interval.

(5) Filling sleeping scale in 1 minute after each stimu-
lated stage for the comparison of sleeping sense and
repeating (3) to (5) steps for 3 types of the flashing
frequencies (𝑓

1
, 𝑓
2
, and 𝑓

3
) of the biofeedback fabric

are done, and then the experiment is completed for
every single sample.

(6) Repeating (2) to (5) steps for all the 3 samples of the
different curvatures (𝑆

1
, 𝑆
2
, and 𝑆

3
) of biofeedback

fabric are done, and then the experiment is completed
for single subject.

(4) Evaluating Condition. Before the starting of this experi-
ment, the relevant conditions and factors which may affect
the result of the experiment should be kept constantly and
remained throughout thewhole experiment.The biofeedback
fabric is placed at 100 cm above the ground level and the
distance between the biofeedback fabric and participant is
200 cm. The participant sits straight at eyes level with the
objective board in horizontal level as shown in Figure 5. The
light strength of the evaluating room is kept under 0.001 lx.
The participant should be motionless, keeping silence and
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Table 4: Analysis of female brain wave differences between resumed stage and stimulated stage in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test.

𝑓

1

M SD 𝑡 𝑃 𝑓

2

M SD 𝑡 𝑃 𝑓

3

M SD 𝑡 𝑃

B1
RS 4.841 1.899 2.544 .017 B1

RS 5.091 2.754 2.342 .031 B1
RS 4.773 2.601 1.944 .062

SS 3.320 1.324 SS 3.293 1.119 SS 3.273 1.464

B2
RS 4.075 1.597

−0.370 .970 B2
RS 4.028 1.424

−.033 .974 B2
RS 3.998 1.332

−4.290 .671
SS 4.098 1.812 SS 4.046 1.582 SS 4.224 1.547

B3
RS 3.313 1.461

−2.654 .013 B3
RS 3.390 1.614

−2.485 .019 B3
RS 3.311 1.542

−2.488 .019
SS 5.373 2.628 SS 4.946 1.811 SS 4.998 2.127

B4
RS 6.481 4.502

−3.489 .002 B4
RS 6.927 4.667

−3.282 .003 B4
RS 6.183 3.704

−3.690 .001
SS 15.095 8.436 SS 12.790 5.106 SS 12.981 6.098

Table 5: Analysis of male brain wave differences between resumed stage and stimulated stage in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test.

𝑓

1

M SD 𝑡 𝑃 𝑓

2

M SD 𝑡 𝑃 𝑓

3

M SD 𝑡 𝑃

B1
RS 5.155 2.538 1.372 .181 B1

RS 5.296 2.806 1.685 .103 B1
RS 4.750 3.333 1.202 .242

SS 4.055 1.791 SS 3.844 1.809 SS 3.549 1.970

B2
RS 3.737 1.115

−.532 .599 B2
RS 4.258 1.227 .840 .408 B2

RS 3.791 1.618
−.208 .837

SS 3.965 1.236 SS 3.873 1.280 SS 3.907 1.430

B3
RS 3.735 1.412

−1.816 .084 B3
RS 4.001 1.673

−1.172 .251 B3
RS 3.271 1.801

−1.440 .161
SS 5.227 2.851 SS 4.908 2.485 SS 4.350 2.275

B4
RS 6.238 2.267

−3.019 .008 B4
RS 7.822 3.853

−2.184 .040 B4
RS 6.237 3.823

−2.018 .053
SS 13.133 8.550 SS 12.579 7.502 SS 10.180 6.532

quiet in the evaluating room in order not to be disturbed. A
total of 30 participants are divided into 3 groups by age in this
experiment. The age of the first group (Age 1) is 18 to 29, the
second group (Age 2) is 30 to 49, and the third group (Age 3)
is 50 to 65. Each group consists of 10 participants; male and
female are in the same quantity.

3. Results and Discussions

The EEG instrument was applied to measure the brain wave’s
strength at different flashing frequencies and to evaluate
the biological state of the participants at resumed stage and
stimulated stage. The measuring data obtained will be fur-
ther analyzed and compared based on different stimulation
condition, participant’s age, and gender. Therefore, all the
participants’ brain waves need to be stabilized at resumed
stage of phases of 𝑓

1
, 𝑓
2
, and 𝑓

3
for the comparison of

stimulated stage. The participants’ brain waves at resumed
stage of phases of 𝑓

1
, 𝑓
2
, and 𝑓

3
for sample 1, sample 2,

and sample 3 were shown in Table 1. The 𝑃 values of the
differences among all the phases of 𝑓

1
, 𝑓
2
, and 𝑓

3
for all

samples and all brain waves (B
1
, B
2
, B
3
, and B

4
) are all larger

than 0.05; that is, there are no significant differences of their
brain wave activities in all phases according to ANOVA test.
We can confirm that the brain wave after 3 minutes rest
of closing eyes can be stabilized and be able to resume the
original status before starting the measurement of stimulated
stage.

(1) Analysis of Brain Wave at Different Stimulated Stage. The
brain wave differences between the resumed stage (RS) and

the stimulated stage (SS) in phases of 𝑓
1
, 𝑓
2
, and 𝑓

3
were

analyzed according to the 𝑡-test. The results were listed in
Table 2 and described as follows. For all the phases of 𝑓

1
,

𝑓

2
, and 𝑓

3
, Alpha waves (B

1
) are decreased significantly and

transferred intoThetawave (B
3
) andDeltawave (B

4
) standing

for the slights sleeping status. The less the brain wave’s
frequency (e.g., B

4
< B
3
), the more significant increasing is

the brain wave’s strength (e.g., B
4
> B
3
); that is, the reaction

of the brain wave can be changed when the participants was
stimulated by the light out of the optical fiber in biofeedback
fabric, as well as the brain wave strength is more obviously
and easily enhanced for the lower frequency of brain wave.
The results demonstrated that the brain wave can be changed
and reached to a status of slight sleeping (B

4
ands B

3
) from

relaxation status (B
1
). As to the high frequency of the Beta

wave (B
2
), standing for the exciting and sobering status,

there is no significant difference between the resumed stage
and the stimulated stage because the participants’ original
status is relaxant. The further analyses of brain waves at the
stimulated stage in different flashing frequencies were listed
in Table 3. For all the brain waves of B

1
, B
2
, B
3
, and B

4
,

there are no significant differences among the 3 different
flashing frequencies according to ANOVA test. The results
showed that the biofeedback fabrics in conditions of 3 kinds
of flashing frequencies are all effective.

(2) Analysis of Brain Wave for Male and Female at Different
Stimulated Stage. The analyses of brain wave strength for
female and male at different flashing frequencies were listed
in Tables 4 and 5. For female brain waves at different flashing
frequencies, their Alpha waves showed slight decreasing
and their Theta wave and Delta wave showed significant
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Table 6: Analysis of brain waves differences between resumed stage and stimulated stage for Age 1 group in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test.

𝑓

1

M SD 𝑡 𝑃 𝑓

2

M SD 𝑡 𝑃 𝑓

3

M SD 𝑡 𝑃

B1
RS 5.255 2.035 1.876 .078 B1

RS 5.023 2.371 1.886 .076 B1
RS 4.914 2.610 1.621 .122

SS 3.616 1.342 SS 3.430 1.230 SS 3.364 1.525

B2
RS 3.897 1.441 .065 .949 B2

RS 3.735 1.279
−.215 .832 B2

RS 3.506 1.244
−.966 .347

SS 3.851 1.719 SS 3.878 1.671 SS 4.113 1.550

B3
RS 3.752 1.474

−1.187 .251 B3
RS 3.690 1.509

−.786 .442 B3
RS 3.585 1.677

−.810 .428
SS 4.798 2.365 SS 4.259 1.723 SS 4.272 2.092

B4
RS 8.142 4.585

−1.641 .118 B4
RS 8.795 4.816

−1.011 .326 B4
RS 7.349 4.204

−1.463 .161
SS 13.215 8.631 SS 11.002 4.950 SS 10.763 6.062

Table 7: Analysis of brain waves differences between resumed stage and stimulated stage for Age 2 group in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test.

𝑓

1

M SD 𝑡 𝑃 𝑓

2

M SD 𝑡 𝑃 𝑓

3

M SD 𝑡 𝑃

B1
RS 4.946 2.749 .829 .418 B1

RS 5.185 3.213 1.139 .269 B1
RS 4.975 3.178 1.141 .269

SS 4.009 2.878 SS 3.791 2.156 SS 3.597 2.117

B2
RS 3.597 1.340

−.659 .518 B2
RS 4.100 1.502 .219 .829 B2

RS 4.121 1.634 .357 .725
SS 4.020 1.523 SS 3.949 1.587 SS 3.861 1.623

B3
RS 3.424 1.668

−2.434 .026 B3
RS 3.484 1.798

−2.356 .030 B3
RS 3.324 1.643

−2.319 .032
SS 6.280 3.315 SS 5.772 2.489 SS 5.448 2.386

B4
RS 5.703 3.068

−3.678 .006 B4
RS 6.777 3.960

−3.192 .005 B4
RS 6.595 3.466

−3.128 .006
SS 16.160 9.302 SS 15.007 7.128 SS 13.945 6.574

Table 8: Analysis of brain waves differences between resumed stage and stimulated stage for Age 3 group in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test.

𝑓

1

M SD 𝑡 𝑃 𝑓

2

M SD 𝑡 𝑃 𝑓

3

M SD 𝑡 𝑃

B1
RS 4.793 1.974 1.949 .067 B1

RS 5.373 2.840 1.978 .063 B1
RS 4.395 3.272 .976 .342

SS 3.437 .972 SS 3.485 1.023 SS 3.271 1.603

B2
RS 4.223 1.382

−.002 .999 B2
RS 4.594 1.112 1.113 .281 B2

RS 4.057 1.547
−.254 .802

SS 4.224 1.464 SS 4.052 1.066 SS 4.223 1.370

B3
RS 3.396 1.237

−1.735 .100 B3
RS 3.913 1.761

−.978 .341 B3
RS 2.964 1.738

−1.556 .137
SS 4.821 2.284 SS 4.750 2.054 SS 4.302 2.091

B4
RS 5.234 1.929

−3.072 .012 B4
RS 6.552 3.922

−2.269 .036 B4
RS 4.685 3.195

−2.359 .034
SS 12.961 7.717 SS 12.044 6.575 SS 10.033 6.417

Table 9: Analysis of sleeping scale differences between 𝑓
0

and after stimulated in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test for sample 1, sample 2, and
sample 3.

Sample 1 M SD P Sample 2 M SD P Sample 3 M SD P
𝑓

0

7.32 1.59 0.381 𝑓

0

7.25 1.60 0.467 𝑓

0

7.34 1.21 0.241
𝑓

1

6.91 1.95 𝑓

1

6.90 2.07 𝑓

1

7.41 1.35

Q1–Q6 𝑓0 7.32 1.59 0.023 Q1–Q6 𝑓

0

7.25 1.60 0.034 Q1–Q6 𝑓

0

7.34 1.21 0.018
𝑓

2

6.16 2.19 𝑓

2

6.20 2.11 𝑓

2

6.31 1.99
𝑓

0

7.32 1.59 0.000 𝑓

0

7.25 1.60 0.036 𝑓

0

7.34 1.21 0.049
𝑓

3

7.88 1.69 𝑓

3

8.09 1.42 𝑓

3

7.82 1.90
𝑓

0

0.40 0.86 0.000 𝑓

0

0.47 1.01 0.000 𝑓

0

0.27 0.64 0.000
𝑓

1

2.87 1.55 𝑓

1

3.20 1.73 𝑓

1

2.63 1.22

Q7 𝑓

0

0.40 0.86 0.000 Q7 𝑓

0

0.47 1.01 0.000 Q7 𝑓

0

0.27 0.64 0.000
𝑓

2

5.10 2.50 𝑓

2

5.70 2.23 𝑓

2

4.97 1.97
𝑓

0

0.40 0.86 0.000 𝑓

0

0.47 1.01 0.000 𝑓

0

0.27 0.64 0.000
𝑓

3

5.30 2.04 𝑓

3

6.30 2.39 𝑓

3

6.20 2.04



Advances in Materials Science and Engineering 7

Table 10: Analysis of female sleeping scale differences between𝑓
0

and after stimulated in phases of𝑓
1

,𝑓
2

, and𝑓
3

by t-test for sample 1, sample
2, and sample 3.

Sample 1 M SD P Sample 2 M SD P Sample 3 M SD P
𝑓

0

7.69 1.17 0.575 𝑓

0

7.73 1.41 0.436 𝑓

0

7.63 1.01 0.648
𝑓

1

7.42 1.39 𝑓

1

7.23 2.00 𝑓

1

7.43 1.34

Q1–Q6 𝑓0 7.69 1.17 0.284 Q1–Q6 𝑓

0

7.73 1.41 0.068 Q1–Q6 𝑓

0

7.63 1.01 0.094
𝑓

2

7.09 1.77 𝑓

2

6.58 1.89 𝑓

2

6.91 1.26
𝑓

0

7.69 1.17 0.169 𝑓

0

7.73 1.41 0.408 𝑓

0

7.63 1.01 0.322
𝑓

3

8.32 1.28 𝑓

3

8.18 1.49 𝑓

3

8.09 1.43
𝑓

0

0.53 1.06 0.000 𝑓

0

0.60 1.30 0.000 𝑓

0

0.27 0.80 0.000
𝑓

1

3.33 1.80 𝑓

1

3.87 2.00 𝑓

1

3.07 1.33

Q7 𝑓

0

0.53 1.06 0.000 Q7 𝑓

0

0.60 1.30 0.000 Q7 𝑓

0

0.27 0.80 0.000
𝑓

2

5.67 2.32 𝑓

2

6.87 1.92 𝑓

2

5.60 2.16
𝑓

0

0.53 1.06 0.000 𝑓

0

0.60 1.30 0.000 𝑓

0

0.27 0.80 0.000
𝑓

3

5.87 2.00 𝑓

3

7.47 2.00 𝑓

3

7.13 2.03

increasing. This result demonstrated that the biofeedback
fabrics in conditions of different flashing frequencies are all
effective for female. As to male, the result was the same
with female. The biofeedback fabrics in conditions of 3 kinds
of flashing frequencies are all effective to male. Comparing
female with male, the effect in enhancing sleeping sense for
female ismore significant than it formale because the changes
of Alpha wave decreasing and Theta/Delta wave increasing
for female are more significant than it for male; that is, the
female’s brain wave is easier to be changed than it for male’s
brain wave.

(3) Analysis of Brain Wave for Age 1, Age 2, and Age 3
at Different Stimulated Stage. The analyses of brain waves
strength for groups of Age 1, Age 2, and Age 3 at different
flashing frequencies were listed in Tables 6, 7, and 8. For the
Age 1 (18 to 29) group, the Alpha waves were decreased and
the Theta/Delta waves were increased, but all of them were
not significant. For the Age 2 (30 to 49) group, the Alpha
waves were decreased, however they were not significant, but
the Theta and Delta waves were significantly increased. For
the Age 3 (50 to 65) group, the Alpha waves were decreased
and the Theta waves were increased; however they were not
significant, but the Delta waves were increased and reached
a significant level. According to the aforementioned results,
the effect in enhancing sleeping sense for Age 2 group is the
best among all the groups of Age, and Age 1 group ranks
behind Age 3 group. Maybe the stress of the Age 2 group is
the strongest among all the groups of Age and the stress of
the Age 3 group is stronger than Age 1 group. Therefore, we
can infer from the results that the stronger the participant’s
stress is, the more obvious the effect in enhancing sleeping
sense is.

(4) Analysis of Sleeping Scale at Different Stimulated Stages
for Different Samples. The sleeping scale was applied to
investigate the enhancement effect of sleeping sense for the
participants at different flashing frequencies for 3 samples.
The evaluating data, that is, the sleeping scale score, obtained
were further analyzed based on different sample stimulation,

participant’s age, and gender. The results were elaborated as
below. The score differences of sleeping scale between 𝑓

0

after the resumed stage (RS) and after the stimulated stage
(SS) in phases of 𝑓

1
, 𝑓
2
, and 𝑓

3
for sample 1, sample 2,

and sample 3 were analyzed according to the t-test. The re-
sults were listed in Table 9. For all the samples in phases of
𝑓

1
, 𝑓
2
, and 𝑓

3
, the differences of Q7 standing for sleeping

sense between (𝑓
0
) after RS and (𝑓

1
, 𝑓
2
, 𝑓
3
) after SS were

extremely significantly increased. Their 𝑃 values were all
reaching 0.000.Thedifferences ofQ1–Q6 standing for relaxed
feel for 𝑓

3
(10Hz) were increased significantly. Their 𝑃

values were less than 0.05. Adversely, the differences of Q1–
Q6 for 𝑓

2
(5Hz)were decreased significantly. Besides, the

difference was not significant while comparing 𝑓
0
with 𝑓

1

(0Hz). The results demonstrated that the sleeping sense of
the participants can be enhanced when their visual system
were stimulated by all samples in frequencies of𝑓

1
,𝑓
2
, and𝑓

3
.

However, the relaxed feel of the participants can be enhanced
while stimulating only in frequency of 𝑓

3
for all samples.

(5) Analysis of Sleeping Scale for Male And Female at Different
Stimulated Stages for Different Samples. The score differences
of sleeping scale for male and female between 𝑓

0
after the

resumed stage (RS) and after the stimulated stage (SS) in
phases of 𝑓

1
, 𝑓
2
, and 𝑓

3
for sample 1, sample 2, and sample 3

were analyzed and the results were listed in Tables 10 and 11.
For all the samples in phases of 𝑓

1
, 𝑓
2
, and 𝑓

3
, the differences

formale and female ofQ7 standing for sleeping sense between
𝑓

0
(after RS) and 𝑓

1
, 𝑓
2
, and 𝑓

3
(after SS) were extremely

significantly increased.Their𝑃 valueswere all reaching 0.000.
Adversely, the differences of Q1–Q6 for male and female
were not significant while comparing 𝑓

0
with 𝑓

1
, 𝑓
2
, and

𝑓

3
. The results demonstrated that the sleeping sense of the

participants for male and female can be enhanced extremely
significantly when their visual system were stimulated for
all samples in the frequencies of 𝑓

1
, 𝑓
2
, and 𝑓

3
. However,

the relaxed feel of the participants cannot be enhanced
significantly while stimulating in the frequencies of 𝑓

1
, 𝑓
2
,

and 𝑓
3
for all samples. Besides, the higher the flashing
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Table 11: Analysis of male sleeping scale differences between 𝑓
0

and after stimulated in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test for sample 1, sample
2, and sample 3.

Sample 1 M SD P Sample 2 M SD P Sample 3 M SD P
𝑓

0

6.94 1.88 0.487 𝑓

0

6.77 1.68 0.779 𝑓

0

7.06 1.35 0.514
𝑓

1

6.40 2.32 𝑓

1

6.57 2.16 𝑓

1

7.39 1.42

Q1–Q6 𝑓0 6.94 1.88 0.081 Q1–Q6 𝑓

0

6.77 1.68 0.211 Q1–Q6 𝑓

0

7.06 1.35 0.068
𝑓

2

5.43 2.22 𝑓

2

5.82 2.31 𝑓

2

5.79 2.42
𝑓

0

6.94 1.88 0.482 𝑓

0

6.77 1.68 0.138 𝑓

0

7.06 1.35 0.472
𝑓

3

7.44 1.96 𝑓

3

7.80 1.90 𝑓

3

7.56 2.29
𝑓

0

0.27 0.59 0.000 𝑓

0

0.33 0.62 0.000 𝑓

0

0.27 0.46 0.000
𝑓

1

2.40 1.12 𝑓

1

2.53 1.13 𝑓

1

2.20 0.94

Q7 𝑓

0

0.27 0.59 0.000 Q7 𝑓

0

0.33 0.62 0.000 Q7 𝑓

0

0.27 0.46 0.000
𝑓

2

4.53 2.61 𝑓

2

4.53 1.92 𝑓

2

4.33 1.59
𝑓

0

0.27 0.59 0.000 𝑓

0

0.33 0.62 0.000 𝑓

0

0.27 0.46 0.000
𝑓

3

4.73 1.98 𝑓

3

5.13 2.23 𝑓

3

5.27 1.62

Table 12: Analysis of sleeping scale differences between 𝑓
0

and after SS for sample 1 in phases of 𝑓
1

, 𝑓
2

, and 𝑓
3

by t-test for groups of Age 1,
Age 2, and Age 3.

Age 1 M SD P Age 2 M SD P Age 3 M SD P
𝑓

0

7.51 1.12 0.628 𝑓

0

6.89 1.28 0.678 𝑓

0

7.51 1.84 0.490
𝑓

1

7.35 1.42 𝑓

1

6.72 1.77 𝑓

1

7.15 2.17

Q1–Q6 𝑓0 7.51 1.12 0.009 Q1–Q6 𝑓

0

6.89 1.28 0.011 Q1–Q6 𝑓

0

7.51 1.84 0.052
𝑓

2

6.60 1.46 𝑓

2

5.62 2.29 𝑓

2

6.45 2.29
𝑓

0

7.51 1.12 0.299 𝑓

0

6.89 1.28 0.136 𝑓

0

7.51 1.84 0.045
𝑓

3

7.81 1.10 𝑓

3

7.58 2.14 𝑓

3

8.41 1.53
𝑓

0

0.30 0.47 0.000 𝑓

0

0.70 1.29 0.000 𝑓

0

0.13 0.35 0.000
𝑓

1

2.27 1.14 𝑓

1

3.97 1.71 𝑓

1

2.47 1.01

Q7 𝑓

0

0.30 0.47 0.000 Q7 𝑓

0

0.70 1.29 0.000 Q7 𝑓

0

0.13 0.35 0.000
𝑓

2

5.03 1.97 𝑓

2

6.07 2.56 𝑓

2

4.67 1.97
𝑓

0

0.30 0.47 0.000 𝑓

0

0.70 1.29 0.000 𝑓

0

0.13 0.35 0.000
𝑓

3

5.40 1.40 𝑓

3

6.83 2.60 𝑓

3

5.57 2.16

frequency, the better the effect in enhancing sleeping sense
for both genders of participants. The enhancement effect in
sleeping sense for female is better than it for male.

(6) Analysis of Sleeping Scale for Age Groups at Different Stim-
ulated Stages.The score differences of sleeping scale between
𝑓

0
(after RS) and𝑓

1
,𝑓
2
, and𝑓

3
(after SS) for 3 groups of Age 1,

Age 2, and Age 3 were analyzed and their results were listed
in Table 12. For the sample 1 in phases of 𝑓

1
, 𝑓
2
, and 𝑓

3
, the

differences ofQ7 standing for sleeping sense between𝑓
0
(after

RS) and 𝑓
1
, 𝑓
2
, and 𝑓

3
(after SS) were extremely significantly

increased. Their 𝑃 values were all reaching 0.000. Adversely,
the differences for all Age groups of Q1–Q6 were no signif-
icant differences while comparing 𝑓

0
with 𝑓

1
, 𝑓
2
, and 𝑓

3
.

The results demonstrated that the sleeping sense of the
participants for all Age groups can be enhanced extremely
when their visual system were stimulated by sample 1 in
frequencies of 𝑓

1
, 𝑓
2
, and 𝑓

3
. However, the relaxed feel

of the participants of all Age groups cannot be enhanced
significantly while stimulating in frequencies of𝑓

1
,𝑓
2
, and𝑓

3

for sample 1. Besides, the higher the flashing frequency, the
better the enhancing sleeping sense for 3 Age groups of

participants. The effect of enhancing sleeping sense for Age
2 group (30∼49) is the best among 3 Age groups. Maybe the
stress of Age 2 group is the strongest among all the groups
of Age. Therefore, we can infer from the results that the
stronger the participant’s stress is, the more obvious the effect
in enhancing sleeping sense is, and it is same with the results
of above Table 6 to Table 8.

4. Conclusion

We designed a unique biofeedback fabric including back-
ground layer and pattern layer, 3 kinds of wavelengths
of sine waves, and 3 kinds of flashing frequencies based
on the biofeedback principle for enhancing sleeping sense
and evaluated its performance according to the brain wave
measured with EEG and the sleeping scale was developed by
ourselves. The results can be summarized as follows.

(1) For all the phases of 𝑓
1
, 𝑓
2
, and 𝑓

3
, Alpha waves (B

1
)

are decreased significantly and transferred intoTheta
wave (B

3
) andDeltawave (B

4
); that is, the biofeedback

fabrics in conditions of 3 kinds of flashing frequencies
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for all samples are all effective in enhancing sleeping
sense.

(2) The effect in enhancing sleeping sense for female is
more significant than it for male.

(3) The effect in enhancing sleeping sense for Age 2 group
(30–49) is the best among all Age groups.

(4) The stronger the participant’s stress is, the more
obvious the effect in enhancing sleeping sense is.
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By the composite heat treatments, the strength and the surface hardness of the materials of drive elements can be improved.
Moreover, the high accurate and capable machines can be obtained. For the numerous composite heat treatments, the deep
cryogenic treatment has been used widely for the purpose of low thermal expansion in the industry. Therefore, this paper is
further to investigate the low friction, wear resistance, and low thermal expansion for the carburizing steels of drive elements with
deep cryogenic treatment. According to the experimental results, martensitic transformation occurred after the deep cryogenic
treatment. The effects of deep cryogenic treatment on wear mechanisms are significant. The shape of wear particles changes from
slip tongue to smooth stratification. Moreover, the surface magnetization is smaller for the case of Carburizing-Deep cryogenic
treatment. Hence, the wear mechanism becomes simple. Besides, the thermal expansion is significantly smaller for the case of
Carburizing-Deep cryogenic treatment.

1. Introduction

Three attractable problems have been respected over the
past decades, such as the fast development of high accurate
mechanical engineering, marketability, and energy crisis.
Hence, the performance of high reliance and high environ-
mental consciousness is very important for the developments
of the tool machines. In order to achieve the above goal,
the technology of composite heat treatment is the most
importantmethod to improve the surface properties [1, 2]. By
the composite heat treatments, the strength and the surface
hardness of the materials of drive elements can be improved.
Therefore, both of low friction and wear resistance can be
further completed [3, 4].

Many papers about the heat treatment technology had
been proposed. Especially, the deep cryogenic treatment has
been used widely for the purpose of wear resistance in the
industry [5, 6]. Generally speaking, the drive elements by the
deep cryogenic treatment are a wise method for improving

the performance of low friction, wear resistance, and low
thermal expansion. This can be reasonably explained by
that the austenite is one of the unfavorable factors for the
microtechnique, such as measuring tool, bearing, and preci-
sion optical machinery. Hence, the deep cryogenic treatment
[7] and the super cryogenic treatment [8] are always used to
makemartensitic transformation and improve the wear resis-
tance and the low thermal expansion of the drive elements.

Moreover, since the authors had experimentally studied
the wear mechanisms of the pair of iron with the car-
bon steels in-depth [9–12], the knowledge is applied and
adapted to the study of using continuous variation of surface
magnetization and friction coefficient for monitoring the
tribological properties of the low carbon alloy steel in this
paper. Therefore, the effects of the deep cryogenic treatment
on wear resistance, and microthermal expansion of the
drive elements are investigated in this study. According to
the experimental results, the low friction, wear resistance,
and low surface magnetization for the drive elements with
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Figure 1: Schematic diagram of ball/disk friction tester with the measuring systems.
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the deep cryogenic treatment can be clarified. Moreover, the
microwearmechanisms can be investigated by the SEMof the
wear particles. Besides, the decreasing of the microthermal
expansion will be completed to further develop the tool
machines.

2. Experimental Apparatus and Procedures

2.1. Experimental Apparatus. The experiments were con-
ducted on a ball/disk friction tester with a measuring system
as shown in Figure 1 to investigate the effects of the deep
cryogenic treatment on wear resistance of the drive elements
under dry severe wear condition. The disk surface was set
vertical to the ground to simplify the wear mechanisms. The
stationary ball specimen was placed on a rest, connected
to a load cell and supported by a set of roller bearings. A
load, vertical to the disk surface, was applied to the ball
specimen by using the level rule. To avoid impact and to
maintain constant contact between the specimens during the
friction process, a soft spring (𝑘 = 0.17N/mm) with an oil
damper (𝑐 = 1.04Ns/m) was installed in the loading system.
This setup enabled accurate measurement of the friction
coefficient between the ball and disk specimens.

In Figure 1, the generated tribomagnetization on the disk
surface during the rotating friction process was in the order
of 0.1 G. The response time of the measuring system was
less than 10ms. Briefly, the instantaneous friction coefficient
between the contacting specimens was determined by the
voltage signal from the load cell. The variations of surface
magnetization were measured by a gauss meter. As the gauss
meter probe was situated opposite to the pin specimen, the
signal of the tribomagnetization therefore lagged the friction
voltage signal by half a cycle.The above two voltages from the
load cell and the gauss meter were simultaneously recorded
by a data acquisition system and fed to a personal computer
for data analysis.

2.2. Test Specimens. The ball specimens were made of SUJ2.
Besides, the disk specimensweremade of SCM415.Moreover,
the disk specimens had been conducted with the different
composite heat treatments before the friction tests. The
specimens are shown in Figure 2 and theirmaterial properties
are given inTable 1.Moreover, the surface hardness of the disk
specimens with different composite heat treatments is shown
in Table 2.
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Table 1: Compositions of SCM415.

SCM415 wt%
C Si Mn P S Cr Cu Mo Ni
0.13∼0.18 0.15∼0.35 0.6∼0.85 ≦0.03 ≦0.03 0.9∼1.2 ≦0.3 0.15∼0.25 ≦0.25
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Figure 3: Surface magnetization and friction coefficient responses for SCM415 with Carburizing-Tempering: (a) 75N and (b) 100N.

Table 2: Surface hardness of SCM415 with different composite heat
treatments.

Composite heat treatments Surface hardness (HRC)
Carburizing-Tempering 65.7
Carburizing-Deep cryogenic
treatment-Tempering 68.4

2.3. Experimental Procedures. Prior to each friction test the
specimens were cleaned with acetone in an ultrasonic cleaner
and securely locked in position in the tester. The location
and tightness between the ball and the disk interface were of
paramount importance to ensure experimental accuracy. As
the disk rotated clockwise at a set speed, a normal load was
applied to the interface of the specimens.

According to the results [9–12], the wear mechanisms
of the pair of iron with the carbon steels transfer during
the normal loads from 75N to 100N. Therefore, the sliding

speed was fixed at 267mm/s and the normal loads were set
as 75N and 100N in this study. The dynamic variations of
friction coefficient and surface magnetization weremeasured
simultaneously during each test. After each test, the wear
particles were examined under a SEM. The depth of wear
track is measured by means of a surface tester. As the output
electric potential from the gauss meter during the rotating
friction process was in the order of mV, a DC isolated
amplifier was used at a low gain of 25. The microthermal
expansions of the drive elements were measured by a high
precision displacement tester. All tests were carried out under
dry friction condition.The average room temperature for the
test was 23 ± 2∘C, and the average relative humidity was 65 ±
5%.

3. Results and Discussions

Figure 3 shows the typical variations of surfacemagnetization
and friction coefficient with sliding distance produced by
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Figure 4: Surface magnetization and friction coefficient responses for SCM415 with Carburizing-Deep cryogenic treatment-Tempering: (a)
75N and (b) 100N.

the SUJ2 ball sliding on the SCM415 with Carburizing-
Tempering. It is seen from this figure that the average friction
coefficient is 0.44 and the maximum surface magnetization
is about 4.77G at 75N. Moreover, the average friction
coefficient is 0.34 and the maximum surface magnetization
surges to approximately 28.42G at 100N.

The typical variations of surface magnetization and fric-
tion coefficient with sliding distance produced by the SUJ2
ball sliding on the SCM415 with Carburizing-Deep cryogenic
treatment-Tempering are shown in Figure 4. The average
friction coefficient is 0.44 and themaximumsurfacemagneti-
zation is about 8.83G at 75N. Moreover, the average friction
coefficient is 0.34 and the maximum surface magnetization
surges to approximately 26.64G at 100N.

Therefore, the effects of deep cryogenic treatment on fric-
tion coefficient and surface magnetization are insignificant.

Figure 5 shows the SEMmicrographs of wear particle for
SCM415 with Carburizing-Tempering. It is seen from this
figure that the wear particles show the shape of slip tongue.
This indicates that the wearmechanism is ploughing.The size
of the larger wear particles reaches 100 𝜇m order.

Representative SEM micrographs of wear particle for
SCM415 with Carburizing-Deep cryogenic treatment-Tem-
pering are shown in Figure 6.Thewear particles are countless
and highly concentrated. The size of the larger wear particles

reaches 100 𝜇m order. Moreover, the larger wear surfaces
show smooth and stratiform structures. This also indicates
that the material had been hard and brittle after deep
cryogenic treatment.

Therefore, the effects of deep cryogenic treatment on
wear mechanisms are significant. The shape of wear particles
changes from slip tongue to stratification.

Figure 7 shows the wear profile for the SCM415 disks. It is
seen from this figure that the depth of the wear track is only
5 𝜇m for SCM415 with Carburizing-Tempering. Moreover,
the phenomenon of material transfer can be found. However,
the depth of the wear track can reach to 5.5 ∼ 9.5 𝜇m for
SCM415 with Carburizing-Deep cryogenic treatment-Tem-
pering. This can be reasonable explained by that the marten-
sitic transformation occurred after the deep cryogenic treat-
ment.

Dynamic responses of microthermal expansion for the
specimen under different composite heat treatments are
shown in Figure 8. According to the results, Figure 9 shows
the microthermal expansion for the specimen under the
different heating temperatures. It is seen from this figure
that the microthermal expansions are similar and smaller
for the source SCM415 and the SCM415 with Carburizing-
Deep cryogenic treatment-Tempering. On the other hand,
it shows larger than the other two cases for the SCM415
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Figure 7: The wear profile for the SCM415 disks.
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Figure 8: Dynamic responses of microthermal expansion for the specimen under different composite heat treatments: (a) the heating
temperature of 100∘C and (b) the heating temperature of 150∘C.
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with Carburizing-Tempering. The differences between them
are about 37∼42%. Therefore, the effects of deep cryogenic
treatment on microthermal expansion are significant. It can
decrease about 40%microthermal expansion for the SCM415.

4. Conclusions

In this study, the effects of the deep cryogenic treatment
on friction, wear mechanisms, and microthermal expansion
of SCM415 have been investigated. From the experimental

results and the SEM observations of the wear particles, the
following conclusions have been drawn.

(1) The effects of deep cryogenic treatment on the values
of friction coefficient and surface magnetization are
insignificant.

(2) The martensitic transformation occurred after the
deep cryogenic treatment.Thematerial had been hard
and brittle. As a result, the depth of the wear track is
larger and the phenomenon ofmaterial transfer is few.

(3) Effects of deep cryogenic treatment on wear mech-
anisms are significant. The shape of wear particles
changes from slip tongue to smooth stratification.

(4) The effects of deep cryogenic treatment onmicrother-
mal expansion are obvious. It can decrease about 40%
microthermal expansion under the heating tempera-
ture of 100∘C.
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The technology of composite heat treatment is used popularly for low friction andwear resistance of drive elements. A large number
of papers about the heat treatment technology had been proposed. Especially, the nitride treatment has been used widely for the
purpose of wear resistance and low friction in the industry. Therefore, the self-developed vertical ball/disk friction tester with the
measurement system was used to study the effects of nitride on the tribological properties of the low carbon alloy steel—SCM415—
in this study. The experiments were conducted under dry and severe wear conditions. The variations of friction coefficient and
surface magnetization were simultaneously recorded during dynamic friction process. After each test, the microstructures of the
wear particles were observed and analyzed under a SEM, and the depth of wear track is measured by means of a surface tester.
According to the experimental results, the wear resistance of the specimens with carburizing-nitride is significantly larger than
the case of nitride-carburizing. Moreover, the surface magnetization was especially larger for the case of nitride-carburizing. As a
result, the wear particles always stay in the interfaces and the wear mechanism becomes complex. Therefore, it is necessary to put
nitride after carburizing for the composite heat treatments.

1. Introduction

The performance of high quality and high accuracy is very
important for the high accurate mechanical engineering.
Hence, the drive elements play an important role when it
was used in the actuator of the machine. Moreover, the
high performance of low friction and wear resistance for
drive elements is very important for the actuator. In order
to achieve the above goal, the technology of composite heat
treatment is attracted recently for the industry [1, 2].

A large number of papers about the composite heat
treatment technology had been proposed [3, 4]. Especially,
the nitride treatment has been used widely for the purpose
of wear-resistance and long fatigue life in the industry [5, 6].
The tool steels containing Al or Cr by the nitride treatment
are considered as a wise method for improving the surface

hardness and the strength near the middle of the materials
[7]. Therefore, the nitride treatment is always used to make
surface hardening and improve wear resistance, fatigue life,
and corrosion resistance for the tool steels [8, 9].

Since the authors had experimentally studied the tribo-
logical properties of the pair of iron with the carbon steels
in depth [10–13], the knowledge is applied and adapted to
the study of using continuous variation of friction coefficient
for monitoring the tribological properties of the low carbon
alloy steel in this paper. Therefore, the low friction and wear
resistance for the carburizing steels of drive elements (such
as SCM415) with nitride treatment are further investigated.
Based on the results, the effects of different nitride treatments
on the steels can be clarified. Besides, the purpose of better
quality and faster product speed for the high accurate
mechanical engineering can then be obtained.
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2. Experimental Apparatus and Procedures

2.1. Experimental Apparatus. The experiments were con-
ducted on a reciprocating friction tester with the measuring
systems shown in Figure 1. A crank-slider mechanism was
used in this reciprocating friction tester. The ball specimen
was fixed to the carriage, which reciprocated along a V type
roller bearing with an adjustable stroke via the length of the
crank. In this study, the stroke of the crank-slider mechanism
was set to 6mm.The stationary cylinder specimenwas placed
on a rest, supported by the V type roller bearing. A load cell
was attached to the rest for measuring the friction coefficient
between the ball and cylinder specimens. Consequently, the
friction coefficient between the pin and plate specimens can
be measured easily. A normal load was applied to the ball
specimen through the cylinder specimen and aligned using
a level rule. Furthermore, in order to avoid the impact effect
and to remain the complete contact between the specimens
during the friction process, a softer spring (𝑘 = 0.17N/mm)
with an oil damper (𝑐 = 1.04Ns/m) was installed as part of
the loading system.

Table 1: Compositions of SCM415.

SCM415 wt%
C Si Mn P S
0.13∼0.18 0.15∼0.35 0.6∼0.85 ≦0.03 ≦0.03
Cr Cu Mo Ni
0.9∼1.2 ≦0.3 0.15∼0.25 ≦0.25

Table 2: Surface hardness of SCM415 with different composite heat
treatments.

Composite heat treatments Surface hardness (HRC)
Carburizing-tempering 66.1
Nitride-carburizing-tempering 65.8
Carburizing-nitride 42.8

In Figure 1, the response time is less than 1ms with the
accuracy of 0.1% full scale. During the reciprocating fric-
tion process, the friction coefficient between the contacting
specimens was derived from the voltage signal from the load
cell and was recorded simultaneously by a data acquisition
system. The signals were then fed to a personal computer for
data analysis.

2.2. Test Specimens. In order to simulate the operating con-
ditions of the drive elements (such as Ball Screws), the test
specimens are arranged as ball/cylinder. The ball specimens
were made of SUJ2. Besides, the cylinder specimens were
made of SCM415. Moreover, the cylinder specimens had
been conducted with the different composite heat treatments
before the friction tests.The specimens are shown in Figure 2
and their material properties are given in Table 1. Moreover,
the surface hardness of the cylinder specimens is shown in
Table 2.

2.3. Experimental Procedures. Prior to each friction test the
specimens were cleaned with acetone in an ultrasonic cleaner
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Figure 3: The typical variations of friction coefficient for SCM415 with carburizing-tempering.

before securely locked in position in the tester. The location
and tightness between the ball and the cylinder interface were
of paramount importance to ensure experimental accuracy.
When the crank rotated clockwise at a set speed (cpm, cycles
perminutes), the ball specimen reciprocated as a normal load
was gradually applied to the interface of the specimens.

In this study, the reciprocating speedwas fixed at 400 cpm
(or the average speed of the ball specimen Va = 80mm/s) and
the normal loads were set as 50N. The dynamic variations
of friction coefficient were measured during each test. After
each test, the wear particles were examined under a SEM.The
depth of wear track is measured by means of a surface tester.
The response time of themeasuring systemwas less than 1ms
and the accuracy was 0.1% full scale.

All tests were carried out under dry friction condition.
The average room temperature for the test was 23 ± 2∘C, and
the average relative humidity was 65 ± 5%.

3. Results and Discussions

Figure 3 shows the typical variations of friction coefficient
with sliding distance produced by the SUJ2 ball sliding on
the SCM415 with carburizing-tempering. It is seen from
this figure that the average friction coefficient is about 0.65
during the sliding distance of 0∼2.4m. It gradually increases
after the sliding distance of 14.4m. This indicates that the
oxide film had been broken.Moreover, the friction coefficient
significantly decreases after the sliding distance of 43.2m. It
can be reasonably explained by that the wear particles play
the roller role.

The typical variations of friction coefficient with slid-
ing distance produced by the SUJ2 ball sliding on the
SCM415 with nitride-carburizing-tempering are shown in
Figure 4. The average friction coefficient is about 0.65 during

the sliding distance of 0∼2.4m. It gradually increases after the
sliding distance of 14.4m. Moreover, the friction coefficient
significantly increases after the sliding distance of 45m. It can
be reasonably explained by that the wear mechanism transfer
to severe.

Figure 5 shows the typical variations of friction coefficient
with sliding distance produced by the SUJ2 ball sliding on the
SCM415 with carburizing-nitride. It is seen from this figure
that the average friction coefficient is only 0.53 during the
sliding distance of 0∼2.4m even when its surface hardness is
the smallest. It gradually increases after the sliding distance
of 14.4m. Moreover, the friction coefficient significantly
increases after the sliding distance of 45m.

According to the above results, the friction coefficient
of the specimen with carburizing-nitride is smaller than the
other cases.

Representative metallograph and microstructures of sur-
face for SCM415 with different composite heat treatments
are shown in Figures 6–8. It is seen from Figure 6 that the
film of the carburizing-tempering is about 0.09mm. Figure 7
shows that the film of the nitride-carburizing is only about
0.006mm. Moreover, the color is golden. On the other hand,
the film of the carburizing-nitride is about 0.008mm. The
color is white as shown in Figure 8.

From the above results, the films of nitride-carburizing
and carburizing-nitride are too thin to support the higher
loads. Therefore, the wear resistance is not significant for
them in this study.

Figure 9 shows the SEM micrographs of wear particle
for SCM415 with carburizing-tempering. It is seen from this
figure that 30∼40% of the wear particles are larger than 5 𝜇m
order. The size of the larger wear particles reaches 100 𝜇m
order.

Figure 10 shows the SEMmicrographs of wear particle for
SCM415 with nitride-carburizing-tempering. The size of the
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Figure 4: The typical variations of friction coefficient for SCM415 with nitride-carburizing-tempering.
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Figure 5: The typical variations of friction coefficient for SCM415 with carburizing-nitride.
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Figure 6: Representative metallograph and microstructures of surface for SCM415 with carburizing-tempering.
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Figure 7: Representative metallograph and microstructures of surface for SCM415 with nitride-carburizing-tempering.
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Figure 8: Representative metallograph and microstructures of surface for SCM415 with carburizing-nitride.
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Figure 9: Representative SEMmicrographs of wear particle for SCM415 with carburizing-tempering.



6 Advances in Materials Science and Engineering

Nitride-carburizing-tempering

×100 ×500

×2000 ×1000

×500 1

×1000 1

Figure 10: Representative SEMmicrographs of wear particle for SCM415 with nitride-carburizing-tempering.
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Figure 11: Representative SEMmicrographs of wear particle for SCM415 with carburizing-nitride.
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Figure 12: (a) Carburizing-tempering: the wear profile for the SCM415 cylinder. (b) Nitride-carburizing-tempering: the wear profile for the
SCM415 cylinder. (c) Carburizing-nitride: the wear profile for the SCM415 cylinder.

larger wear particles is over 100 𝜇morder. Moreover, the wear
particles are countless and highly concentrated. By a gauss
meter, it showed that the surfacemagnetizationwas especially
larger.

Representative SEM micrographs of wear particle for
SCM415 with carburizing-nitride are shown in Figure 11. It
is seen from this figure that 50∼60% of the wear particles are
only several 𝜇m order. The size of the larger wear particles is
about 10∼20𝜇m.

Therefore, the surfacemagnetizationwas especially larger
for the case of nitride-carburizing. As a result, the wear par-
ticles always stay in the interfaces and the wear mechanism
becomes complex. Moreover, the amount of wear particle for
SCM415 with nitride-carburizing-tempering or carburizing-
nitride are significantly larger, that is, severe wear; this can be
reasonably explained by the results shown in Figures 6–8. On
the other hand, the wear particles are smaller and the wear
mechanism is mild for SCM415 with carburizing-nitride.
Therefore, it is necessary to put nitride after carburizing
for the consideration of wear resistance and low surface
magnetization.

Figures 12(a)–12(c) show the wear profile for the SCM415
specimens. It is seen from this figure that the depth of the
wear track is only 10.3 𝜇m for SCM415 with carburizing-
tempering. However, the depth of the wear track can reach
21.5 𝜇m for SCM415 with nitride-carburizing-tempering.
Moreover, the depth of the wear track is about 18.2 𝜇m
for SCM415 with carburizing-nitride. Therefore, the wear
resistance of the specimens with carburizing-tempering is

significantly larger. Moreover, the wear-resistance of the
specimens with carburizing-nitride is larger than the case of
nitride-carburizing-tempering.

4. Conclusions

The effects of nitride on the tribological properties of the low
carbon alloy steel—SCM415—have been investigated. From
the experimental results and the SEM observations of the
wear particles, the following conclusions have been drawn.

(1) The friction coefficient of the specimen with
carburizing-nitride is smaller than the other two
cases.

(2) The film of the carburizing-tempering is significantly
larger. This is the reason that the wear-resistance of
the specimens with carburizing-tempering is larger
than the other cases. Moreover, the wear-resistance of
the specimens with carburizing-nitride is larger than
the case of nitride-carburizing.

(3) The surface magnetization was especially larger for
the case of nitride-carburizing. As a result, the wear
particles always stay in the interfaces and the wear
mechanism becomes severe and complex.

(4) It is necessary to arrange nitride after carburizing for
the consideration of low friction, wear resistance, and
low surface magnetization.
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DC power and RF power were introduced into the magnetic controlled sputtering system simultaneously to deposit AZO films in
order to get an acceptable deposition rate with high quality transparency conducting thin film.The resistivity decreases with the RF
power for the as-deposited samples.The resistivity of 6× 10−4Ω-cm and 3.5–4.5× 10−4Ω-cm is obtained for the as-deposited sample,
and for all annealed samples, respectively.The transmittance of the AZO films with higher substrate temperature is generally above
80% for the incident light wavelength within 400–800 nm. The transmittance of the as-deposited samples reveals a clear blue shift
phenomenon. The AZO films present (002) oriented preference as can be seen from the X-ray diffraction curves. All AZO films
reveal compressive stress.The annealing process improves the electrical property of AZOfilms. A significant blue shift phenomenon
has been found, which may have a great application for electrode in solar cell.

1. Introduction

High transparent metal oxide semiconductor with band gap
larger than the energy of visible light is usually a good
insulator at room temperature [1]. Impurities doping is
the easy way to increase conductivity. Tin doped indium
oxide (ITO) [2], aluminum doped zinc oxide (AZO) [3, 4],
and fluorine doped tin oxide SnO

2
: F (FTO) [5] are quite

popular materials as transparent semiconductors. ITO, the
best transparent conducting film, is a solid solution of indium
(III) oxide (In

2
O
3
) and tin (IV) oxide (SnO

2
), typically 90%

In
2
O
3
, 10% SnO

2
by weight. However, with high cost and

limited supplies of indium, alternatives are being sought.
Another choice for transparency conducting film is FTO,
which is widely used in dye-sensitized solar cell. However,
it is very easy for hydrogen plasma to etch FTO, as well
as tin oxide. The utilization of FTO and SnO

2
in the thin

film solar cell application is limited. AZO films are a good
candidate as a transparent conductive material, because the
materials (1) consist of cheap and abundant element, (2) are
readily produced for large-scale coating, (3) allow tailing of
ultraviolet absorption, (4) have a high stability in hydrogen
plasma, and (5) have low growth temperature [6]. Besides,
it is nontoxic and easy to fabricate. The reasons for higher
conductivity of Al doped ZnO films can be attributed to
extrinsic donor and intrinsic donor [7, 8]. The Al replaces
Zn ions to form extrinsic donors, as well as from oxygen
vacancies and Zn interstitial atoms to form intrinsic donor
[7, 8]. Production of the high conductivity and high trans-
parency AZO films by controlling the intrinsic defects is
highly desired for industrial application. Fang et al. deposited
AZO film at 320∘C by the DC sputtering with postdeposition
annealing at 400∘C for 2 hours under 10−3 Pa and got the
resistivity as low as 1.5 × 10−4Ω-cm [6]. Park et al. used
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the RF sputtering method with 500∘C high substrate tem-
perature to get the lowest resistivity of 1.30 × 10−4Ω-cm
[9]. Kim et al. used a DC cosputtering method followed
by rapid thermal annealing to achieve a low resistivity of
1 × 10−3Ω-cm [10]. Ohta et al. investigated rapid thermal
annealing of sputter-deposited ZnO and AZO films by
using a radio-frequency (RF) argon thermal plasma jet at
atmospheric pressure, and the lowest resistivity is around
3 × 10−4Ω-cm [11]. Exarhos et al. used 30% O

2
/Ar gas

mixture and 150W RF sputtering method, followed by
4% hydrogen in argon 725K annealing [12]. Chen et al.
used 1.5% AZO target and O

2
/Ar gas mixture sputtering

AZO film, followed by vacuum annealing, and analyzed
its component with X-ray photoemission spectrum (XPS)
and Auger electron spectrum (AES) [13]. Guillen et al. [14]
used DC sputtering at room temperature, annealed it in
vacuum at 350∘C, and got the best resistivity of 8 × 10−4Ω-
cm. Lee [15] uses RF sputtering in H

2
and Ar mixture

which reaches a minimum value of 4.4 × 10−4Ω-cm at the
H
2
/(H
2
+ Ar) gas ratio of 2.5%. These AZO films are good

choices for high conductivity and high transparency film.
The AZO film made by RF sputtering seems to have better
electrical property than that made by DC sputtering [16].
However, AZO film made by DC sputtering method has
higher deposition rate than that made by RF sputtering
method. Few factors will affect the quality, transparency, and
conductivity of AZO films, such as grain size, crystallinity,
and defects of different types [17]. In this work, we report
the results of making AZO films using DC and RF sputtering
simultaneous methods both as-deposited and annealed sam-
ples, to check their conductivity with acceptable deposition
rate.

2. Materials and Methods

2.1. Specimen Preparation. Content of the target used in this
work is 2 wt. % Al

2
O
3
and 98wt. % ZnO. A corning 1737

glass was used as a substrate. After cleaning, the target and
the substrate were put into a magnetron sputtering system
and evacuated to 6.7 × 10−3 Pa.Then Ar gas with 70 cm3/min
flow rate was introduced into the reaction chamber. After
turning on the DC power supplier and RF power supplier,
the target was presputtering for 5 minutes to remove surface
contamination.Then open the shutter and sputter for 30min
at the pressures of 2.7 × 10−1 Pa. We have tested 3 different
DC power suppliers to check the film quality with 30, 50,
and 80W and found that 80W was the best choice for the
film’s quality. Therefore, the DC power supplier was kept at
80W, while the RF power was varied from 0W to 120W.
Five substrate temperatures 225, 250, 275, 300, and 325∘C
were chosen for deposition. After deposition, one group of
substrates was put into a high temperature furnace under
a 550∘C substrate temperature with 6% H

2
/Ar annealing

for an hour to investigate the improvement of film quality.
The thickness of films was measured by a Tencor alphastep
500 surface profiler, and the resistivity of films was measure
by an ECOPIA model HMS-200 Hall Effect measurement
system.

2.2. Crystalline Size. Crystalline size of AZO film can be
evaluated from the FWHM of XRD peak and diffraction
angle of the peak by the formula [7, 8]

𝐷

𝑝
=

0.94𝜆

𝛽

1/2
cos 𝜃
, (1)

where 𝐷
𝑝
is the crystalline size, 𝛽

1/2
is the full width at half

maximum of the diffraction peak, 𝜆 is the incident X-ray
wavelength (= 0.154 nm), and 𝜃 is diffraction angle of the
peak.

2.3. In-Plane Stress. For hexagonal crystals with a high 𝑐-axis
preferred orientation, the in-plane stress can be calculated
based on the biaxial strain model [18–20]:

𝜎 = [2𝐶

13
−

𝐶

33
(𝐶

11
+ 𝐶

12
)

𝐶

13

]

(𝑑 − 𝑑

0
)

2𝑑

0

, (2)

where 𝑑 is the interplaner spacing corresponding to (002)
reflex in the XRDpattern, 𝑑

0
is that in bulk ZnO (0.2603 nm),

and 𝐶
𝑖𝑗
is elastic stiffness constants. The values of 𝑑 were

calculated using Bragg formula 2𝑑 + sin 𝜃 = 𝑛𝜆.

2.4. Electrical Considerations. The doping of Al
2
O
3
into ZnO

structure is given by the equation [6, 10, 21, 22]

Al
2
O
3

ZnO
→ 2AlZn

∗

+ 2Oo +
1

2

O
2
(𝑔) + 2𝑒, (3)

where AlZn
∗ is the substitutional Al, Oo is the oxygen

vacancy, and 𝑒 is the free electron. For the AZO film
annealing under a vacuum process, a considerable increase
in conductivity was obtained due to the increase in oxygen
defects, which acted as electron donors. In the meantime, the
annealing process has the effect of increasing grain size and
crystallinity of the film, which therefore results in less grain
boundary scattering [9]. On the other hand, loss of oxygen
from the crystal will also produce the interstitial zinc atoms
according to the reaction [6, 10, 21, 22]:

ZnO −Oo ⇐⇒ Zn
𝑖

∗

+ 𝑒 +

1

2

O
2
(𝑔) , (4)

where Zn
𝑖

∗ is the interstitial zinc atoms. It means that the
intrinsic donor can be increased by the hydrogen annealing
process, thus, increasing the conductivity.

3. Results and Discussion

3.1. Structural Characteristics and Film Stress. Figure 1 illus-
trates the X-ray diffraction (XRD) patterns for the AZO film.
The XRD patterns were measured by the use of a Rigaku
XRD model PC-2000. The full width at half maximum of
the diffraction peak 𝛽

1/2
and diffraction angle of the peak 𝜃

are determined from XRD patterns as illustrated in Figure 1.
The diffraction peak intensity increases with the increasing
substrate temperature, as can be seen from Figure 1. The
increasing diffraction peak intensity of (002) between 225 and
325∘C is primarily due to the crystallization of the AZO film.
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Figure 1:TheXRDpatterns for the AZOfilmdeposited at a pressure
of 2.7 × 10−1 Pa.

The solid squares in Figure 2(a) give the thickness for
the sputtered AZO films versus incident RF power. The
thicknesses of the sputtered films are around 963–1412 nm.
Obviously, the thickness increases with incident RF power for
RF power ≤ 80W but decreases with the incident RF power
when RF power > 80W. The increase of the thickness for RF
power ≤ 80W is primarily due to the increasing total incident
power.That increases the ionization rate of the introduced Ar
gas.The decrease of the thickness with the incident RF power,
when RF power > 80W, could be because positive cycle of
the incident RF power is larger than the negative biased DC
power (= 80W). That decreases the ionization rate of the
introduced Ar gas. The deposition rates for RF power = 0,
30, 50, 80, 100, and 120W are 0.54, 0.59, 0.72, 0.79, 0.77, and
0.75 nm/s, respectively. The crystalline sizes of AZO films are
also given in Figure 2(a), where the open squares indicate as-
deposited samples and open triangles annealing samples.

The crystalline sizes of AZOfilms are 37.5, 42.2, 44.0, 42.2,
44.0, and 37.5 nm for RF power is 0, 30, 50, 80, 100, and 120W,
respectively. The crystalline sizes of the films generally are
kept around 43 nm, except when RF is 0W or 120W. The
crystalline sizes of AZO films are 37.5, 37.5, 39.0, 40.5, and
42.2 nm for the substrate temperature varies from 225, 250,
275, 300, to 325∘C, respectively. The crystalline sizes increase
with the substrate temperature.

The solid squares in Figure 2(b) give the thickness versus
substrate temperature. The deposition rate of AZO film is
0.60, 0.68, 0.68, 0.66, and 0.59 nm for substrate temperature
of 225, 250, 275, and 300 and 325∘C, respectively. The AZO
film has the highest deposition at 250∘C substrate tempera-
ture and then, decreases with the substrate temperature.

Figure 3(a) gives the in-plane stress for the AZO as
deposited at 325∘Cwith various RF power; the stress generally
increases with the RF power. Figure 3(b) shows the in-plane
stress for the AZO as deposited at 225, 250, 275, 300, and
325∘C, respectively.The results of Figure 3 are calculated from
(2), where C

11
= 208.8 × 109N/m2, C

33
= 213.8 × 109N/m2,

C
12

= 119.7 × 109N/m2, and C
13

= 104.2 × 109N/m2 were

2000

1500

1000

500

0
0 50 100

0

10

20

30

40

50

RF power (W)

Th
ic

kn
es

s (
nm

)

As-deposited
Annealing
Thickness

Cr
ys

ta
lli

ne
 si

ze
 (n

m
)

(a)

10

20

30

40

50

Th
ic

kn
es

s (
nm

)

Cr
ys

ta
lli

ne
 si

ze
 (n

m
)

1200

1000

800

600

400

200

0
220 260 280240 300 320 340

60

Temperature (∘C)

As-deposited
Annealing
Thickness

(b)

Figure 2: The thickness and the crystalline size for the sputtered
AZO films versus (a) the incident RF power and (b) the substrate
temperature.

used [17–19]. 80W DC power and 30W RF power were used
during sputtering. The minus sign indicates the compressive
stress. The stress generally increases with the RF power and
increases to 1.41 × 109N/m2 from 225 to 250∘C substrate
temperature and then decreases to 0.40 × 109N/m2.

The total film stress contains thermal stress and intrinsic
stress. The thermal stress comes from thermal mismatch
between AZO thin films and glass substrate. The generation
mechanism of the intrinsic stress was caused by the growth
process itself. Since the thermal stress is very small, film stress
is mainly caused by the growth process itself [18]. Comparing
Figures 2 and 3, we conclude that higher deposition rate
makes the film stress higher.

3.2. Electrical Characteristics. Figure 4 shows electrical prop-
erty of the sputtered AZO film versus substrate temperature,
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Figure 3:The in-plane stress for the AZO as deposited at 325∘Cwith
(a) various RF power and (b) various substrate temperatures.

where the dash lines indicate the resistivity, solid lines
the electron concentration, and the dot lines the electron
mobility, respectively. The squares indicate the as-deposited
samples and the triangles the annealed samples, respectively.

The electron mobility for the annealed samples increases
with the substrate temperature and is larger than that of the
as-deposited samples, which could be due to the recrystal-
lization of the annealed samples that increases the grain size
which increase the electronmobility.The electron concentra-
tion of the annealed samples decreases with the increasing
substrate temperature. For the as-deposited samples, both
electron mobility and electron concentration increase with
the increasing substrate temperature. Heating the AZO film,
a considerable increase in conductivity was obtained due to
the increase in oxygen defects, which increase the electron
concentration in the film [9, 10]. In the meantime, the
thermal process has the effect of increasing grain size and
crystallinity of the film, which results in less grain boundary
scattering [6, 9, 10]. These combined actions increase the
conductivity. Therefore, the resistivity decreases with the
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Figure 4: The electrical property of the sputtered AZO film versus
the substrate temperature.

increasing substrate temperature except for the annealed
samples, since the resistivity is reciprocal to the product of
electron concentration and electron mobility. The resistivity
of annealed samples, although decreasing with the increasing
substrate temperature, was kept around 3.5–4.5 × 10−4Ω-cm.
This could be due to the decrease of electron concentration
at higher substrate temperature. Hydrogen annealing process
introduces the hydrogen into the AZO film, resulting in a
shallow donor in AZO film [11].

Figure 5 shows electrical property of the sputtered AZO
film versus RF power with substrate temperature 325∘C,
where the dash lines indicate the resistivity, solid lines the
electron concentration, and the dot lines the electron mobil-
ity, respectively. The squares indicate the as-deposited sam-
ples, and the triangles indicate the annealed samples, respec-
tively. The resistivity of the as-deposited samples decreases
with the RF power. The electron concentration increases
slightly with the incident RF power for the as-deposited
samples; however, themobility of AZOfilm decreases slightly
with the incident RF power.

3.3. Optical Properties. The transmittance was measured by
the use of a Jasco model V-670 UV-VIS spectrophotometer.
Figure 6 gives the transmittance of the as-deposited films for
different substrate temperatures, where solid squares indicate
225∘C, open circles 250∘C, solid upper triangles 275∘C, open
down triangles 300∘C, and solid diamonds 325∘C. The trans-
mittance for the AZO film with 325∘C substrate temperature
is above 80%within the visible light region, and transmittance
with 275 and 300∘C substrate temperatures is around 80%
for the incident wavelength around 400 nm and is above
80% for the incident wavelength longer than 450 nm. The
transmittance for substrate temperatures of 225 and 250∘C
is around 60% for the incident wavelength near 400 nm
and is also above 80% for the incident wavelength longer
than 450 nm. This wider transmittance spectrum for high
substrate temperature samples implicated the more absorp-
tion efficiency for the solar cell application. Particularly,
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Figure 5: The electrical property of the sputtered AZO film versus
the RF power.
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the transmittance of the as-deposited samples reveals a clear
blue shift phenomenon.This is primarily due to the Burstein-
Moss shift effect [12, 23]. Burstein-Moss shift is calculated by
using the following equation:

𝐸

𝐹
− 𝐸CB = (

ℎ

2

2𝑚

𝑒

∗

)(3𝜋

2

𝑛)

2/3

, (5)

where 𝑚
𝑒

∗ is the electron effective mass, 𝐸
𝐹
the Fermi

level, 𝐸CB the conduction-band edge, and 𝑛 the carrier
concentration, respectively [12]. The insertion of Figure 5
gives optical band gap 𝐸

𝑔
versus carrier concentration 𝑛2/3

and reveals a good linear relationship between optical band
gap 𝐸

𝑔
and carrier concentration 𝑛2/3. Therefore, we deduce

that the blue shift of the transmission within 350–390 nm
could be due to the Burstein-Moss shift effect.

4. Summary and Conclusions

AZO films were deposited by a magnetic control sputtering
system using DC power and RF power simultaneously under
different sputtering conditions. The AZO films present (002)
oriented preference.The deposition rates for RF power = 0W
to 80W increase from 0.54 nm/s to 0.79 nm/s which are good
for mass production. In-plane stress for all AZO films reveals
compressive stress. The stress increases with the RF power,
increases to 1.41 × 109N/m2 from 225 to 250∘C substrate
temperature, and then decreases to 0.40 × 109N/m2. The
transmittance for the film with higher substrate temperature
is generally above 80% in the 400 nm∼800 nm visible light
region. The electron mobility for the annealed samples is
larger than that of the as-deposited samples due to the
recrystallization of the annealed samples that increase the
grain size, resulting in the increasing electron mobility. The
lowest resistivity for the annealed samples is 3.5 × 10−4Ω-
cm which is the best result ever reported by using DC and
RF sputtering simultaneously. Furthermore, the sample with
higher deposition temperature revealed a significant blue
shift phenomenon which may have a great application for
electrode in solar cell.
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This paper presents a novel piezoelectric actuator containing double pushers. By using finite element analysis software, this study
simulated the vibration mode and amplitude of piezoelectric actuators. The Taguchi method was used to design the parameters of
piezoelectric actuators including length, width, height, and electrodes setting. This paper also presents a discussion regarding the
influence that the design parameters had on the actuator amplitudes. Based on optimal design parameters, a novel piezoelectric
actuator containing double pushers is produced and some thrust tests are also carried out. From the experiment results, the
piezoelectric actuator containing double pushers can provide a greater thrust force than that of traditional actuators containing
a single pusher as the preload is greater. Comparing with the traditional actuators, the thrust force of new actuator can be increased
by 48% with the double preload.

1. Introduction

In 1982, the first piezoelectric actuator was produced by
Shinsei. In 1987, piezoelectric actuators were installed in dot
matrix printers and mass-produced; this was the first time
piezoelectric actuators were used in commercial applica-
tions. Canon and Minolta successively applied piezoelectric
actuators in the autofocus and shutter units of cameras. In
the late 1990s, Toyota used piezoelectric actuators in the
automobile industry, specifically in the suspension system
and seat adjustment controls of vehicles. In 1995, Epson
used piezoelectric actuators to develop print heads in ink-jet
printers, thereby beginning the industrial trend of applying
piezoelectric actuators in various microsystems [1].

Piezoelectric actuators are categorized into standing-
wave and traveling-wave actuators according to the drive
modes. The vibration mode of traveling-wave actuators is
a ripple, which travels in an oval trajectory. The motion
trajectories of standing-wave actuators are oval, linear, or
of other shapes. The biggest difference between the two
types is the wave node, which can be used as a reference

when designing fixed points. Traveling-wave actuators do
not contain wave nodes, thereby limiting the mechanical
design; standing-wave actuators possess wave nodes, which
ensure relatively simple designs that are easily miniatur-
ized.

According to the drive signals, piezoelectric actuators
are categorized into single-phase [2–5], double-phase [6–9],
and multiphase actuators [5, 10–12]. The motion trajectory of
single-phase piezoelectric actuators is nearly linear. Because
of a lack of phase differences, single-phase piezoelectric actu-
ators possess a simple driver circuit design and high output
efficiency. Double- and multiphase piezoelectric actuators
travel in oval trajectories because they are driven by multiple
modes. Consequently, the circuit design of these actuators
is complex. When two vibration modes are simultaneously
excited, differences in frequency tend to prevent effective res-
onance, thereby lowering efficiency. This setback in double-
and multiphase piezoelectric actuators must be rectified.
Based on single-phase standing-wave piezoelectric actuators,
this study designed a novel piezoelectric actuator containing
double pushers.
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2. Materials and Methods

2.1. Concepts. When periodic electrical energy is excited in
piezoelectric actuators, periodic deformation occurs. This
periodic motion then causes linear or rotational motion in
objects because of the friction that pushes or drives objects.
Figure 1 presents the driving principles of the vibrationmode
in an actuator using a single pusher. In traditional designs,
vibrationmodes use single points to produce friction (driving
force).Theoretically, if two driving points are used, increased
friction can be generated to drive objects, and actuators with
greater thrust forces can be designed. The vibration mode of
the proposed actuator containing double pushers is shown in
Figure 2.

2.2. Parameters Design. Taguchi method is a kind of design
of experiment (DOE) developed by Genichi Taguchi. It has
been widely used to improve the quality of a product or
a manufacturing process by means of statistical method. It
usually obtains the optimal design factors by tools such as S/N
ratio and orthogonal arrays [13].

In this study, “the average vibration amplitude of two
different driving points on the piezoelectric plate” is chosen
to be the quality characteristics. The quality characteristic
is larger-the-better since the larger vibration amplitude is
expected. All possible design factors that affect “the average
vibration amplitude of two different driving points on the
piezoelectric plate” were considered by a brainstorming in
an early design stage. The width of the piezoelectric actuator,
the length of the piezoelectric actuator, the thickness of the
piezoelectric actuator, and the electrode setting are chosen
to be the design factors. The four chosen control factors and
their levels for the experiment are shown in Table 1. An 𝐿
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array is used to set the parameter optimization experiment
levels.

3. Results and Discussion

3.1. Simulation Results. Table 2 and Figure 3 are the quality
characteristic response table in 𝑋-direction and the factor
effects response plot in𝑋-direction, respectively. It is obvious
that each factor on the quality characteristics is influential.
The order of their contribution is 𝐵 > 𝐶 > 𝐴 > 𝐷. The
biggest vibration amplitude of these two driving points in
the𝑋 direction will occur with the following combination of
factors: 𝐴2, 𝐵2, 𝐶1, and𝐷3.

Table 3 and Figure 4 are the quality characteristic
response table in 𝑌-direction and the factor effects response
plot in 𝑌-direction, respectively. It is also obvious that each
factor on the quality characteristics is influential. The order
of their contribution is 𝐵 > 𝐶 > 𝐷 > 𝐴. The biggest vibration
amplitude of these two driving points in the 𝑌-direction will
occur with the following combination of factors: 𝐴2, 𝐵2, 𝐶1,
and𝐷1.

Comparing the above results, it is found that the effects of
factors𝐴, 𝐵, and𝐶 have good consistency for the𝑋-direction
or 𝑌-direction vibration amplitude. The maximum vibration
amplitude of the two driving points on the piezoelectric
actuator, both in the 𝑋-direction and 𝑌-direction, occurs

Table 1: The control factors and levels table.

Factor\level Level 1 Level 2 Level 3
Width (A) 6mm 8mm
Length (B) 14mm 16mm 18mm
Thickness (C) 1mm 1.5mm 2mm
Electrode setting (D) 4 : 6 5 : 5 6 : 4

Table 2: The quality characteristic response table in 𝑋-direction
(unit: m).

𝐴 𝐵 𝐶 𝐷

Level 1 3.99𝐸 − 8 2.88𝐸 − 8 6.97𝐸 − 8 4.54𝐸 − 8

Level 2 7.10𝐸 − 8 8.83𝐸 − 8 5.89𝐸 − 8 5.53𝐸 − 8

Level 3 4.92𝐸 − 8 3.78𝐸 − 8 6.56𝐸 − 8

Range 3.11𝐸 − 8 5.95𝐸 − 8 3.19𝐸 − 8 2.02𝐸 − 8

Rank 3 1 2 4

Table 3: The response table in 𝑌-direction (unit: m).

𝐴 𝐵 𝐶 𝐷

Level 1 6.42𝐸 − 8 4.96𝐸 − 8 8.80𝐸 − 8 7.77𝐸 − 8

Level 2 7.32𝐸 − 8 8.29𝐸 − 8 5.93𝐸 − 8 5.90𝐸 − 8

Level 3 7.35𝐸 − 8 5.88𝐸 − 8 6.93𝐸 − 8

Range 9.01𝐸 − 9 3.34𝐸 − 8 2.92𝐸 − 8 1.87𝐸 − 8

Rank 4 1 2 3

as the factors 𝐴, 𝐵, and 𝐶 are on level 2, level 2, and level
1, respectively. The maximum vibration amplitude in the
𝑋-direction of the two driving points on the piezoelectric
actuator occurs as the factor 𝐷 is on level 3. However, the
maximum vibration amplitude in the 𝑌-direction of the two
driving points on the piezoelectric actuator occurs as the
factor𝐷 is on level 1. Comparing the effects response of factor
𝐷 in Figure 4, the factor effects response is quite close when
the factor 𝐷 is on level 1 or level 3. Therefore, the factors
and settings of 𝐴2 (width = 8mm), 𝐵2 (length = 16mm),
𝐶1 (thickness = 1mm), and 𝐷3 (electrode setting = 6 : 4) are
chosen to be the optimal parameters combination.

3.2. Fabrication and Measurements. The pushers should
be set at the positions with maximum amplitude on the
piezoelectric actuator to produce the larger thrust force.
The fixtures should be set at the positions with minimum
amplitude on the piezoelectric actuator so as not to affect the
operation of the actuator. Figure 5 is the vibrating amplitudes
in the 𝑋-direction and the 𝑌-direction along the length of
piezoelectric actuator. Seeking these two curves in Figure 5,
it can be found that the maximum amplitudes, both in
the 𝑋-direction and the 𝑌-direction, of the piezoelectric
actuator occur at the positions of 6mmand 10mm.Therefore,
the two pushers are set at these positions. The minimum
amplitudes, both in the 𝑋-direction and the 𝑌-direction, of
the piezoelectric actuator occur at the positions of 3mm and
13mm. Therefore, the two fixtures are set at these positions.
Figure 6 shows the detailed dimensions of the large thrust
force piezoelectric actuator with double pushers.
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Figure 1: (a) Vibration mode of actuator using a single pusher. (b) Driving principles of the actuator.
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Figure 2: Vibration mode of actuator using double pushers.
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Figure 3: The factor effects response plot in𝑋-direction.

In order to measure the output thrust force of the piezo-
electric actuator containing double pushers, this actuator is
used in the linear stage. Figure 7 is linear stage using the large
thrust force piezoelectric actuator. The linear stage includes
a large thrust force piezoelectric actuator, a miniature linear
guide, a uniaxial load-cell, a set of preload mechanism, and
an adjusting screw. The pushers contact with the carriage
on the linear guide. The preload mechanism is set on the
other side and contacts with the fixtures on the piezoelectric
actuator. By adjusting the screw, the preload mechanism will
push the piezoelectric actuator toward the direction of linear
guide to produce a proper preload between the pushers and
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Figure 4: The factor effects response plot in 𝑌-direction.
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Figure 5: The vibrating amplitudes in the 𝑋-direction and the 𝑌-
direction along the length of piezoelectric plate.

the carriage on the linear guide.The preload can bemeasured
by the load-cell.

In this study, the thrusts force of novel piezoelectric
actuator containing double pushers and the conventional
piezoelectric actuator containing a single pusher are mea-
sured. The setup of thrust force measurement experiment is
shown in Figure 8. The drive signal generated by a function
generator is supplied to the piezoelectric actuator through a
power amplifier and an oscilloscope is used to monitor the
drive signal. A force gauge is used to measure the thrust force
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Figure 6: The detailed dimensions of the large thrust piezoelectric
actuator.
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Figure 7: The linear stage using the large thrust piezoelectric
actuator.

of the linear stage as the piezoelectric actuator is excited.
Figure 9 shows the thrust measurement experiment.

The resonance frequency of piezoelectric actuator con-
taining one single pusher obtained by simulation is about
222 kHz. The actual operating frequency is about 218 kHz
after the actuator is assembled in the linear stage. After initial
testing, the appropriate preload of 215 g is chosen. Too large
or small preload will influence the normal operating of the
actuator.The thrusts forces of the linear stagewith the preload
of 215 g and the drive voltage 30Vpp are shown inTable 4.The
average thrust force is about 70 g as the operating frequency
is 218Hz.

The resonance frequency of piezoelectric actuator con-
taining double pushers obtained by simulation is about
261 kHz. The actual operating frequency is about 256 kHz
after the actuator is assembled in the linear stage. The thrusts
forces of the linear stage with the preload of 215 g and the
drive voltage 30Vpp are shown in Table 5.The average thrust
force is about 60 g as the operating frequency is 256Hz. The
performance is worse than the thrust force of piezoelectric
actuator containing one single pusher.

The thrust forcewill be affected because the preload varies
since the linear stage is driven via a friction between the push-
ers and the carriage.Therefore, the measurement experiment

Power 
amplifier

Function 
generator

Piezoelectric 
actuator

Oscilloscope

Force gauge

Load-cell

Figure 8: Setup of thrust measurement experiment.

Force gauge

Linear stage

Figure 9: Thrust measurement experiment.

Table 4: Thrusts of piezoelectric actuator containing single pusher
(preload of 215 g, drive voltage 30Vpp).

Freq.
(kHz)

Test 1
(g)

Test 2
(g)

Test 3
(g)

Test 4
(g)

Test 5
(g)

Ave.
thrust
(g)

217 60 62 69 63 57 62.2
218 64 68 72 73 70 69.4
219 54 57 60 52 55 55.6

Table 5:Thrusts of piezoelectric actuator containing double pushers
(preload of 215 g, drive voltage 30Vpp).

Freq.
(kHz)

Test 1
(g)

Test 2
(g)

Test 3
(g)

Test 4
(g)

Test 5
(g)

Ave.
thrust
(g)

255 51 52 54 49 50 51.2
256 61 62 57 58 59 59.4
257 55 54 58 57 56 56.0

was carried out again with the preload of 430 g. The thrusts
of the linear stage are shown in Table 6. The average thrust
force is about 103 g as the operating frequency is 256Hz
which is better than the thrust force of piezoelectric actuator
containing one single pusher. From the above experimental
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Table 6:Thrusts of piezoelectric actuator containing double pushers
(preload of 430 g, drive voltage 30Vpp).

Freq.
(kHz)

Test 1
(g)

Test 2
(g)

Test 3
(g)

Test 4
(g)

Test 5
(g)

Ave.
thrust
(g)

255 100 105 95 94 98 98.4
256 98 99 109 103 106 103.0
257 90 95 98 97 95 95.0

results, it is found that the piezoelectric actuator containing
double pushers can provide a larger thrust as the preload is
greater.

4. Conclusions

This study presents a novel piezoelectric actuator.The double
pushers on the piezoelectric actuator are designed to enhance
the thrust output. In the design process, Taguchi method is
used to find the optimal combination of parameters including
length,width, height, and electrodes setting.The contribution
of each design factor of piezoelectric actuator is also discussed
in this paper. Furthermore, a novel piezoelectric actuator
containing double pushers according to the optimal design
factors is produced and used in a linear stage. Some thrust
tests are also carried out in this study. From the experiment
results, the piezoelectric actuator containing double pushers
can provide a greater thrust force than that of traditional
actuators containing a single pusher as the preload is greater.
Compared with the traditional actuators, the thrust force
of new actuator can be increased by 48% with the double
preload.
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The tensile and shear loading creep parameters of unleaded Sn/3.0Ag/0.5Cu solders are extracted from the proposed tensile and
shear creep tests in this work. Four creep loading temperatures, that is, 120∘, 135∘, 150∘, and 165

∘C, are employed to extract the
corresponding parameters. The creep parameters for tensile and shear loading models, that is, stress exponent, material constant,
and activation energy, are curve-fitted by using the least square error and simplex optimization algorithms. The accuracy of
the extracted parameters correlated with the measured strain rate versus temperature curves. Results indicate that the proposed
measurement setup and extraction algorithm is feasible to extract the tensile and shear type creep parameters with good accuracy.

1. Introduction

The unleaded Sn/3.0Ag/0.5Cu solders have been used widely
in electronic and photonic device packaging. The high oper-
ation temperature and on-off thermal cycling introduced
in the electronic and photonic devices may introduce the
serve thermal creep deformation. The creep deformation
may lead to fiber alignment shifts in the transceiver module
connectors and reduce the signal efficiency dramatically in
the optical communication system. Damage to the encap-
sulation of electronic components may also be caused by
thermal mechanical fatigue (TMF) at the welding point due
to creep of the intermetallic compound. Various electronic
component materials have different mechanical and thermal
properties. Correspondingly, the creep deformation intro-
duced from various temperature distributions may facilitate
a redistribution of the stress status around a weld, which may
eventually lead to a fatigue failure. A number of studies have
investigated thermal stress to make predictions for the time-
span of thermal fatigue at the welding areas of components
under various thermal cycle loads.

Damage to electronic encapsulations occurs frequently
near the solder joint due to thermal fatigue and creep. Creep
only occurs when an object is subjected to high temperatures

for a prolonged period of time, and creep deformation is
generally induced mainly by two factors: temperature and
stress. Developing a creepmodel for electronic encapsulation
materials is a very important issue. This study proposed two
creep experiments, that is, the tensile and the shear loading
creep tests, to derive the corresponding creep equations.
Different loading temperatures are applied to initiate the
creep for different Sn/3.0Ag/0.5Cu solder specimens.

From 1990 to 2002, Lau et al. [1–7] published a number
of papers to consolidate the temperature change correlations
associated with electronic packaging materials and explored
the relationships between the materials and the stress/strain.
Morris Jr. et al. [8] discussed the properties ofmelting point of
two alloys, tin-beryllium (Sn-Bi) and tin-lead (60 Sn/40 Pb),
used in electronic packaging engineering. Yang et al. [9–11]
found that the eutectic microstructure of Sn/3.5Ag solder
balls works better in laser reflow welding than in the infrared
reflow process. Vianco [12–16] studied the stress-strain and
creep effects in various tin-ball materials, including tin-
lead (Sn63/Pb37), tin-silver-beryllium (Sn-Ag-Bi), and tin-
silver-copper-antimony (Sn-Ag-Cu-Sb), used in encapsula-
tion. Recently, the unleaded solder materials have been of
interest for all electronic device manufacturers.The unleaded
Sn/3.0Ag/0.5Cu solder is the most popular one.
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2. Creep Experiments on Sn/3.0Ag/0.5Cu
Solder Material

Creep deformation and its induced strain and strain rate are
tested with a constant loading temperature.The loading tem-
perature is higher than one half of the melting temperature of
the specimenmaterial. As noted inmany textbooks, the creep
deformation can be divided in three stages. In the first stage,
that is, the primary creep stage, the more active dislocation
sources in the material continue their activities, but they will
gradually be blocked thus gradually reducing the strain rate.
In the second stage, that is, the secondary creep stage, the
strain hardening and recovery achieve equilibrium, so that
the strain rate ismaintained at a constant value; theminimum
creep rate is reached at this stage. In the third stage, that is, the
so-called tertiary creep stage [17], necking, voids, or cracks
appear and the material is weakened by overaging and high
temperature oxidation, thus increasing the strain rate. The
creep rate increases with temperature and stress.

In this study two specimens of Sn/3.0Ag/0.5Cu solder
material are used to test the creep phenomena in tensile
and shear loading conditions. Four loading temperatures
have been applied to measure the elongation variation with
a constant load. The corresponding strain and strain rate
variations have also been derived.

2.1. Creep Model. As noted [17], the creep strain (𝜀) in the
material is dominated by the loading stress (𝜎), stress time
(𝑡), and temperature (𝑇); that is,

𝜀 = 𝜀 (𝜎, 𝑇, 𝑡) . (1)

For simplicity, the interaction between these parameters is
ignored.

The Norton power law has been used widely to describe
the secondary stage creep deformation. In this study, the
Norton model has also been employed to describe the
secondary stage creep phenomena as the specimen subjected
to a tensile or shear type loading. The tensile and shear type
creep models are

̇𝜀 = 𝐴𝜎

𝑛

𝑒

−𝑄/RT
, (2)

̇𝛾 = 𝐵𝜏

𝑚

𝑒

−𝑄/RT
, (3)

where 𝐴 and 𝐵 are the material constant, 𝜎 is the average
normal stress (MPa), 𝜏 is the average shear stress (MPa),
𝑄 is the activation energy (J/mol), 𝑅 is the gas constant
(8.3mol−1 K−1), 𝑇 is the absolute temperature (K), and 𝑛

and 𝑚 are the stress exponent under tensile and shear loads,
respectively.
Taking the logarithm on both sides of (2), it leads to a linear
relation between the ln ̇𝜀 and ln𝜎 for a constant loading
temperature:

ln ̇𝜀 = (ln𝐴 −

𝑄

RT
) + 𝑛 ln𝜎. (4)

Similarly, the shear strain rate can be derived as

ln ̇𝛾 = (ln𝐵 −

𝑄

RT
) + 𝑚 ln 𝜏. (5)

In the equations, 𝐴 and 𝐵 are temperature functions:

𝐴 = 𝛼 + 𝛽𝑒

𝜔𝑇

,

𝐵 = 𝜅 + 𝜁𝑒

𝛿𝑇

,

(6)

where (𝛼, 𝛽, 𝜔, and 𝑛)and(𝜅, 𝜁, 𝛿, and𝑚) are creep parameter
sets of the tensile and shear models, respectively. 𝑄 and 𝑅

are the activation energy and gas constant of the solder.
From (4) and (5), it is observed that the logarithm ln ̇𝜀

(or ln ̇𝛾) of strain rate assumes a linear relationship with
the logarithm value of average stress ln𝜎 (or ln 𝜏). The
constant slopes of ln ̇𝜀 versus ln𝜎 and ln ̇𝛾 versus ln 𝜏 are the
respective stress exponents 𝑛, and 𝑚. The natural logarithm
of strain rate (ln ̇𝜀, ln ̇𝛾) is proportional to the reciprocal
of loading temperature (1/𝑇) [18]. Therefore, the activation
energy parameter𝑄 can then be derived from the relationship
between the natural logarithm of the strain rate and the
reciprocal of the temperature.

Based on the extraction algorithm mentioned in
the previous section, the values of creep parameters
𝛼, 𝛽, 𝜔, 𝜅, 𝜁, 𝛿, 𝑛, 𝑚, and 𝑄 can be extracted from the
measured strain rate and loading stress by employing the
simplex optimization method in this work.

2.2. Creep Experiment Setup and Specimens. The tensile
and shear creep specimens are illustrated in Figures 1(a)
and 1(b). Two round copper solid bars are welded with
the Sn/3.0Ag/0.5Cu solder between the orthogonal or par-
allel connecting surfaces. Figures 2(a) and 2(b) show the
preparation and geometries of the specimens used in the
tensile and shear creep tests. An appropriate amount of
the Sn/3.0Ag/0.5Cu solder paste was placed at the middle
section of two 5mm in diameter copper rods. About 3-
4mm gap is designed for the Sn/3.0Ag/0.5Cu solder layer.
These two copper rods were then, respectively, placed on a
vertical clamp or a “V” shape bed, as shown in Figure 1(a)
or Figure 1(b), respectively. A torch was then used to heat
the area around the Sn/3.0Ag/0.5Cu solder paste until it
was completely molten. Extra care was taken not to directly
expose the solder paste to the flame. The dimensions of eight
Sn/3.0Ag/0.5Cu solder specimens are listed in Table 1. The
size parameters 𝐴, 𝐵, 𝐶, and 𝐷 of eight solder specimens
(specimens numbers 1a∼8a) indicate the diameters of top,
bottom, waist, and the height of the solder layer in the
tensile specimens. Due to the surface tension introduced
in the melting process, the waist diameter 𝐶 in the tensile
specimens always has the smallest value. The corresponding
size parameters 𝐸, 𝐹, and 𝐺 for the eight shear specimens
(specimens numbers 1b∼8b) values, respectively, indicate the
length, width, and height of the solidified solder paste. Two
constant loads, that is, 7.35 and 29.4N, are applied for the
tensile and shear creep tests, and four loading temperatures,
that is, 120, 135, 150, and 165∘C (393, 408, 423, and 438K), are
measured in this study. Since the melting temperature of the
copper ismuchhigher than that of the Sn/3.0Ag/0.5Cu solder,
the creep deformation of the copper bar can be ignored
in these measurements. In other words, the measured end
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Figure 1: Creep experiment setup and specimens arrangement: (a) tensile creep specimen, (b) shear creep specimen, and (c) creep experiment
setup.

Table 1: Creep specimen parameters.

Specimens no. Load (N) Temp. (K) Dimensions of Specimens (mm)
𝐴 𝐵 𝐶 𝐷 𝐸 𝐹 𝐺

1a, 1b

7.35

393 4.4 4.2 3.7 4.0 1.6 0.7 4.7
2a, 2b 405 3.9 4.0 2.9 4.0 2.2 0.6 4.7
3a, 3b 423 4.0 3.8 3.0 3.6 1.8 0.6 4.0
4a, 4b 438 4.8 4.5 2.7 3.8 1.4 0.6 4.4
5a, 5b

29.4

393 3.8 3.8 3.2 3.4 1.8 0.8 2.2
6a, 6b 405 4.4 3.9 3.5 3.2 1.8 0.7 2.6
7a, 7b 423 4.8 4.6 3.6 3.2 2.2 0.8 2.2
8a, 8b 438 4.8 4.4 3.6 3.4 2.1 0.8 2.4

displacements are considered to be introduced from the creep
deformation of the solder layer.

Figure 2(c) is the scheme of the creep test setup. The
specimens are arranged in a temperature controlled box
and loaded vertically with a constant disc weight. Three
displacement sensors are located at three measured points.
Themeasured elongation variation in the loading direction is
recorded periodically. The corresponding true stress, strain,
and strain rate are calculated simultaneously.

3. Experimental Results and
Creep Parameters Extraction

Two sets of creep specimens, that is, eight specimens for
the tensile creep test and the other eight specimens for the
shear creep test, are measured with two constant loads (7.53

and 29.4N) and four loading temperatures (393, 408, 423,
and 438K). Since the specimens’ sizes are not identical, each
specimen has a different sectional dimension. The corre-
sponding loading stress should also be different; therefore,
the experiment was expected to record a set of primary
data with different values for stress, temperature, and time-
shift. To compensate the possible displacement measurement
error, the vertical displacements 𝑑

𝐴
, 𝑑
𝐵
, and 𝑑

𝐶
measured

at disk rim as shown in Figure 3 are averaged. The vertical
displacement of the specimens is averaged as

𝑑 =

(𝑑

𝐴
+ 𝑑

𝐵
+ 𝑑

𝐶
)

3

.
(7)

3.1. Tensile Creep Experiment. Figure 4 shows the variation
of displacement of tensile specimens subjected to the loads
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(a) (b)

(c)

Figure 2: Creep experiment specimen and equipment: (a) tensile creep experiment specimen, (b) shear creep experiment specimen, and (c)
creep experiment equipment.
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Figure 3: Measuring displacement.

of 7.35 and 29.4N. For the case of specimens subjected to a
load of 7.35N with a loading temperature 438K as shown in
Figure 4, the specimens took about 0.45 hour to go through

the primary creep stage. The two levels of loadings are
chosen to make sure that the tested specimens can reach
the state of secondary creep. For example, the normal stress
induced in the specimens with a 29.4N loading is 26.8MPa,
which is about 60% of the yielding strength of the tested
solder. The end of tested specimens was measured to have a
displacement of 0.02mm in this period.Themeasured results
for the same specimens reveal a secondary creep stage from
loading time 0.45 to 20.83 hours.The extension displacement
increases from 0.2mm to 0.024mm with an almost constant
speed. The third stage creep occurred after 20.83 hours.
The measured results indicate that the creep deformation of
the Sn/3.0Ag/0.5Cu solder is quite sensitive to the loading
temperature. Figure 5 shows the corresponding variation
curves of strain and strain rate of the tensile specimens with
a loading condition of 7.35N and 438K during the creep
test. An average strain rate of 7.95 × 10−7 1/sec was measured
for the specimens in the secondary creep stage. Table 2 lists
the measured average strain rates ̇𝜀 of these eight measured
tensile specimens, that is, tensile specimens numbers 1(a) to
8(a), in this work.

Equation (4) reveals that the creep parameter of activa-
tion energy 𝑄 can be derived from the slope of algorithm
value (ln ̇𝜀) and (1/𝑇) diagram. Results in Figure 6 show the
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Figure 4: Correlation of displacement-time in the tensile creep experiment under different loads: (a) 7.35N load disc and (b) 29.4N load
disc.

Table 2: Results of tensile creep specimen experiment.

No. Load (N) Temp. (K) Average stress (MPa) Strain rate (×10−6 1/sec)
1

7.35

393 0.669 0.0854
2 405 1.145 0.336
3 423 1.076 0.506
4 438 1.266 0.795
5

29.4

393 3.657 1.28
6 405 3.057 2.10
7 423 2.890 3.87
8 438 3.057 6.12
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Figure 5: Correlation of strain-time and strain rate in the tensile
creep experiment under a temperature of 438K and a load of 7.34N.

correlation between ln ̇𝜀 and 1/𝑇 of tested specimens under
the loads of 7.35N and 29.4N. Based on Norton power law,
that is, (4), the slope value is equal to −𝑄/𝑅. By applying

the least square error method, the linear slope values of
measured specimens under loads of 7.35N and 29.4N can be
derived as −8318.02 and −7257.00, respectively. The average
value −7737.51 of these two slopes and an activation energy
value 64221.32 (J/mol) can be derived with the gas constant
(8.3mol−1K−1).

Figure 7 shows the correlation between the logarithm
strain rate (ln ̇𝜀) and the logarithm stress (ln𝜎) in the tensile
creep experiment. The four left points and the four right
points in this figure are related to the measured data for
the load of 7.35N and 29.4N, respectively. Therefore, four
linear equations can be derived for these tensile specimens to
describe the power law relation between the strain rate and
average stress with different loading temperatures. They are

ln ̇𝜀 = 1.59 (ln𝜎) − 14.94 when 𝑇 = 393K,

ln ̇𝜀 = 1.87 (ln𝜎) − 14.46 when 𝑇 = 408K,

ln ̇𝜀 = 2.06 (ln𝜎) − 13.95 when 𝑇 = 423K,

ln ̇𝜀 = 2.30 (ln𝜎) − 13.59 when 𝑇 = 438K.

(8)
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Initially, an average slope value of 𝑛 (1.954) is approx-
imated from these four equations by ignoring its loading
temperature effect. Similarly, a constant value of −14.22 is
approximated by averaging the four constant values in (8).
Then an approximated initial trial power relation for these
tensile specimens is proposed; that is,

ln ̇𝜀 = 1.954 ln𝜎 − 14.22. (9)

From (4) and (9) and the approximated activation energy
value 64221.32 (J/mol)mentioned previously, the relationship
between the material constant 𝐴 and temperature can be
derived in Figure 8. By using the least square error method
and the definition of material constant 𝐴 in (6), the set
of parameters in the tensile creep equation can be derived
as 𝛼 = 15.40, 𝛽 = 6.39 × 10

11, and 𝜔 = (−1/18.04).
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Figure 8: Correlation between tensile creep material constant and
temperature.
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Figure 9: Correlation between strain rate and temperature in the
tensile creep equation.

To improve the accuracy of these extracted parameters, the
simplex optimization algorithm has been employed in this
study to minimize the difference between measured strain
rate and the strain rate data estimated from the initial trial
parameters. All the extracted creep parameters mentioned
previously are considered as the initial trial parameters in
the optimization process. In the optimization procedure the
following is assumed:

strain rate : ̇𝜀 = (𝑄, 𝑛, 𝛼, 𝛽, 𝜔) ,

least square error : Δ2 =
8

∑

𝑖=1

( ̇𝜀

𝑖
− ̇𝜀ie)
2

,

(10)

object function: min. (Δ2),
Δ: deviation between the estimated and experimental
values,
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Figure 10: Correlation of displacement-time in the shear creep experiment under different loads: (a) 7.35N load disc and (b) 29.4N load disc.
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̇𝜀

𝑖
: estimated tensile strain rate,
̇𝜀ie: measured tensile strain rate,
initial trial point:

𝑄 = 64221.32, 𝑛 = 1.954,

𝛼 = 15.40, 𝛽 = 6.39 × 10

11

,

𝜔 = (−

1

18.04

) .

(11)

The tensile creep parameters, that is, 𝑛, 𝑄, 𝛼, 𝛽, and 𝜔,
for the Sn/3.0Ag/0.5Cu solder specimens converged from the
simplex optimization method are 𝑛 = 1.8640, 𝑄 = 52154.52,
𝛼 = 1.2507, 𝛽 = 6.3131 × 10

11, and 𝜔 = (−1/8.19). Based
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Figure 12: Correlation between the natural logarithm of the strain
rate and the reciprocal of temperature in the shear creep experiment.

on the proposed algorithm and the measured creep data, the
tensile creep equation for the Sn/3.0Ag/0.5Cu solder can be
derived as

̇𝜀 = [1.25074 + 6.3131 × 10

11

× 𝑒

−𝑇/8.19

]

× 𝜎

1.864

𝑒

−52154.52/RT
.

(12)

A comparison between the temperature and estimated
strain rate results for the specimens 1(a) to 8(a) reveals a
difference between 0.19% and 43.6% for the specimens with a
loading of 7.35N and a difference between 2.1% and 17.3% for
the specimens with a loading of 29.4N as shown in Figure 9.
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3.2. Shear Creep Experiment. Figure 10 shows the measured
results of the shear creep specimens under the same creep
loading condition as mentioned in the previous tensile test.
For the specimens subjected to a load of 29.4N with a
loading temperature of 438K, the secondary creep stage
occurs between 4.95 and 194 hours, and the creep extension
of the shear specimens increases from 0.136mm to 0.285mm.
Figure 11 shows the variation of corresponding strain and
strain rate with respect to loading time. The final secondary
creep strain rate at the second stage is approximately 6.29 ×

10

−8 1/sec. The recorded results of specimens 1(b) to 8(b)
in the shear creep tests are listed in Table 3. Similarly, the
correlation between ln ̇𝛾 and 1/𝑇 under loads of 7.35N and
29.4N is shown in Figure 12. From the slope values the
−𝑄/𝑅 values can be derived as −6879.823 and −5569.58.

Table 3: Results of the shear creep specimen experiment.

No. Load (N) Temp. (K) Average stress (MPa) Strain rate
(×10−6 1/sec)

1

7.35

393 0.977 0.0550
2 405 0.711 0.0629
3 423 1.021 0.154
4 438 1.193 0.295
5

29.4

393 7.424 0.352
6 405 6.282 0.485
7 423 6.074 0.869
8 438 5.833 1.43

And the average value is −6224.68. Just by following the
calculation used in the tensile test, an activation energy value
of 51664.84 (J/mol) is derived.

Figure 13 shows the correlation between the strain rate in
the shear creep tests and the average shear stress. Four linear
equations can be derived for the shear creep test results.They
are

ln ̇𝛾 = 0.92 ln 𝜏 − 16.00 when 𝑇 = 393K,

ln ̇𝛾 = 0.94 ln 𝜏 − 15.57 when 𝑇 = 408K,

ln ̇𝛾 = 0.97 ln 𝜏 − 15.01 when 𝑇 = 423K,

ln ̇𝛾 = 0.99 ln 𝜏 − 14.52 when 𝑇 = 438K.

(13)

Figure 14 shows the correlation between shear creep
material constant and temperature. Following the process
mentioned in the tensile creep test, the creep parameters
in the shear creep equation can be approximated as 𝐾 =

0.084, 𝜁 = 7.27, and 𝛿 = (−1/21.47). All these approximated
parameter values are considered as the initial trial values in
the simplex optimization process to minimize the difference
between the measured and estimated shear strain rates. The
following is assumed:

̇𝛾 = ̇𝛾 (𝑄,𝑚,𝐾, 𝜁, 𝛿) ,

Δ

2

=

8

∑

𝑖=1

( ̇𝛾

𝑖
− ̇𝛾ie)
2

,

(14)

object function: min. (Δ2),
̇𝛾

𝑖
: estimated shear strain rate,
̇𝛾ie: shear strain rate from the experimental results.

A set of parameters is generated from the simplex opti-
mization method; they are 𝑚 = 0.9515, 𝑄 = 58494.91,
𝐾 = 2.3705, 𝜁 = 2.4639 × 10

9, and 𝛿 = (−1/17.99). Therefore,
the following shear creep equation for the Sn/3.0Ag/0.5Cu
solder can be derived:

̇𝛾 = [2.3705 + 2.4639 × 10

9

× 𝑒

−𝑇/17.99

]

× 𝜏

0.9515

𝑒

−58494.91/RT
.

(15)
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Figure 15: Correlation between shear creep equations strain rate and
temperature.

From a comparison between the experimental and the
estimated strain rates for the shear creep specimens, that is,
1(b) to 8(b), a difference between 0.43 and 8.1% is found for
the specimens with a load of 7.35N as shown in Figure 15.
A difference between 1 and 6% has been found for the
specimens with a load of 29.4N.

4. Conclusions

The solder joint reliability is strongly affected by creep. This
was validated by both simulation and experimental results,
which show significantly higher occurrence of thermal fail-
ures of solder joints in high temperature aging tests.The high
operation temperature induced creep phenomenon is the
major cause of solder joint failure. Therefore, the reliability
of solder packages under high operation temperature is
highly dependent on solder joint creep property. The tensile
and shear creep models of lead-free Sn/3.0Ag/0.5Cu solder
material have been proposed in this study. Simplified tensile
and shear tests can be used as a quick way of modeling
the lead-free solder. Due to the diversity of the measured
data, an optimization algorithm is proposed to extract the
creep parameters in these creep equations. Experimental
measurements and estimated strain rate results reveal that the
proposed creep equations can provide reasonable accuracy.

The processes of extracting the creep parameters are
specifically presented for illustrating the versatility of creep
equation formulation. This result is useful for packaging
reliable lead-free solder jointed assembly of high power
laser or LED module packages. A wide variety of other
applications of this proposed lead-free Sn/3.0Ag/0.5Cu solder
creep model are expected.
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The electrical technology has been a fast development over the past decades. Moreover, the tendency of microelements and dense
division multiplex is significantly for the electrical industries. Therefore, the high thermal conductible and electrical insulating
device will be popular and important. It is well known that AlN still maintains stablility in the high temperature. This is quite
attractive for the research and development department. Moreover, the thermal conduct coefficient of AlN is several times larger
than the others.Therefore, it has been thought to play an important role for the radiator of heat source in the future.Therefore, this
paper is focused on the studies of heat conduction and thermal contact resistance between the AlN flake and the copper specimens.
The heating temperatures and the contact pressures were selected as the experimental parameters. According to the experimental
results, the materials are soft and the real contact areas between the interfaces significantly increase under higher temperatures.
As a result, the thermal contact resistance significantly decreases and the heat transfer rate increases with increasing the heating
temperature or the contact pressures.

1. Introduction

The electrical technology has been a fast development during
the first decade of the 21st century. Moreover, the tendency of
microelements and dense division multiplex is significantly
attractive for the research and development department.
To achieve the above goals, the high heat dissipative and
electrical insulating device will be popular and important in
the future.

It is well known that AlN still maintains stablility under
the high temperature conditions. Moreover, the thermal
conduct coefficient of AlN material is several times larger
than the other nonmetallic solids [1–3]. Hence, it is widely
used for the heat dissipation. Besides, AlN film has good
electrical insulating properties to avoid the risk of a short
circuit of electronic components [4–7]. These advantages are
quite attractive for the research and development department
of the electrical corporations [8].

The method of using continuous variations of triboelec-
trification and friction coefficient to monitor the dynamic
tribological properties between the metal films has been

applied successfully by the authors [9–12]. The related results
also showed that the thermal contact resistance of the metal
films is significantly influenced by the real contact areas
between the interfaces. Moreover, the major factors for the
real contact areas are the normal loads and the surface
hardness of the materials. On the other hand, the defects of
the material crystal always play an important role for the heat
transfer of AlN [1–7]. Therefore, the relationships between
the microstructures of AlN film and the efficiency of the heat
transfer are the key points. Based on the above statements,
this paper is focused on the studies of heat conduction and
thermal contact resistance between the AlN flake and the
copper specimen by referring the previous studies of thermal
contact resistance between the metal films.

2. Experimental Apparatus and Procedures

2.1. Experimental Apparatus. The schematic diagram of ther-
mal contact resistance tester with measuring system is shown
in Figure 1.The voltage signals from eachmeasurement point
of the thermocouples were transferred to the temperature
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Figure 2: The main parts of the experimental apparatus.

extractor. There are ten thermocouples in the systems. The
temperatures at the measuring point can be obtained by
the calibration. Then, the thermal contact resistance and the
heat transfer rate can be obtained by the three mathematical
formulas as shown in Section 2.3.

Figure 2 shows the main parts of the experimental appa-
ratus. The loading systems contain the following: one-way
pneumatic valve manual control, with a model DJA25N75
pneumatic cylinder, and 1HP air compressor.

The main heat transfer gateway is made of copper: heat
transfer stick (Φ20mm × 110mm, drilling Φ1.4mm × deep
10mm) × 2; copper substrate (Φ20mm × 20mm, drilling
Φ1.4mm × deep 10mm) × 1.

The insulation equipment is made of ceramic glass
fiber cotton (𝑘 = 0.036W/m∘C). The heating equipment
includes the three heating rods (CIR-2034/240V). Several
counterweights (1 kgw × 3, 5 kgw × 2, and 10 kgw × 1) are
used for maintaining the equilibrium of the contact pressure.
Moreover, the water circulating pump and the ice water
maker are disposed for the temperature control.

2.2. Test Specimens. AlN thin flakes were used as the main
experimental specimens. Material properties are shown in
Table 1. The thickness of AlN slices is only 0.7mm. The size
and shape of the specimens are shown in Figure 3(a). AlN



Advances in Materials Science and Engineering 3

Heater

Thermocouples

Thermocouples

Thermocouples

+

+

+

Cooler

Unit: mm

5

5

10
5

10
10

20
20

20
20

20

AlN

Φ40

Φ20

Φ1.4, deep 10

R2

R1

(a) (b)

(c)
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Table 1: Material properties of AlN.

AlN
Melting point (∘C) 2200
Crystal structure hcp
Density (g/cm3) 3.26
Specific heat (25∘C, J/kgK) 730
Thermal expansion coefficient (25–400∘C, 10−6 K−1) 4.4
Thermal conductivity (W/m∘C) 140–180

slices, and copper specimen, and the heat transfer rod are
shown in Figures 3(b) and 3(c).

2.3. Experimental Procedures. There are two types of thermal
contact resistance in this study.The uppermeasuring point of
the heat transfer rod is 𝑅

1
and the lower is 𝑅

2
. Several param-

eters influence 𝑅
1
and 𝑅

2
, such as temperature, pressure,

material, and surface roughness. Therefore, it is necessary to
clarify and calculate them step by step.

The formula of the heat transfer (𝑘) is

𝑞 = −𝑘𝐴

𝑑𝑇

𝑑𝑥

=

𝑇

𝑎
− 𝑇

𝑏

𝑅

𝑐

. (1)

The formula of the thermal contact resistance (𝑅) is

𝑅

1
=

𝑇

𝑎1
− 𝑇

𝑎2

𝑞

, 𝑅

2
=

𝑇

𝑏1
− 𝑇

𝑏2

𝑞

. (2)
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Moreover, the related temperatures are obtained by the
following:

𝑇

1
− 𝑇

2

𝑋

1
− 𝑋

2

=

𝑇

3
− 𝑇

4

𝑋

3
− 𝑋

4

. (3)

The heating temperatures were set at 50∘C, 65∘C, 80∘C,
and 100∘C. The temperature of the ice water circulating
system was fixed at 10∘C. Before each test, the preparatory
time was set at 4 hours. The normal loads were set at 0.5 kgw
and 1.5 kgw, and the corresponding contact pressures were
16 kPa and 48 kPa.The average room temperature for the test
was 25 ± 2∘C, and the average relative humidity was 65 ± 5%.

3. Results and Discussions

Figure 4 shows the effects of the heating temperature on the
thermal contact resistance for Cu/AlN/Cu under 16 kPa. It

is seen from this figure that 𝑅
1
and 𝑅

2
are independent of

the heating temperatures and the experimental time for the
temperatures is larger than 50∘C. 𝑅

1
maintains about 1∘C/W

and𝑅
2
maintains about 2.2∘C/W for the higher temperatures.

Moreover, 𝑅
1
increases from 0.7∘C/W to 0.91∘C/W and 𝑅

2

increases from 1.8∘C/W to 2.2∘C/W with the experimental
time for the heating temperature of 50∘C.

The effects of the heating temperature on the heat transfer
rate for Cu/AlN/Cu under 16 kPa are shown in Figure 5. It is
seen from this figure that the heat transfer rate increases from
10W to 19W with increasing the heating temperature from
50∘C to 100∘C.

Figure 6 shows the effects of the heating temperature on
the thermal contact resistance for Cu/AlN/Cu under 48 kPa.
It is seen from Figure 6(a) that the increasing trends are
similar to the cases of 16 kPa except 100∘C. The thermal
contact resistance especially decreases with the experimental
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time under 100∘Cand 48 kPa.This indicates that thematerials
are soft under the higher temperatures. As a result, the real
contact areas between the interfaces significantly increase.
Hence, the thermal contact resistance significantly decreases.

The effects of the heating temperature on the heat transfer
rate for Cu/AlN/Cu under 48 kPa are shown in Figure 7. It
is seen from this figure that the heat transfer rate increases
from 10W to 17W with increasing the heating temperature
from 50∘C to 80∘C.Moreover, the heat transfer rate especially
increases to 22∼25W under 100∘C and 48 kPa.

Comparing to the cases of Cu/Cu, the thermal contact
resistance doubles and the heat transfer rate increases 33%
withAlNflake under 50∘Cand 16 kPa.When the heating tem-
perature increases to 100∘C, the thermal contact resistance
decreases slightly and the heat transfer rate decreases about
40% with AlN flake.

According to the SEM of AlN-flake surface shown in
Figure 8, they are rough and uneven. Moreover, the aspects
are in the range of 1∼10 𝜇m. Hence, many gaps exist between
the interfaces. That is, when the copper is soft under the
higher temperatures and contact pressures, it will get into
the gaps and the real contact areas between the interfaces
significantly increase. Therefore, the thermal contact resis-
tance especially decreases under the higher temperatures and
contact pressures.The corresponding results can be observed
in Figures 4 and 6.

4. Conclusions

The thermal contact resistance and the heat transfer rate
between Cu/AlN/Cu were experimentally investigated in
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Figure 8: The SEM of the AlN-flake surface.

this study. From the experimental results, the following
conclusions were drawn.

(1) The materials are soft and the real contact areas
between the interfaces significantly increase under
the higher temperatures. As a result, the thermal
contact resistance significantly decreases and the heat
transfer rate increases with increasing the heating
temperature.

(2) The thermal contact resistance doubles and the heat
transfer rate increases 33%with AlN flake under 50∘C
and 16 kPa. When the heating temperature increases
to 100∘C, the thermal contact resistance decreases
slightly and the heat transfer rate decreases about
40%.

(3) The thermal contact resistance significantly decreases
and the heat transfer rate increases 4% with AlN flake
under 100∘C and 48 kPa.
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We investigated the optical and structural properties of titanium dioxide films deposited from Ti3O5 and TiO2 starting materials
by electron beam evaporation at annealing temperatures from 400∘C to 800∘C. We find that the refractive index of as-deposited
films from Ti3O5 starting material is higher than that of as-deposited films from TiO2 starting material. In addition, during
thermal annealing, the refractive index fluctuates slightly as compared with TiO2 films from TiO2 starting material. This should be
attributed to the fact that the deposited molecules had a higher packing density, such that the film was denser. The transmittance
spectra of TiO2 films from Ti3O5 starting material indicate that transmittance edge slightly shifts to longer wavelength with the
annealing temperature increasing when compared with TiO2 starting material, in which the transmittance spectra indicate that the
transmittance edge strongly shifts to longer wavelength with the same annealing temperature increasing. These findings should be
attributed to the absence of oxygen and scattering of rough surface.

1. Introduction

Titanium dioxide (TiO
2
) film is extensively used as a high

refractive index film material in optical coating. It is a
perfect couple with SiO

2
which is commonly used as a low

refractive index film material to make thin film multilayer
dielectric coatings consisting of alternating layers of high and
low refractive index materials [1–3]. Titanium dioxide films
can be prepared by most reactive coating techniques such as
evaporation, sol-gel, sputtering, and plasma-enhanced chem-
ical vapor deposition. In the case of evaporation, preferably
electron beam evaporation, which is one of the most tra-
ditional methods because of high efficiency and low cost,
is extensively used in scientific researches as well as in
practical production. When TiO

2
films are prepared from

TiO
2
starting material with the electronic beam evaporation

method, the film is loose with a refractive index 1.9, which
is obviously lower than the refractive index of the bulk [4–
6]. According to the literature, Duyar et al. reported that it
is quite difficult to obtain films with reproducible and stable
optical properties, in particular, for materials that exist in a

number of different stoichiometric forms of the system Ti-O.
Whenever TiO, Ti

2
O
3
, or TiO

2
is evaporated, the vapor may

consist of various Ti-O combinations, which change as the
evaporation continues. The refractive index of the deposited
film, thus, is not constant because most Ti-O materials evap-
orate noncongruently. If, however, Ti

3
O
5
is evaporated as

starting composition, the only titanium species in the vapour
is TiO, and the oxygen content in the vapour remains constant
[7, 8]. Furthermore, the refractive index is higher than TiO

2

starting material due to the higher packing density [9].
Many researchers have reported the deposition of TiO

2
films

from Ti
3
O
5
starting material by electron beam evaporation.

However, TiO
2
films are loosely packed which is caused by

low molecular mobility. It indicates that the refractive index
is lower than the bulk [9, 10]. Therefore, it is necessary for
annealing to increase molecular mobility and make them
more bulk-like. During annealing, thermal energy provides
the mobility of the molecules, so the loose film becomes
slimmer and increases the refractive index as the tempera-
ture increases. Many papers have reported that TiO

2
films

from Ti
3
O
5
starting material were annealed at rather low
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Figure 1: Transmittance spectra obtained from (a) Ti
3

O
5

and (b) TiO
2

starting materials at various thermal annealing temperatures.
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Figure 2: Refractive index obtained from (a) Ti
3

O
5

and (b) TiO
2

starting materials at various thermal annealing temperatures.

temperature [11–13]. For example, Chen et al. reported that
TiO
2
films were deposited from Ti

3
O
5
starting material by

ion-assisted deposition. The refractive index increased with
the substrate temperature from 150∘C to 250∘C; they thought
that the deposited molecules had greater surface mobility, so
the film was denser, with a higher refractive index. They also
found that the refractive indexwith the substrate temperature
of 150∘C increased from 100∘C to 200∘Cduring annealing and
declined as the annealing temperature decreased from 200∘C
to 300∘C. Such a variation was caused by the loss of oxygen
below 200∘C during annealing and by the capture of oxygen
as the temperature was increased above 200∘C. Therefore,

some suboxides (TiO
𝑥
) were separated from titanium oxide

and oxidized during annealing. These findings revealed that
the filmwas too loose to have a large surface area, whichmade
it lose and capture oxygen easily at a substrate temperature of
150∘C [12]. Jaing et al. reported that TiO

2
filmswere deposited

from Ti
3
O
5
starting material by ion-assisted deposition.

They showed that the refractive index fluctuated irregularly
with the annealing temperature below 350∘C. However, the
refractive index increased with the annealing temperature
from 350∘C to 450∘C; they thought that the film became
denser as the annealing temperature increased above 350∘C
because the refractive index showed the densification of the
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(a) (b)

Figure 3: Cross-sectional view by SEMof the TiO
2

films from (a) Ti
3

O
5

and (b) TiO
2

startingmaterials annealed at 400∘C, 600∘C, and 800∘C.

film. This was due to the loss of oxygen and large thermal
energy during annealing at temperatures of over 350∘C
[13]. According to the open literature, little further research
was devoted to discuss the fluctuation of refractive index
and the phenomenon of cutoff wavelength shift to longer
wavelength when TiO

2
films from Ti

3
O
5
starting material

were annealed at above 400∘C.Themain aims of this research
were to investigate the effect of annealing temperature on the
theoretically explained reason for cutoff wavelength shift to
long wavelength. We also compared with from TiO

2
starting

material.

2. Experiment

TiO
2
films were deposited upon double-polishing sapphire

substrate at room temperature by electron beam evapora-
tion. Ti

3
O
5
and TiO

2
were used as the starting materials,

and the deposition rate was about 0.13 nm/s. The vacuum
chamber was pumped to a base pressure of less than 5 ×
10

−5 torr before deposition, and the working pressure was
kept at approximately 4×10−4 torr throughout the deposition
process.During deposition, thickness controllerwith a quartz
oscillator was used to monitor the thickness of TiO

2
films,

which deposited at about 190 nm. Finally, TiO
2
films were

annealed from 400∘C to 800∘C in step 200∘C for 30min by
furnace in air environment.The crystallization of the filmwas
analyzed by an X-ray diffraction meter (XRD).The thickness
of the film was observed by a field emission scanning
electron microscopy (JSM7000). The refractive index and
transmittance were measured by n&k analyzer (n&k analyzer
1280). XPS surface analysis was performed using an Auger
Electron Spectroscopy (JAMP9500F) employing an Mg K𝛼
X-ray source. The surface roughness was observed by atomic
force microscopy (AFM). The root mean square (RMS)
surface roughness values were obtained using the software
which comes with the instrument.

3. Results and Discussion

Figure 1(a) presents the transmittance spectra of TiO
2
film

from Ti
3
O
5
starting material during thermal annealing. The

transmittance decreasedweakly as the annealing temperature
was increased to 400∘C. In contrast, as the annealing tem-
perature was increased to 600∘C, the transmittance increased
and the spectra shifted back to shorter wavelengths. On
the other hand, the transmittance decreased slightly and
the spectra shifted to longer wavelength as the annealing
temperature was increased to 800∘C. Figure 1(b) presents
the transmittance spectra of TiO

2
film from TiO

2
starting

material during thermal annealing. As the annealing temper-
ature was increased to 400∘C and 600∘C, the transmittance
decreased and the spectra shifted to longer wavelength. On
the other hand, as the annealing temperature was increased
to 800∘C, the transmittance decreased and the spectra shifted
to longer wavelength. Figure 2 plots the refractive index
versus wavelength and annealing temperature. As shown
in Figure 2(a), the refractive index rose as the annealing
temperature was increased to 400∘C but declined as the
temperature was increased further from 400∘C to 800∘C.
Such a variation was attributed to the loss of oxygen as
the annealing temperature decreased below 400∘C. The film
contained some lower suboxides that were attributable to the
titanium oxide [11]. As the annealing temperature was raised
from400∘C to 800∘C, the film captured oxygen from the air to
yield the oxide.This finding is explained belowwith reference
to XPS measurement. As shown in Figure 2(b), the refractive
index rose as the annealing temperature increased to 800∘C
but declined as the annealing temperature decreased below
800∘C. This finding is also explained below with reference to
the XPS measurements. From measured results, we can find
that the refractive index of as-deposited films from Ti

3
O
5

starting material is higher than that of films as-deposited
from TiO

2
starting material. In addition, it should be noted

that the refractive indexes shown in Figure 2(b) fluctuate
strongly as compared with those measured refractive indexes
shown in Figure 2(a).This should be attributed to the fact that
the deposited molecules had a higher packing density, such
that the film was denser [9]. This finding is illustrated below
with reference to SEM measurement. Thus, Ti

3
O
5
material

used as the starting material should be good choice for a
high refractive index film. Figures 3(a) and 3(b) show the
thickness of the TiO

2
films from Ti

3
O
5
and TiO

2
starting



4 Advances in Materials Science and Engineering

445 450 455 460 465 470
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)
Annealed at 800∘C

Annealed at 600∘C

Annealed at 400∘C

As-deposited

Ti+3

Ti+4

Ti (4+) 2p3/2 = 458.8 eV

(a)

515 520 525 530 535 540 545
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

Annealed at 800∘C

Annealed at 600∘C

Annealed at 400∘C

As-deposited

O1s = 529.9 eV

(b)

445 450 455 460 465 470
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

Annealed at 800∘C

Annealed at 600∘C

Annealed at 400∘C

As-deposited

Ti+3

Ti+4

Ti (4+) 2p3/2 = 458.8 eV

(c)

515 520 525 530 535 540 545
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

Annealed at 800∘C

Annealed at 600∘C

Annealed at 400∘C

As-deposited

O1s = 529.9 eV

(d)

Figure 4: XPS spectra of TiO
2

films annealed at various temperatures: (a) Ti 2p3/2 and (b) O1s from Ti
3

O
5

starting material and (c) Ti 2p3/2
and (d) O1s from TiO

2

starting material.

materials at different annealing temperatures, respectively. As
shown in Figure 3(a), as the annealing temperature increased
to 800∘C, the loose film became less slim. On the other
hand, as shown in Figure 3(b), as the annealing temperature
increased to 800∘C, the loose film became slimmer. Due to
the aforementioned reason, from Figure 3(a), it is clear that
theTiO

2
film fromTi

3
O
5
startingmaterial has higher packing

density. In contrast, in Figure 3(b), it is apparent that the TiO
2

film has lower packing density.
As shown in Figure 4, X-ray photoelectron spectroscopy

(XPS) measurement was used to certify both the binding
energy of the Ti 2p line and variation of the O1s line. The
peaks at 458.8 and 457.8 eV in the spectra correspond to Ti4+
and Ti3+, respectively [14]. Figure 4(a) shows that the binding
energy of the Ti 2p3/2 peak from 458.8 eV as-deposited, to
457.8 eV, 400∘C annealed, corresponds to a transition from
Ti4+ to Ti3+; this indicates that titanium oxides lost oxygen,
exhibiting the properties of the lower suboxides. On the other
hand, the binding energy (458.8 eV) of the film annealed at

600∘C reveals that the film captured oxygen from the air
to yield the oxide [11]. Figure 4(b) reveals that the O1s line
(near 529.9 eV) varies with the annealing temperature. The
peak at lower binding intensity, 529.9 eV, for the film annealed
at 400∘C is attributed to defective oxides. In contrast, the
peak at higher binding energy, 529.9 eV, for the film annealed
at 600∘C is attributed to oxides. As shown in Figure 4(c),
the Ti 2p3/2 peak from 458.8 eV as-deposited, to 457.8 eV,
800∘Cannealed, corresponds to a transition fromTi4+ toTi3+;
this indicates that titanium oxides lost oxygen, exhibiting
the properties of the lower suboxides. On the other hand,
the binding energy (458.8 eV) of the film annealed at 600∘C
reveals that the film captured oxygen from the air to yield
the oxide [14]. Figure 4(d) reveals that the O1s line (near
529.9 eV) varies with the annealing temperature. The peak
at lower binding intensity, 529.9 eV, for the film annealed at
800∘C is attributed to defective oxides. In contrast, the peak
at higher binding intensity, 529.9 eV, for the film annealed at
600∘C is attributed to oxides.
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Figure 5: Partial enlarged drawing of transmittance spectra from (a) Ti
3

O
5

and (b) TiO
2

starting materials in the wavelength region between
300 and 350 nm.
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Figure 6: Surface morphology (2 × 2𝜇m) by AFM of TiO
2

films from (a) Ti
3

O
5

and (b) TiO
2

starting materials annealed at 400∘C, 600∘C,
and 800∘C.

In order to investigate the phenomenon of cutoff wave-
length shift to longer wavelength, the partial enlarged draw-
ing of transmittance spectra from Ti

3
O
5
and TiO

2
starting

material in the wavelength region between 300 and 350 nm is
shown in Figure 5. As shown in Figure 5(a), the transmittance
spectra indicate that the transmittance edge slightly shifts to
longer wavelength with the annealing temperature increas-
ing. Comparedwith TiO

2
startingmaterial, the transmittance

spectra indicate that the transmittance edge strongly shifts
to longer wavelength with the same annealing temperature
increasing as shown in Figure 5(b). It can be interpreted that
both scattering and absorption loss increase as a result of sur-
face roughness increase and absence of oxygen.The scattering
loss results from surface roughness and bulk defects such as
particles and microcracks. But the scattering loss posed by

surface roughness, namely, surface scattering loss (SSL), plays
a principal role in general. If the value of the rootmean square
roughness is𝜎, we can deduce the transmission scattering loss
that can be expressed as [15]

(SSL)
𝑡
= 𝑇

0
{1 − exp [−(2𝜋

𝜆

𝜎 (𝑛

1
− 𝑛

0
))

2

]} , (1)

where𝑇
0
is the transmittance of ideal smooth interface and 𝑛

0

and 𝑛
1
are the refractive index of interface bilateral dielectric.

On the other hand, the relationship between absorption
coefficient and concentration of free carriers can be written
as [14]

𝑎 =

𝑁𝑒

2

𝜆

0

2

𝜀

0
𝑚

∗

8𝜋𝑛𝑐

3

𝜏

, (2)
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where 𝑎 is absorption coefficient, 𝑁 is the concentration of
free carrier, 𝑛 is the refractive index,𝑚∗ is the effectivemass of
free carrier, 𝜏 is relax time, and 𝜆

0
is absorption wavelength.

So the total optical loss 𝐼loss of the transmittance at cutoff
wavelength should consist of absorption 𝛼

𝑎
and scattering

(SSL)
𝑡
:

𝐼loss = 𝛼𝑎 + (SSL)𝑡. (3)

Thus, based on the analysis above, we can conclude that
the cutoff wavelength shift results from absence of oxygen
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and scattering of rough surface. Clearly, the cutoff wave-
length shift has great dependence on the surface topogra-
phy. Therefore, we can acquire important information of
surface topography. The evolution of surface topography by
AFM of TiO

2
films from Ti

3
O
5
and TiO

2
starting materials

was illustrated in Figures 6(a) and 6(b), respectively, and
the experimental results evidently indicated that surface
topography depends strongly on the thermal treatment. The
relationship between the root mean square (RMS) roughness
by AFM and annealing temperature is shown in Figure 7. It
is found that RMS of TiO

2
films from Ti

3
O
5
starting material

increases from 1.02 nm as-deposited to 1.08 nm at 400∘C, and
if the annealing temperatures increase further, the RMS value
increases as well and reaches 4.22 nm for 800∘C. It is also
found that the grain size also grows from 40 nm to 101 nm. In
contrast, it is found that RMSofTiO

2
films fromTiO

2
starting

material increases from 1.17 nm as-deposited to 1.25 nm at
400∘C, and if the annealing temperatures increase further, the
RMS value increases as well and reaches 1.91 nm for 800∘C.
The grain size also grows from 45 nm to 66 nm. Due to the
aforementioned reason, we can find that TiO

2
film fromTiO

2

starting material is very serious cutoff wavelength shift with
the annealing temperature increasing. In contrast, the TiO

2

film from Ti
3
O
5
starting material is less cutoff wavelength

shift with the same annealing temperature increasing.
As shown in Figure 8, the direct optical band gap values

(Eg) are 3.43, 3.43, and 3.4 eV for TiO
2
films from Ti

3
O
5

starting material annealed at 400∘C, 600∘C, and 800∘C,
respectively. On the other hand, the direct optical band gap
values (Eg) are 3.52, 3.51, and 3.33 eV for TiO

2
films from

TiO
2
starting material annealed at 400∘C, 600∘C, and 800∘C,

respectively. From the graph, it is clear that the optical band
gap of TiO

2
films is obviously affected by the absence of oxy-

gen and scattering of rough surface. Specifically, the optical
band gap of TiO

2
films from TiO

2
starting material from

3.53 eV as-deposited, to 3.33 eV, 800∘C annealed, indicates
serious absence of oxygen. In contrast, the optical band gap
of TiO

2
films from Ti

3
O
5
starting material from 3.43 eV
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as-deposited, to 3.4 eV, 800∘C annealed, indicates serious
scattering of rough surface.

Figure 9 presents the X-ray diffraction patterns of the
TiO
2
film from TiO

2
and Ti

3
O
5
starting materials deposited

onto the sapphire substrate and annealed at different temper-
ature. The films are amorphous before annealing. At 400∘C,
600∘C, and 800∘C the preferred (101) orientation reveals that
the film exhibited a single phase anatase structure [11, 13,
14, 16]. In addition, there were two weak diffraction peaks,
anatase (200) and (211), appearing in the pattern of TiO

2
films

annealed at 400∘C, 600∘C, and 800∘C. The crystallization of
the TiO

2
films was evidently improved by annealing. After

annealing, the structure of the TiO
2
film was in the anatase

phases with the preferential crystalline orientation of (101).
We can assume that the as-deposited films are amorphous
due to the low mobility of molecules depositing on the cold
substrate.We can find that the TiO

2
films fromTi

3
O
5
starting

material have strong diffraction peaks at 400∘C, 600∘C, and
800∘C.

4. Conclusion

In this study, we deposited TiO
2
films from Ti

3
O
5
and TiO

2

startingmaterials onto sapphire substrate with electron beam
evaporation and then annealed as the temperature increased
from 400∘C to 800∘C. We find that the refractive index of
as-deposited films from Ti

3
O
5
starting material is higher

than that of films as-deposited from TiO
2
starting material.

In addition, during thermal annealing, the refractive index
fluctuates slightly as compared with TiO

2
films from TiO

2

startingmaterial.This should be attributed to the fact that the
deposited molecules had a higher packing density, such that
the film was denser. The transmittance spectra of TiO

2
films

fromTi
3
O
5
startingmaterial indicate that transmittance edge

slightly shifts to longer wavelength with the annealing tem-
perature increasing. Compared with TiO

2
starting material,

the transmittance spectra indicate that the transmittance edge
strongly shifts to longer wavelength with the same annealing
temperature increasing. These findings should be attributed
to the absence of oxygen and scattering of rough surface.The
optical band gap of TiO

2
films from TiO

2
starting material

from 3.53 eV as-deposited, to 3.33 eV, 800∘C annealed, indi-
cates serious absence of oxygen. In contrast, the optical band
gap of TiO

2
films from Ti

3
O
5
starting material from 3.43 eV

as-deposited, to 3.4 eV, 800∘C annealed, indicates serious
scattering of rough surface.
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