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Preface

Nanotechnology and materials science are becoming increasingly important in the
modern world. This book presents eight selected reviews from the 2013 interna-
tional conference on Manufacturing, Optimization, Industrial and Material Engi-
neering, held in Bandung, Indonesia, from 9 to 10 March 2013. The chapters focus
on new advances and research results in the fields of Nanotechnology and Mate-
rials Science. The reviews were selected for their high quality and in order to cover
a range representative of the conference themes; the selected areas mainly concern
experimental studies, characterization, and synthesis of micro- and nanoscale
materials, studies of their properties, and how they relate to various applications.

The following topics are covered: Surface hardness and wear resistance of
carbon steel related to the surface microstructure; ZnO/SnO2 nanocomposites
prepared on ZnO coated glass using chemical vapor deposition with applications in
humidity sensing; nano-magnesium oxide synthesis: the effect of MgO nano-filler
loading on the dielectric layer properties of nano-MgO films; production of na-
nozeolite by wet milling: a study of their advantages over conventional micron-
sized materials; the performance of solid-state dye sensitized solar cells fabricated
from Cul thin films deposited using a novel mist-atomization method; impedance
tube sound absorption measurements on date palm fiber panels made from the
natural waste of date palms; work hardening and tensile strength properties in
AZ31 and AZ61 Al-Zn magnesium alloys investigated with quasi-static tensile
tests at various strain rates; nanomechanical surface properties of stainless steel,
investigated using field emission scanning electron microscopy, universal scanning
probe microscopy, and nanoindentation.

These articles will provide a good source of reference material and new ideas
for those working in these areas and encourage further exploration. They will also
be useful to newcomers to these fields who wish to be informed of some of the
latest developments.



Contents

Improving the Surface Hardness and Wear Resistance

of S45C Carbon Steel Via Various Heat Treatments

and pH Values of Electroless Ni-P Deposition. . . ... ............. 1
Shih-Hsien Chang, Chih-Chung Chang and Cheng Liang

Enhancement of Nanocomposite for Humidity Sensor Application. . . . 15
N. D. Md Sin, Mohamad Fadzil Tahar, M. H. Mamat and M. Rusop

Chemical Solution-Based Synthesis of Nano-Magnesium

Oxide Dielectrics. . . . ... ... .. . 31
Habibah Zulkefle, Adillah Nurasyikin, Lyly Nyl, Raudah Abu Bakar

and Mohamad Rusop Mahmood

Nanozeolite Produced by Wet Milling at Different Milling Time. . . . . 41
N. Z. F. Mukhtar, M. Z. Borhan, M. Rusop and S. Abdullah

The Performance of Solid-State Dye Sensitized Solar Cells
with Mist-Atomized Cul as the Hole Conductors . .. ............. 49
M. N. Amalina and M. Rusop

Sound Absorption Properties of a Low Density Date

Palm Fibers Panel. . . . .. ...... ... ... ... ... ... ............ 63
A. K. Elwaleed, N. Nikabdullah, M. J. M. Nor, M. F. M. Tahir

and R. Zulkifli

Effect of Strain Rate on Tensile Strength and Work Hardening
for AI-Zn Magnesium Alloys. . . .. ... ... ... . ... . .. ... 77
N. Abdul Latif, Z. Sajuri, J. Syarif and Y. Mutoh

Surface Morphology and Nanoindentation of Low Temperature

Hybrid Treated of AISI316L . ... .......................... 93
Askar Triwiyanto, Patthi Husain, Silvia Anggraeni and Mokhtar Ismail

vii


http://dx.doi.org/10.1007/978-3-319-04516-0_1
http://dx.doi.org/10.1007/978-3-319-04516-0_1
http://dx.doi.org/10.1007/978-3-319-04516-0_1
http://dx.doi.org/10.1007/978-3-319-04516-0_2
http://dx.doi.org/10.1007/978-3-319-04516-0_3
http://dx.doi.org/10.1007/978-3-319-04516-0_3
http://dx.doi.org/10.1007/978-3-319-04516-0_4
http://dx.doi.org/10.1007/978-3-319-04516-0_5
http://dx.doi.org/10.1007/978-3-319-04516-0_5
http://dx.doi.org/10.1007/978-3-319-04516-0_6
http://dx.doi.org/10.1007/978-3-319-04516-0_6
http://dx.doi.org/10.1007/978-3-319-04516-0_7
http://dx.doi.org/10.1007/978-3-319-04516-0_7
http://dx.doi.org/10.1007/978-3-319-04516-0_8
http://dx.doi.org/10.1007/978-3-319-04516-0_8

Contributors

S. Abdullah Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM),
Shah Alam, Selangor, Malaysia

N. Abdul Latif Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,
Selangor DE, Malaysia; Department of Mechanics, Faculty of Mechanical and
Manufacturing Engineering, Universiti Tun Hussein Onn Malaysia, Parit Raja,
Johor, Malaysia

M. N. Amalina Faculty of Electrical Engineering, NANO-ElecTronic Centre
(NET), Universiti Teknologi MARA (UiTM), Shah Alam, Selangor, Malaysia

Silvia Anggraeni Universiti Teknologi PETRONAS, Tronoh, Malaysia

Raudah Abu Bakar Faculty of Electrical Engineering, NANO-ElecTronic
Centre (NET), Universiti Teknologi MARA, Shah Alam, Malaysia

M. Z. Borhan NANO-SciTech Centre Institute of Science, Universiti Teknologi
MARA (UiTM), Shah Alam, Selangor, Malaysia; Faculty of Applied Sciences,
Universiti Teknologi MARA (UiTM), Shah Alam, Selangor, Malaysia

A. K. Elwaleed Institute of Space Science, Universiti Kebangsaan Malaysia,
Bangi, Selangor DE, Malaysia

Patthi Husain Universiti Teknologi PETRONAS, Tronoh, Malaysia
Mokhtar Ismail Universiti Teknologi PETRONAS, Tronoh, Malaysia

Mohamad Rusop Mahmood Faculty of Electrical Engineering, NANO-Elec-
Tronic Centre (NET), Universiti Teknologi MARA, Shah Alam, Malaysia

M. H. Mamat Faculty of Electrical Engineering, NANO-ElecTronic Centre
(NET), Shah Alam, Selangor, Malaysia

N. D. Md Sin Faculty of Electrical Engineering, NANO-ElecTronic Centre
(NET), Shah Alam, Selangor, Malaysia

ix



X Contributors

N. Z. F. Mukhtar NANO-SciTech Centre Institute of Science, Universiti
Teknologi MARA (UiTM), Shah Alam, Selangor, Malaysia; Faculty of Applied
Sciences, Universiti Teknologi MARA (UiTM), Shah Alam, Selangor, Malaysia

Y. Mutoh Department of Mechanical Engineering, Nagaoka University of
Technology, Nagaoka, Niigata, Japan

N. Nikabdullah Institute of Space Science, Universiti Kebangsaan Malaysia,
Bangi, Selangor DE, Malaysia

M. J. M. Nor Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,
Selangor DE, Malaysia

Adillah Nurasyikin NANO-ElecTronic Centre (NET), Faculty of Electrical
Engineering, Universiti Teknologi MARA, Shah Alam, Malaysia

Lyly Nyl NANO-ElecTronic Centre (NET), Faculty of Electrical Engineering,
Universiti Teknologi MARA, Shah Alam, Malaysia

M. Rusop Faculty of Electrical Engineering, NANO-ElecTronic Centre (NET),
Shah Alam, Selangor, Malaysia; NANO-Scitech Centre (NST), Institute of Sci-
ence, Universiti Teknologi MARA (UiTM), Shah Alam, Selangor, Malaysia

Z. Sajuri Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,
Selangor DE, Malaysia

J. Syarif Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,
Selangor DE, Malaysia

Mohamad Fadzil Tahar Faculty of Electrical Engineering, NANO-ElecTronic
Centre (NET), Shah Alam, Selangor, Malaysia

M. F. M. Tahir Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,
Selangor DE, Malaysia

Askar Triwiyanto Universiti Teknologi PETRONAS, Tronoh, Malaysia

Habibah Zulkefle NANO-ElecTronic Centre (NET), Faculty of Electrical
Engineering, Universiti Teknologi MARA, Shah Alam, Malaysia

R. Zulkifli Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan Malaysia, Bangi,
Selangor DE, Malaysia



Improving the Surface Hardness

and Wear Resistance of S45C Carbon
Steel Via Various Heat Treatments
and pH Values of Electroless Ni-P
Deposition

Shih-Hsien Chang, Chih-Chung Chang and Cheng Liang

Abstract This research focused on studying the effects of a surface microstructure
on S45C carbon steel using different pH values of electroless Ni-P plating.
Meanwhile, the authors make an effort to improve the surface hardness and wear
resistance of S45C steels through various heat treatments. The experimental results
show that the specimens using acid and alkaline baths of pH5 and pHS resulted in
maximum hardness; the hardness values were the HV s 701 and HV, 5 803,
respectively. Moreover, pHS and pH8 of Ni-P deposition after 350 and 300 °C and
soaked for 1 h heat treatment, in which the highest hardness appeared, were
HVy05 1027 and HV o5 1066, respectively. The specimens underwent the main
precipitate phase of NizP after heat treatment. Due to precipitation, strengthening
of the Ni;P phase increased the surface hardness of specimens after heat treatment;
thus, the wear depth was decreased and wear resistance was enhanced. The optimal
wear depth (2.738 pm) and (2.923 pm) appeared in Ni-P deposition by pHS and
pHS8 after 350 and 300 °C and soaked for 1 h heat treatment, respectively.

1 Introduction

Electroless deposition is a variety of chemical deposition technology, involving
the deposition of metals from solution onto surfaces without applying an external
electric voltage and is thought to be the simplest and most economic method to
finish steel, aluminum, copper, plastics, and many other materials [1]. Among the
plating metals, electroless nickel has exhibited more popularity due to its excellent
properties such as high hardness, wear and corrosion resistance and has attracted
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Table 1 Chemical composition of the S45C carbon steel (wt%)

C Si Mn S P Fe
0.46 0.21 0.72 <0.04 <0.03 Bal.

extensive interests from the academe and the industry. Electroless Ni-P plating
technique, as an effective surface treatment method, has been widely used in a
variety of environments due to its excellent corrosion resistance. In recent years,
electroless Ni-P plating technology has been used in steel industry [2, 3].

S45C carbon steel (S45C) has been widely used in industrial applications, such
as crank shafts, gears, main spindles of machine tools, connecting rods, etc.,
because of its distinguished mechanical property [4, 5]. However, how to enhance
the surface hardness and wear resistance for S45C is the object work in the
industry. Several surface hardening of S45C have been carried out and discussed
[6, 7]. The aim of this study was to evaluate surface microstructure, wear resis-
tance, and optimal parameters of heat treatment of electroless Ni-P plating in
regard to S45C carbon steel.

2 Experimental

In this study, JIS S45C carbon steel was used as a substrate, the specimen size is
@36 x D5 mm; chemical compositions are listed in Table 1. S45C carbon steel is
equivalent to SAE1045 and is widely used in mechanical parts and structural steel.
In order to improve its microstructure and mechanical properties, S45C is oil
quenched at 850 °C, tempered at 400 °C, and the tempering process is repeated
twice to reach a hardness of HV( o5 421.

The processes involving electroless Ni-P deposition are described as follows.
First, the substrate (S45C) is processed by grinding and polishing in order to finish
the specimen surface and then is immersed in the acetone solution using an
ultrasonic vibrator for 20 min; it is then cleaned and rinsed with deionized water.
Second, it is immersed in 15 % hydrochloric acid for 20 min to remove the oxide
film. It is cleaned and rinsed with deionized water again, allowing the electroless
Ni-P plating to be performed. In this study, the plating bath is divided into an acid
and alkaline bath (pH4, 5, 6, 8, 9, and 10); sulfuric acid and ammonia were used to
adjust the pH value. The bath compositions, concentration and operational con-
ditions are listed in Table 2.

In this study, all the specimens were plated with six different pH values of Ni-P
deposition, and then used five different heat treatment temperatures (300, 350, 400,
450, 500 °C, and soaked for 1 h) to evaluate the effects on Ni-P deposition. The
vacuum was kept 107! atmosphere and the heating rate was 10 °C min~'. After
completion of the heat treatment, the specimens were slowly cooled to room
temperature in a furnace and then removed. In order to evaluate the improvement
in surface hardness and wear resistance on S45C carbon steel via different pH



Improving the Surface Hardness and Wear Resistance 3

Table 2 Bath composition and operating conditions of S45C carbon steel by electroless Ni-P

Process Bath composition Concentration (g/L) Condition

Acid bath NiSO, - 6H20 30 84 +1°C
NaH,PO, - H,O 15 1h
Na2C4H40, - 6H,0 12 pH4, 5, 6

Alkaline bath NiSO, - 6H,O 30 84 +1°C
NaH,PO, - H,O 10 1h
NaC¢Hs05 - 2H,0 40 pHS, 9, 10

values and heat treatments of Ni-P deposition, hardness and wear tests, SEM XRD,
and microstructure inspections were performed.

Microstructural features of the specimens were examined by scanning electron
microscopy. Hardness of the specimens was measured by Vickers indenter (HV)
with loading of 50 g, which complied with the ASTM E384-08a standard method.
The wear resistance of specimens was evaluated in a ball-on-disk test. The wear
parameters are: specimen size is @36 x D5 mm, diameter of Cr ball is 6 mm, axial
load is 4.9 N, disc rotation is 100 rpm, sliding speed is 0.031 ms™", and total rotation
is 3,000 revolutions. The coefficient of friction was obtained from POD-FM406
software and the wear depth was measured by o-step equipment (ET-4000A).

3 Results and Discussion

This study investigated the growth mechanism and effects of electroless Ni-P
deposition under different pH values and heat treatments. As the pH value
increases (pH4 — pH10), the surface morphology of the deposition will display a
slight variation from more continuous and smooth into a larger gathering of pre-
cipitation. A cluster of rough surface particles is shown in Fig. 1a—f. H. Matsubara
et al. [8] showed that the different pH values clearly affect the flatness of pre-
cipitate particles in Ni-P deposition. In this study, the initial plating of Ni-P
deposition generated nuclear particles which dispersed on the S45C surface and
then integrated the nuclear particles and small-scale clusters into the growing
phenomenon. Many small-scale clusters contact with each other to produce a
rough surface and uneven-continuous layers. It is agreed with the previous liter-
atures [§—10]. SL Chow et al. [11] also indicated that phosphorus is present in the
polycrystalline nickel by solid solution; therefore, the higher phosphorus content
will affect the crystal structure, which is detrimental to the crystallization. Thus,
the precipitate particles are more slowly grown. On the other hand, the lower
phosphorus content will result in a larger grain size. In this study, the EDS analysis
showed that the phosphorus content tends to decrease (from 8.74 wt% to 2.61
wt%) as the pH value increased.

Figure la—c shows the surface morphology of electroless Ni-P deposition by
pH4, pHS, and pH6 baths. These depositions with higher phosphorus content thus
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Fig. 1 SEM observation of surface morphology on the electroless Ni-P deposition by different
pH values a pH4, b pHS5, ¢ pH6, d pHS, e pHY, f pH10

had undermined the original catalytic properties of nickel. Consequently, they can
get a better dispersion of precipitation which is uniformly distributed in the S45C
surface. As the pH value increases, the deposition shows lower phosphorus con-
tent. Figure 1d—f show the surface morphology of electroless Ni-P deposition in
pHS, pHY, and pH10 baths, the lower phosphorus content of Ni-P deposition; they
have a strong catalytic property which allows their precipitate particles to generate
agglomeration and exhibit growth. Therefore, the precipitate particles of Ni-P
deposition were larger and more obvious. The results can be further compared with
the pH6 and pH9 baths; the catalytic properties of pH6 precipitate particles are
detrimental to grain growth. The precipitate particles show slow continued growth
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but generate more nuclear particles. Nuclear particles contact with each other and
then form a smooth surface to make a continuous deposition, as shown in Fig. lc.
The precipitate particles of pH6 grow more slowly than does pH9. On the other
hand, the precipitate particles of pH9 form many small agglomerations in the
initial stage; the agglomeration continued to grow due to its catalytic property.
Thus, the precipitate particles contact neighboring particles to form a continuous
and rough surface of Ni-P deposition, as shown in Fig. le.

Figure 2 shows the SEM observation of the cross-section on the electroless Ni-P
deposition by different pH values. Matsubara et al. [8] suggest that the pH value
affects the deposition rate. Figure 2 represents the uniform deposition and thickness
between the S45C and Ni-P layer. Meanwhile, the thickness of the Ni-P deposition
seems to increase as the pH value increases (pH4 — pHS). Figure 2a shows the
cross-section of Ni-P deposition by pH4; due to a higher content of phosphorus, the
catalytic properties of nickel are poor and will result in a slower deposition rate and
thinner deposition. By increasing the pH value, as shown in Fig. 2b—e, the phos-
phorus content was decreased and the catalytic properties of nickel were improved.
As a result, we can get a much thicker layer. Furthermore, Fig. 2f shows the cross-
section of Ni-P deposition by pH10; the pH value is too high to result in an adverse
reaction and precipitation of the deposition. Since the pH value of bath is higher, it
shows that the nickel ions cannot elicit a reduction. As the plating time increased,
the ammonia of bath was evaporated, which resulted in the pH value descending.
Therefore, it is one of the main factors causing the thickness of the Ni-P deposition
to decrease. The deposition rate of Ni-P deposition by different pH values is shown
in Fig. 3; the highest deposition rate of acid and alkaline baths appeared in pHS
(16.5 pumh™") and pHS (15.0 pmh™"), respectively. In this study, it is reasonable to
suggest that the higher pH values (pH9 and pH10) were adverse reactions as was the
precipitation of Ni-P deposition.

Table 3 shows the micro-hardness of non heat-treated and different heat
treatment temperatures, of electroless Ni-P deposition. In this study, the hardness
of substrate (S45C) was HV 5 421. It was clearly shown that all of the hardness
of the Ni-P deposition was higher than the substrate after electroless Ni-P depo-
sition (non heat-treatment); both acid and alkaline plating of Ni-P deposition can
enhance the hardness of the substrate. In the acid bath, the pHS5 specimen has a
higher level of hardness (HV o5 701). Furthermore, compared to the alkaline bath,
the pH8 specimen is highest; the hardness increases to HV( s 803. In this study,
the author’s major concern was the microstructure and thickness of Ni-P deposi-
tion; thus, the heat treatment was performed. The hardness of Ni-P deposition was
clearly enhanced after different heat treatments, as shown in Table 3. The highest
levels of hardness (HVgs 927) of pH4 and (HVyos 1027) pHS were 400 and
350 °C heat treatment, respectively. However, the increased temperature results in
the hardness level decreasing; moreover, pH6, pHS, pH9, and pH10 layers can
elicit the highest level of hardness after 300 °C, 1 h heat treatment. From above
the test results, it is shown that the pHS and pH8 of Ni-P deposition exhibit an
optimal hardness, microstructure and deposition rate (Fig. 3); thus, we have
selected them to perform further analysis, heat treatment and wear tests.
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20 pm

Fig. 2 SEM observation of crosses-section on the electroless Ni-P deposition by different pH
values a pH4, b pHS5, ¢ pH6, d pHS, e pH9, f pH10

Figure 4 shows the SEM observation of surface morphology on the Ni-P
deposition by pHS5 after different heat treatments. The non heat-treated specimen
represents a smoother deposition, as shown in Fig. 4a. With the heat treatment
temperature increasing, the continuity of a smooth morphology will gradually
transform into one that is rougher, with slightly increased agglomeration. When
the temperature was raised to 350 °C, the particles contact each other, thus
forming large areas of uneven surface, as shown in Fig. 4b. When the temperature
rose to 400 °C, the agglomeration of particles made contact with each other, thus
forming large areas of uneven surface, as shown in Fig. 4c. Moreover, when the
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Fig. 3 Comparison of the
deposition rate on Ni-P
deposition by different pH
values

Deposition rate{um/h)

pH value

Table 3 Compare the microhardness (HV(s) of non heat-treated and different heat treatment
temperatures of electroless Ni-P deposition

pH value 4 5 6 8 9 10

Non heat-treated 539 701 690 803 766 700
300 °C 766 960 927 1066 986 816
350 °C 841 1027 845 960 933 549
400 °C 927 986 701 857 733 498
450 °C 713 917 623 711 644 426
500 °C 593 791 585 549 473 383

temperature was raised to 500 °C, the precipitate particles on the surface showed
more obvious agglomeration and also become denser, as shown in Fig. 4d.

Figure 5 shows the SEM image of surface morphology on the Ni-P deposition
by pHS after different heat treatments. Due to the lower phosphorus content, the
surface deposition is rougher and more uneven. When increasing the heat treat-
ment temperature, the surface morphology changed minimally; there was a slight
but noticeable difference at 300 °C, 1 h heat treatment. As shown in Fig. 5a and b,
the particle size of precipitation shows a trend toward a smaller and denser out-
come. With an increase in the heat treatment temperature (400 °C and above), the
particle size of precipitation gradually became larger and more agglomerated, as
shown in Fig. 5c and d. As compared with Figs. 4 and 5, the precipitate particles
of pH8 Ni-P deposition appeared significantly larger in the surface structure after
heat treatment.

Figure 6a shows the XRD pattern of electroless Ni-P deposition by different pH
values. The initial plating of Ni-P deposition is amorphous and in coexistence with
the microcrystalline structure of the nickel phase. The diffraction peak of nickel
tends to increase as the pH value increases. The result agrees with the relevant
literature (PS Kumar and PK Nair) [12]. Acidic plating of Ni-P deposition has
relatively broad diffraction peaks; the higher phosphorus content results in lower
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Fig. 4 SEM observation of surface morphology on the electroless Ni-P deposition by pH5 after
different heat treatments a non heat-treated, b 350 °C, ¢ 400 °C, d 500 °C

Ni diffraction peaks. However, the alkaline bath of Ni-P deposition has very clear
diffraction peaks. As such, increasing the phosphorus content will produce a more
disordered lattice. It is reasonable to suggest that the acidic plating of Ni-P
deposition is closer to the amorphous structure, while the alkaline plating obtains
better crystallization. In this study, Ni (111) plane is the main diffraction peak of
electroless Ni-P deposition by different pH values.

Figure 6b and ¢ show the XRD patterns of electroless Ni-P deposition by pHS
and pH8 after different heat treatments. It can be observed that the Ni-P deposition
clearly generated phase transformation (Ni — NizP) after heat treatment. With
increasing temperatures, the NizP phase will start to precipitate and grow. When
the heat treatment temperature increased, NizP began to precipitate. Finally, the
Ni-P deposition produced the Ni crystalline phase in coexistence with NizP pre-
cipitation. Figure 6b and ¢ shows that the pH value increases and phosphorus
content decreases; the crystallization of nickel was improved after heat treatment.
In contrast, when the phosphorus content is high, the crystallization of the Ni;P
phase is better. XRD analysis indicated that two different kinds of structure were
provided by the different pH values of electroless Ni-P deposition after heat
treatment, namely, the crystalline structures of Ni and NisP precipitations. It is
agreed with the literature [13]. They belong to the Ni (111) plane, and (301) (231)
(204), and (411) of the Ni3P plane, respectively.



Improving the Surface Hardness and Wear Resistance 9

¥

20 pm

20 pm
C 0 ———

1
NTUT 1508V 12.0mim 261 .00k SE(M) 111 1."1!221.1‘! ﬂ?l

NTUT 15 0KV 12. 1mim .00k SE(M) 1/11/10 20:29

20'm

20 im

JNTUT- 1506121 2.0 51 00K SE:M‘] 215110 52-;'.:‘

NTUT 1806V 12 O ) 00K SE(M) 2J8/10 20:22

Fig. 5 SEM observation of surface morphology on the electroless Ni-P deposition by pHS8 after
different heat treatments a non heat-treated, b 300 °C, ¢ 400 °C, d 500 °C

Figure 7 compares the coefficient of friction of electroless Ni-P deposition by
pHS and pHS after different heat treatments. The substrate (S45C) has a low
coefficient of friction at the beginning, but the coefficient of friction began to rise
when the smooth surface was worn by the chrome ball. Conversely, the Ni-P
depositions after heat treatments (pHS 350 and pH8 300 °C) have a higher coef-
ficient of friction in the initial test but the coefficient of friction was decreased,
began to change due to static friction, and maintained a stable value after sliding
25 m. Table 4 shows the average coefficient of friction and wear-depth of elec-
troless Ni-P deposition by pH5 and pH8 at different heat treatment temperatures
after the wear test. Most of the test results show that the sample with the higher
level of hardness possesses a lower coefficient of friction and wear depth. The
hardness of Ni-P deposition by pH5 (HVos 701) was lower than pH8 (HV s
803) after electroless treatment, but the pHS has a lower coefficient of friction
(0.357) instead. However, from the viewpoint of wear resistance, the pH8 of Ni-P
deposition still has the lower wear depth (10.246 pum) because the oxygen atoms
react with debris during the wear test and produce large amounts of oxide film. The
oxide film has a lubricating effect, which will cause a lower coefficient of friction.
As a result, the Ni-P deposition by pHS plating has a better coefficient of friction
than does the pH8, but lower hardness still results in weak wear resistance.
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The average wear depth of the substrate was 5.429 pm, pHS was 13.294 pm
and pH8 was 10.246 um after the wear test, respectively. Although the hardness of
Ni-P deposition by pHS and pH8 was higher than the substrate, the wear depth was
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Table 4 Compare the average coefficient of friction and wear depth of electroless Ni-P depo-
sition by pH5 and pH8, and different heat treatment temperatures after wear test

Average coefficient of friction Average wear depth (um)
Un-treated (S45C) 0.433 5.429
pH5 0.357 13.294
pH8 0.408 10.246
pHS5 350 °C 0.391 2.738
pH8 300 °C 0.385 2.923

deeper. Notably, the lubricating effect of the oxide film is a major concern. In
addition, the heat treatment can improve the adhesion between the substrate and
deposition. Regarding the specimens of Ni-P deposition by pH5 and pHS after 350
and 300 °C and soaked for 1 h heat treatment, respectively, the hardness can be
significantly improved so that it will result in the lower wear depth. The wear
depths of pH5 and pH8 were 2.738 and 2.923 pm, respectively. These results can
be further confirmed in Fig. 8a—e.

Figure 8a shows the wear morphology of un-treated S45C. Because the hard-
ness (HRC 61) of the chrome ball is higher than the substrate, the S45C surface
caused large areas of deep abrasive wear. It also can be found that the S45C
produces large amounts of debris. Due to the chrome ball grinding and extrusion
during the wear test, the debris of the substrate will bond the substrate together.
Therefore, this generates adhesive wear. The arrow indicates the adhesive wear of
S45C, as shown in Fig. 8a. The EDS analysis shows that the composition of the
arrow area is 21.63 wt% O and 78.37 wt% Fe. The debris had a larger contact area
with the air and frictional heat, leading to significant oxidation.

Figure 8b shows the wear morphology of Ni-P deposition by pHS5. It is similar
to Fig. 8a, and shows some of the adhesive wear. In addition to adhesive wear, the
wear surface also exhibits some fine, long scratches. It is reasonable to suggest that
in addition to the adhesive wear, some of the abrasive wear is also included.
Figure 8c represents the wear morphology of Ni-P deposition by pH5 after 350 °C,
1 h heat treatment. Compared to Fig. 8b, it clearly shows shallow traces and better
wear resistance. Figure 8d shows the wear morphology of Ni-P deposition by pHS.
It represents significant adhesive wear. During the wear test, the grinding material
will produce plastic deformation like a bulge phenomenon, as shown in Fig. 8b
and d. Furthermore, with respect to the wear test, the bulge through the repetition
of brittle deformation that will produce a hardening effect, eventually led to a
rupture, as shown in Fig. 8b and d. In addition, Fig. 8¢ shows the wear mor-
phology of Ni-P deposition by pHS8 after 300 °C, 1 h heat treatment. Obviously,
the wear resistance is better than that without heat treatment of pH8 Ni-P depo-
sition. The wear mechanism included both abrasive and adhesive wear. According
to the coefficient of friction and wear morphology analysis, it is reasonable to
suggest that the best wear resistance appeared in the Ni-P deposition by pH5 and
pHS8 after 350 and 300 °C and soaked for 1 h heat treatment, respectively.
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250 pm

Fig. 8 SEM images of electroless Ni-P deposition by different pH values and heat treatments
after 60 m of wear test a un-treated, b pHS, ¢ pH5 and 350 °C heat treatment, d pH8, e pH8 and
300 °C heat treatment

4 Conclusions

XRD analysis shows that the S45C surface in the acidic plating easily generates
close to the amorphous structure of deposition, and that in the alkaline plating of
Ni-P deposition good crystallization was obtained. Furthermore, regardless of acid
or alkaline bath of the Ni-P deposition, the S45C surface significantly occurs in the
phase transformation after heat treatment, resulting in the precipitation of the Ni;P
phase.
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In this study, the specimens used for the pHS5 and pH8 of Ni-P depositions have
an optimal hardness, structure and deposition rate. The higher level of hardness of
acid bath is pH5 (HV( 5 701) and alkaline bath is pH8 (HV s 803) before heat
treatment. Moreover, the maximum hardness (HV(os 1027) of the specimen
appeared in the pH5 Ni-P deposition through 350 °C, 1 h heat treatment, while the
level of hardness treated with pH8 was HV( o5 1066 via 300 °C, 1 h heat treat-
ment, respectively.

The optimal wear depth (2.738 pm) and (2.923 um) appeared in Ni-P deposi-
tion by pHS and pHS8 after 350 and 300 °C and soaked for 1 h heat treatment,
respectively; however, the untreated specimen shows the deeper (5.429 pm) level
of wear morphology. Consequently, the surface hardness and wear resistance could
be improvement by the electroless Ni-P deposition via suitable pH values and heat
treatment.
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Enhancement of Nanocomposite
for Humidity Sensor Application

N. D. Md Sin, Mohamad Fadzil Tahar, M. H. Mamat and M. Rusop

Abstract This chapter investigates the improvement of nanocomposited ZnO/
SnO, that was prepared on ZnO coated glass using thermal chemical vapor
deposition (CVD). The sensor properties were characterized using current-voltage
(I-V) measurement (Keithley 2400). The results analyzed were for ZnO agglom-
erate nanoparticle, SnO, nanorod, and ZnO/SnO, composite nanorods. The
structural properties were characterized using field emission scanning electron
microscopy (FESEM) (JEOL JSM 6701F). The thins films were tested using two-
point probe and the sensors characterized using /-V measurement (Keithley 2400)
in a clean humidity chamber (ESPEC SH-261). The chamber was set at the same
room temperature (25 °C) with percent relative humidity (RH%) varied in the
range of 40-90%RH. ZnO/SnO, composite nanorods performed the highest sen-
sitivity with 265 ratio compared to the ZnO agglomerate nanoparticle and SnO,
nanorod. The response and recovery time for ZnO/SnO, composite nanorods were
227 s and 34 s respectively.

1 Introduction

Humidity sensors have been important for the precise control and reliable estimate
of water vapors content in atmospheres from industrial processes to the general
improvement in the quality of life [1, 2]. Generally a humidity sensor has to
possess fast response and recovery time, high sensitivity, good stability, negligible
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hysteresis over periods of usage, and possibly a large operating range for both
humidity and temperature [3]. As an n-type wide bandgap semiconductor
(Eg = 3.6 eV) tin dioxide (SnO,) nanostructures having rutile structure attracted
great interest in recent years. SnO, has good characteristics in optical, electrical,
chemical, and thermal stability [4]. ZnO is one of the most important group of
II-VI semiconductor materials. It is an n-type and a wide bandgap material with a
direct bandgap (3.37 eV) and large excitation binding energy of 60 MeV. ZnO also
comes from Wurtzite-structured semiconductors that can help to mix with SnO,
[5]. Zinc and tin compounds have recently attracted considerable attention because
they display technological properties [6], such as high capacity anode material,
which can also be used for oxygen separation acting as a photo catalyst under the
visible light, humidity and gas sensors action [7, 8]. Doping is an attractive and
effective method for manipulating various applications of semiconductors.

Using single materials can cause low sensitivity of sensor [9] due to the
insufficient exposing surface area and low electron transportation due to the sur-
face morphology. This is because nanogenerators, sensors, and piezoelectric tubes
based on nanostructures strongly depend on the strength and stiffness of the
materials [10]. Combining ZnO and SnO, on thin film can produce high sensitivity
due to the heterogeneous interfaces between them.

Sensitivity, selectivity, response time, recovery time, and stability can be
improved by combining different additives to SnO, [11]. Composite type sensors
were suggested to improve thermal reliability because they contain many heter-
ogeneous boundaries between different phases [12, 13]. For example ZnO/CuO,
SnO,/Cu0, SnO,/ZnO composites showed increased sensitivities in comparison to
single-phase materials [14, 15]. Composites are beneficial because the combina-
tion of materials tend to be more porous. Especially, SnO, can be made more
porous with addition of small amount of ZnO [16]. This porosity may play an
imperative role in humidity sensing because the pores of the materials serve as
adsorption sites. The sensitivity of the sensor directly depends on these pore sizes.

In this chapter, we introduce the technique of chemical vapor deposition
method to prepare ZnO/SnO, composite nanorod on a glass substrates cover with
ZnO thin film for humidity sensor applications. This technical paper investigates
the effect of nanocomposited ZnO/SnO, on the surface morphology and humidity
sensor application. The growth mechanism of ZnO/SnO, composite nanorod has
been discussed.

2 Methodology

The glass substrates were cleaned with acetone, methanol, and deionized water in
the ultrasonic device using several steps before the experiment began. At first, ZnO
thin film was deposited on glass substrates using the radio frequency (RF) mag-
netron sputtering method. ZnO coated glass were deposited (high purity
(99.999 %)) on glass substrate using RF magnetron system at RF power 200 W.
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Fig. 1 CVD process

The pressure of the system was maintained at 7 m Torr and the sputter chamber
was pumped at 5 x 10~* Pa using a molecular pump. The gases were injected into
the chamber with ratio of flow rate argon to oxygen (45:5) sccm. The ZnO thin
films were deposited for 60 min with substrate temperature 500 °C.

In the second process, these ZnO films act as the template for ZnO/SnO,
composite nanorod deposition. Two furnaces were used to grow doped ZnO/SnO,
composite nanorods thin film as shown in Fig. 1. Furnace 1 was used to place
precursor and Furnace 2 was used to place ZnO coated glass. Both precursor and
glasses use a single Quarzt tube. Zinc nitrate and tin chloride act as the precursor,
Argon (Ar) as the carrier gas, and oxygen (O,) as the reactor gas. The flow rates of
the gases were 20 sccm for Ar and 5 sccm for O,. Both precursors were measured
with 3 g. The substrate temperature was deposited at 500 °C and the deposition
time was set at 1 h.

The humidity sensor measurement was conducted on Au metal contact
deposited on the thin film as the electrode using thermal evaporation. The thin
films were tested using two-point probe and the sensor was characterized using
I-V measurement system (Keithley 2400) in a clean humidity chamber (ESPEC
SH-261). The chamber had been set at the same room temperature (25 °C) with
percent relative humidity (RH%) varied in the range of 40-90%RH. Structural
properties were characterized using FESEM (JEOL JSM 6701F). Then the I-V was
plotted using the Leios TMXpert software.

3 Result and Discussion
3.1 Structural Properties

Figure 2a shows the FESEM image of nanoparticle of ZnO template at 30,000
times magnification. The size of nanoparticle is in range of 75—85 nm. This ZnO
template acts as a holder for ion zinc in thermal CVD method. The FESEM image at
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Fig. 2 FESEM images for a ZnO template b ZnO nanoparticle ¢ SnO, nanorod and d ZnO/SnO,
composite nanorods at magnification 30 kx

30 K magnification, as shown in Fig. 2b—d, shows the SnO, nanorods, ZnO
agglomerate particle, and ZnO/SnO, composite nanorods. The surface images show
that all films are uniformly deposited on ZnO template layer. The size of tip of SnO,
nanorods was around 80—110 nm while the size of ZnO/SnO, composite nanorods
was in the range of 35-50 nm. From the surface image, the size of nanorod of ZnO/
SnO, composite nanorods reduces compared with SnO, nanorods as shown in
Fig. 2c and d. This reduction of size enhances the high surface area that can
increase the sensitivity because of larger site area to absorb the water vapor [17, 18,
19]. Besides, Fig. 3a and b shows the cross-sectional view of the SnO, nanorods
and ZnO/SnO, composite nanorods respectively. The image shows the growth of
well-aligned SnO, nanorods and ZnO/SnO, composite nanorods on ZnO template.
It can be observed that the thickness of the SnO, nanorods is on average 5.4 um.
The thickness of ZnO/SnO, composite nanorods was on average 840 nm. The
growth of SnO, nanorods on ZnO template for humidity sensor is come newly in
this study. The growth of aligned SnO, nanorods is promoted by ZnO template as
shown in Fig. 3a. Although it is hard to grow the SnO, nanorods on ZnO template
since both materials are not in the same lattice group of structure, it is still possible
for growth due to homogeneous nucleation [20, 21]. Salehi et al. [22] fabricated
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Fig. 3 The cross-sectional
view of a SnO, nanorods and
b ZnO/SnO, composite
nanorods
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SnO, pore structure-based gas sensor deposit on glass substrate using chemical
vapor deposition method and SnCl4 as the precursor. Based on the ZnO/SnO,
composite nanorods cross-sectional view, a porous structure is observed, as indi-
cated in Fig. 3b, that promotes improvement in sensor performance [23-25].
Compared to other findings, Wang et al. [26] prepared Zn,SnO,4 nanowire using
thermal evaporation method by heating Sn and Zn powder as the precursor without
any catalyst with diameter thickness of 50 nm. The use of two precursor of ZnO and
SnO, deposit on ZnO template became a novelty in this study.

Table 1 shows the atomic percent for all the samples, refer to the EDS spectrum
images in Fig. 4 (a) SnO, nanorods (b) ZnO agglomerate particle and (c) ZnO/
SnO, composite nanorods. Table 1 and Fig. 4 show the possible corresponding
chemical composition. It reveals that zinc (Zn), oxygen (O), and tin (Sn) are the
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Table 1 Atomic percent of ZnO nanoparticle, SnO, nanorod, and ZnO/SnO, composite nano-
rods thin films

Atomic percent (%) Zn Sn Si (6]

SnO, 0 28.47 5.28 66.26 0
ZnO 11.32 0 20.72 62.89 5.07
Zn0/Sn0O, 0.87 71.59 3.75 23.79 0

constituent parts of ZnO/SnO, composite nanorods. The EDS measurements show
that the dominant compositions for ZnO/SnO, composite nanorods thin film are Zn
(0.87 %), Sn (71.59 %), and O (23.79 %).

The XRD patterns of SnO, nanorods, ZnO agglomerate particle, and ZnO/SnO,
composite nanorods show polycrystalline as depicted in Fig. 5. The diffraction of
SnO, nanorods contained diffraction peaks from tetragonal SnO, (JCPDS card no.
41-1445). While the ZnO agglomerate particle match with hexagonal wurzite ZnO
(JCPDS card no. 36-1451). ZnO/SnO, composite nanorods diffraction peaks can
be indexed with the tetragonal SnO, and hexagonal wurzite ZnO. It is observed
that the peaks of SnO, nanorods reveal at diffraction peaks (101) (211) (002)
(301). The higher intensity is at (101) and (002) of SnO, compared to other peaks.
This indicates that SnO, nanorods enhance to the (002) peak that are preferably
orientated in [001] direction [27, 28]. The diffraction peak of ZnO agglomerate
particle depict at (100) (002) (101) (102) (110), and (103). However, ZnO/SnO,
composite nanorods perform peak of ZnO at (100) orientation whereby the
dominant peaks belong to tetragonal SnO, show at peaks (110) (101) (211) (002),
and (301). The (100) peaks of ZnO indicate that the ZnO precursor acts as the
holder to the ZnO/SnO, composite nanorods.

The possible growth of ZnO/SnO, composite nanorods is discussed as indicated
in Fig. 6. In this study, no metal catalyst has been used. The growth of ZnO/SnO,
composite nanorods was influenced with ZnO thin film that acts as the template
layer. The growth mechanism can be understood based on vapor solid growth (VS)
process. The chemical reaction can be explained as:

SnCl; 4+ O, — SnO, + Cl, (1)
2Zn(NOs),— 2Zn0 + 4NO; + O, (2)

SnCly and Zn(NOs), were reduced to Sn and Zn vapor by reaction at 500 °C.
The source SnCl, and Zn were carried by the flowing Ar gas and react with O, gas
(Egs. (1) and (2)). The Zn was directly deposited on the ZnO template. Then the
ZnO templates act as the nucleation sites for the growth of ZnO nanostructures.
Once the initial nucleation starts, the crystal grows in epitaxial ways, which results
in the preferential orientation of ZnO/SnO, composite nanorods in the end.
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Fig. 4 EDS spectrum images for a ZnO nanoparticle, b SnO, nanorod, and ¢ ZnO/SnO,
composite nanorod thin films
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Fig. 5 The XRD pattern of a SnO2 nanorods, b ZnO nanoparticle, and ¢ ZnO/SnO, composite
nanorods

3.2 Optical Properties

Figure 7 shows PL spectra of (a) SnO, nanorods (b) ZnO agglomerate nanopar-
ticle, and (c) ZnO/SnO, composite nanorods excited by He-cd laser operating at
325 nm. The SnO, nanorods show a broad peak at around 630 nm as the ZnO
agglomerate nanoparticle and ZnO/SnO, composite nanorods depict two emission
bands at ultraviolet (UV) emission and broad visible region. The UV emission and
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Fig. 6 The possible growth mechanism of ZnO/SnO, composite nanorods on ZnO template

visible region of ZnO agglomerate nanoparticle is indicated at around 400 nm and
650 nm, respectively, while the ZnO/SnO, composite nanorod signifies at around
380 nm and 585 nm respectively. Both samples show a weak peak at UV region
and a dominant peak at visible area. The UV emission corresponds to the
recombination of free excitons of ZnO [29]. The visible peak corresponds to
existence of the Zn and Sn interstitial defect, oxygen vacancies in ZnO and SnO,,
and residual strain tempt during the growth process. These prominence peaks may
contribute to better interaction between the adsorbed water vapor and the active
layer [30]. From the graph, the peaks of ZnO/SnO, composite nanorods move to
the left (blue shift) from the peaks of ZnO agglomerate nanoparticle and SnO,
nanorods. The blue shift can be explained due to the transition of electron tran-
sition, mediated by oxygen vacancies [31]. The high intensity level of ZnO/SnO,
composite nanorods was high compared with ZnO agglomerate nanoparticle and
SnO, nanorods. It may contribute by the rougher surface of ZnO/SnO, composite
nanorods.

3.3 Humidity Sensor Fabrication

Figure 8a—c shows I-V plots for thin films for ZnO nanoparticle, SnO, nanorod,
and ZnO/SnO, composite nanorods with relative humidity of 40-90 % at 25 °C.
The samples were given supplied voltage from —5 to 5 V. The current increases
when relative humidity increases so the resistance is decreased. This is because the
water vapor on the surface of thin films was absorption. This water vapor can
increase the flow of the current through the thin film with less resistance. The
water vapor in air has a strong influence on the conductivity of the thin films [32].
In any RH atmosphere, I-V curves of the device exhibit good linear behavior,
which proves a good ohmic contact between the surfaces and Au electrodes.
The composite ZnO/SnO, composite nanorods sensor exhibited significantly
higher sensitivity than sensor constructed solely from ZnO nanoparticle or SnO,
nanorod itself due to the heterogeneous interfaces between them and more
adsorption site was created that can help more water vapor to be absorbed [16].
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Fig. 7 Photoluminescence spectra a SnO, nanorods, b ZnO agglomerate nanoparticle, and
¢ ZnO/SnO, composite nanorods

The graph in Fig. 8 shows that sensitivity increases when RH increases. This
phenomenon is related to water adsorption on the thin films. At low RH, water
adsorbing on the surfaces will not donate electrons to sensing layers and will
significantly lower the sensitivity of thin films. The larger the surface area, the
larger the content of water adsorbed, so the density of charge carrier becomes larger
and hence the sensitivity increases [33]. The sensing mechanism is based on the
absorption and desorption process between the surface structure and humidity [34].
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Table 2 The value of sensitivity and response and recovery times of SnO, nanorods, ZnO
agglomerate nanoparticle and ZnO/SnO, composite nanorods are summarized

Sample (ZnO/Sn0O5,) Sensitivity Response (s) Recovery (s)
SnO, 16 371 114

Zn0O 11 392 259
Zn0O/Sn0O, 265 227 34

For sensitivity, the value was calculated using Eq. (3) [35]:

I A
g — loorns 3)
Lyoru%

where S as sensitivity, I4orye as current of the sensor in dry condition, and Iygrye
as current at 90RH% (relative humidity). The sensitivity values are listed in
Table 2. The sensor current of SnO, nanorods and ZnO agglomerate nanoparticle
at 40%RH were 1.94 x 1072 A and 1.61 x 107° A respectively. Whereas at
90%RH, the current of SnO, nanorods and ZnO agglomerate nanoparticle was
2.16 x 107% A and 2.54 x 10~® A respectively. The changes in current are based
on the equation performed 11 and 16 times for SnO, nanorods and ZnO
agglomerate nanoparticle respectively. The changes in current at about two orders
at 40%RH is 1.67 x 107® A is 265 times than 90%RH is 4.42 x 107 A of ZnO/
SnO, composite nanorods. From Table 1, the ZnO/SnO, composite nanorods
sensor exhibited significantly higher sensitivity than sensor constructed solely
from ZnO agglomerate nanoparticle and SnO, nanorod itself due to the hetero-
geneous interfaces between them and more adsorption site was created that could
help more water vapor to be absorbed [16]. Besides, the high surface area facil-
itates the reaction with water vapor and sensing layer of ZnO/SnO, composite
nanorods sensor [36, 37]. Moreover, the advantage of one-dimensional structure
(1D) of ZnO/SnO, composite nanorods sensor could assist the electron to trans-
verse along the rods’ structure [37].

Figure 9 shows the response and recovery time of (a) SnO, nanorods, (b) ZnO
agglomerate nanoparticle, and (c) ZnO/SnO, composite nanorods with the time
taken for the transition total current to become constant from 40 to 90%RH
(adsorption process) is assigned as response time and 90 to 40%RH (desorption
process) for the recovery time. The sensor was given bias 5 V. Table 1 shows the
calculated response and recovery time using Eq. (4) [38]:

t
I(t) =1 <1 —e (— —) > for the response time (absorption process)  (4)

r

t
I(t) = Ipe ( t) for the recovery time (desorption process)
d

where [ is the magnitude of current, I, is saturated current, ¢ is time, ?, is response
time constant, and f; is the recovery time constant. When the thin films were
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Fig. 9 The response and (@)

recovery characteristics curve
of a SnO, nanorods, b ZnO 2.0x10"
nanoparticle, and ¢ ZnO/
SnO, composite nanorods
obtained by changing the
RH% between 40 and 90
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exposed to the 90%RH, the current through the sensors increased. When the thin
films switched to dry condition again (40%RH), the current decreased and reached
a relatively stable value. According to Table 2, the response times of the SnO,
nanorods and ZnO agglomerate nanoparticles were 371 s and 392 s, respectively,
while the recovery time of the SnO, nanorods and ZnO agglomerate nanoparticles
were 114 s and 259 s respectively. ZnO/SnO, composite nanorod has the fastest
time to response and recovery time with 227 s and 34 s respectively.

The sensing mechanism is based on the absorption and desorption process
between the surface structure and humidity [34]. At low humidity, the tips and
defects of the thin films present a high local charge density and a strong elec-
trostatic field, which promotes water dissociation. The dissociation provides pro-
tons as charge carriers of the hopping transport [39]. At high humidity, one or
several serial water layers are formed among thin films, and electrolytic conduc-
tion between sensing materials takes place along with photonic transport and
becomes dominating in the transport process [39].

4 Conclusion

In this chapter, ZnO/SnO, composite nanorods were successfully synthesized
using thermal CVD. The SnO, nanorods, ZnO agglomerate nanoparticle, and ZnO/
SnO, nanoflower were successfully grown on ZnO template layer. The SnO,
nanorod and ZnO agglomerate nanoparticles produce sensitivity with 16 and 11
ratios of times. The ZnO/SnO, composite nanorods give the highest sensitivity
with ratio of 265 times. The response and recovery time for these ZnO/SnO,
composite nanorods are the fastest among ZnO nanoparticles and SnO, nanorods
with 227 s and 34 s respectively.
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Chemical Solution-Based Synthesis
of Nano-Magnesium Oxide Dielectrics

Habibah Zulkefle, Adillah Nurasyikin, Lyly Nyl, Raudah Abu Bakar
and Mohamad Rusop Mahmood

Abstract The effect of MgO nano-filler loading to the dielectric layer properties
of nano-Mgo films has been studied. By using FESEM, the particle size of nano-
MgO dielectrics was found in nanometer dimension with the range of 42 to 92 nm.
The addition of MgO nano-filler resulted in surface modification in which it lead to
the changes in dielectrics properties. From impedance analysis it shows that there
were only small changes in relative permittivity value since the filler and the
matrix were the same material. The result also revealed that the dielectrics with 1
wt% filler loading has good electrical properties while dielectrics 2 wt% filler
loading was very uniform and compact.

1 Dielectrics Mechanism

Dielectric is an important medium in parallel plate capacitor where the charge
storage ability per unit voltage (capacitance) increases by a factor of relative
permittivity, ¢,. The relationship between capacitance and relative permittivity is
given by the following equation [1]:

£,6A
- oot 1
d (1)

where ¢, (8.8542 x 10~'? F/m) is vacuum permittivity, ¢, is the relative permit-
tivity of dielectric material, A is the electrode area, and d is the thickness of the
dielectric layer. Theoretically, the relative permittivity of the dielectric material
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Fig. 1 Schematic diagram of
polarization in dielectrics
medium

depends strongly on the frequency of the alternate electric field which can be
expressed by the following complex permittivity equation:

e=¢ —j" =g, —j&’ (2)

where ¢ and ¢’ refers to real and imaginary permittivity. The energy storing
capacity of the dielectric material depends on the polarization, P, of the dielectrics
by applied field, E. When dielectric material is placed in between two parallel
plated with applied field, the dielectrics atom or molecule become polarized which
results in dipole moment. Induced dipole moment is in the same direction with
applied field and the dipole is aligned negative charge, —Q, to positive charge
+Q,. Besides, for each positive charge has a negative charge next to it and vice
versa which results in not net charge in the dielectric material. However, the
negative charge is not canceled by any positive charge of dipole at the interface of
dielectric layer and the similar situation happen at the other side of dielectric layer.
These bound charges at the interface that resulted from the polarization were
known as surface polarization charges. Figure 1 reveals the polarization process
occurred in the dielectrics by applied field.

As being explained in previous paragraph, space charge polarization involves
trapped charges at the interface of the dielectric layer. In addition, this type of
polarization mainly occurs in amorphous or polycrystalline solids or material
consisting of traps. In thin film dielectric technology, polarization occurs is in
terms of space charge polarization. Space charge polarization involved hopping
and interfacial polarization, which is commonly present at 10~°~10° Hz.

A good dielectrics film should have high relative permittivity, thermal and
chemical stability contact with semiconductor, low leakage current, and high
quality interface [2]. For thin film dielectrics, relative permittivity also depends on
chemical structure and defect of the film. Generally, silicon dioxide, SiO, with
dielectric constant of 3.9 has been used as dielectric layer in the electronic com-
ponent fabrication such as in transistor and capacitor. Normally, the size of
electronic devices becomes smaller while its performance is improved. The current
technology has archived 6 nm ultrathin of SiO, dielectric layer. However, the
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thickness cannot be reduced anymore due to the leakage current. Hence, higher
relative permittivity materials need to be used to replace SiO, and enhance the
overall device performances [3, 4].

The oxide materials with wide bandgap (E, > 5 eV) are mostly considered to
be used as dielectric material in the past few decades [5]. There are several
materials that have wide energy bandgap such as alkali halides and the best
candidate to be used as the dielectric material is magnesium oxide, MgO. MgO
cubic in structure form by ionic bonding between Mg>" and O®~ ions and it is a
source of magnesium. The physical properties of MgO such as hardness, high
resistivity, and high melting point are due to the strong electrostatic force between
magnesium and oxygen ion. Other than that, chemical inertness, electrical insu-
lation, optical transparency, high temperature stability, and high thermal con-
ductivity are the properties of magnesium oxide. Besides, the unique properties of
MgO such as high relative permittivity and high breakdown field have made this
oxide material possible to replace commercially available SiO, as dielectrics.

Particle size with nanometer dimension has attracted much attention in thin film
fabrication due to its excellent properties, which will enhance film properties such
as in electrical insulation, breakdown strength, and dielectrics properties [6, 7].
One of the promising methods in development of nanoparticle is by introducing
nano-filler [8] during deposition process. There are several researches been done
on using magnesium oxide, MgO as filler in order to improve the electrical [7, 9]
and dielectric properties [10]. Although the inclusion of nano-filler could lead to
outstanding thin film properties, the source of the improvement and the effects of
nano-MgO filler on the MgO film properties are still being investigated [11]. The
deposition of nano-MgO can be utilized by several techniques such as spin coating
[12-15], sol—-gel spin coating has its own advantages such as simple and cost
effective. In this research work, we investigate the effect of nano-MgO filler
loading on the dielectric properties of MgO film via simple chemical solution
technique which is sol—gel spin coating method.

2 Experimental Procedure

All chemicals used were analytical reagent grade and utilized without any puri-
fication. The chemicals used were Magnesium Acetate Tetrahydrate (Merck),
Magnesium Oxide Nano-Powder (<50 nm, Aldrich Chemistry), Ethanol (95 %,
HmbG Chemicals), and Nitric Acid (69 %, Friendemann Schmidt).

Magnesium oxide, MgO solution was prepared by dissolving (CH;COO,)
Mg*4H, in C,HgO solution with a small addition of HNO;. The MgO nano-
powder used as filler was added into the MgO solution with the amount of MgO
nano-powder that varied from O to 3 wt%. The prepared solutions were then
sonicated at 50 °C for 20 min followed by heating, stirring, and aging process. For
the deposition process, the prepared MgO solutions were deposited on a cleaned
glass substrate with speed rotation and time were set to 3200 rpm and 30 s,
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respectively. Then, the films were dried at 200 °C for 10 min and both deposition
and drying processes were repeated for 10 times. Finally, the films were annealed
in the furnace chamber with temperature of 500 °C for 1 h. The characteristic of
the deposited MgO films at different weight percentage of MgO nano-filler were
determined in terms of it electrical, dielectric, and morphological properties. The
two points probe I-V measurement (Bukoh Keiki) and impedance spectroscopy
analyzer (Solartron S1 1260A-1296) were used to investigate the electrical and
dielectric properties of the MgO films. Atomic force microscopy (AFM-Park
System XE 100) and field emission scanning electron microscopy (FESEM-JEOL
JSM 7600F) were used to observe the morphological of MgO films.

3 Nano-Magnesium Oxide Dielectrics Properties

The growth of nano-MgO films was measured in terms of its thickness using
surface profiler and the data were tabulated in Table 1. The changes of the
thickness show a significant effect of the nano-filler loading. Increase of film
thickness with nano-filler loading was due to increase of growth rate of thin film
[16]. As stated by Hu et al. surface roughness of the produced films was deter-
mined from the surface texture by means, the root mean square (RMS) value of the
surface height [17]. Highest RMS value was obtained for film with 1 wt%,
however, 2 wt% nano-MgO film resulted in the lowest RMS value (Table 1). As
mentioned by Thomas et al., the surface roughness of film tends to increase as the
amount of filler increase, which was due to the formation of agglomerated particle
[10]. This finding was proved by surface morphology images as shown in Fig. 2,
where sample with 1 and 3 wt% have nonuniform and agglomerated particle,
which lead high surface roughness.

Figure 2 shows the surface morphology of deposited nano-MgO films at dif-
ferent nano-filler loading. From the FESEM images obtained the surface modifi-
cations of the deposited nano-MgO films that occurred in terms of changes in the
grain boundary, particle size, as well as porosity. It was observed that, as the
amount of nano-filler increased from 0 to 3 wt%, more compact film were pro-
duced. This was due to increment in particle size and reduction of grain bound-
aries. Agglomerated particle was formed for nano-MgO film with 3 wt% filler
loading.

Excessive MgO particle at higher nano-filler loading resulted in the formation
of agglomerated particle on the film. Figure 3a and b shows the illustration for
diffusion of nano-filler with small and high amount, respectively. Average of
particle produced for nano-MgO films with 0, 1, 2, and 3 wt% were 42.2, 47.1,
59.4, and 91.8 nm, respectively. Moreover, FESEM images also revealed that film
with 2 wt% nano-filler loading produced very uniform and dense in structure,
compared to others. We expect film with 2 wt% nano-filler loading was enough to
fill up all the pores, and act as catalyst to improve the surface morphology of the
film.
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Table 1 Thickness and surface roughness of the nano-MgO films at different nano-filler content

Nano-filler content Capacitance at Thickness  Surface roughness (nm)

(wt%) 40 kHz (pF) (nm) Average Root mean square
value, Ra value, Rq

0 6.72 256 14.572 23.474

1 7.33 344 25.266 32.737

2 6.95 633 3.022 4.395

3 7.18 964 23.826 30.316

Fig. 2 Dependence of the
MgO nano-filler content on
the films surface morphology

Fig. 3 Tllustration on filler (a)
dispersion at a low and b high
nano-filler content

nang-filler

gD particle
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Fig. 4 Electrical behavior in terms of a /-V Characteristic and b Resistivity of deposited nano-
MgO films

Figure 4a shows the current-voltage (/-V) behavior of deposited Nano-MgO
films at different loading of MgO nano-filler with applied voltage from —10 to
10 V. I-V curve for sample with 2 wt% nano-filler loading does not cross the zero
axis. However, the reason behind this occurrence is still being investigated. From
the graph it shows that the resistance of the films change as the amount of nano-
fillerwas varied. The value of resistivity (Fig. 4b) for each film was then calculated
by using p = R equation, where p is the resistivity; w and ¢ are the width and the
length of the metal contact; ¢ is the film thickness, and R is the film resistance [18].

The result shows that by introducing nano-filler, results in decrement of the
resistivity value from 31.9 x 10* to 27.9 x 10* Q cm. Further, increase in the
amount of nano-filler (2 wt%), the resistivity value was found to continuously
decrease to 14.0 x 10* Q cm. The reduction in resistivity values were due to the
nano-size particle added that further reduced the grain boundary area of the films
(Fig. 2). As nano-filler being introduced, the surface area to volume ratio of the
film produced was increased and [19] later improved carrier’s transport properties.
As a result, the carrier scattering was reduced while carrier mobility was enhanced.
This observation was supported by Mary et al. where their conductivity value
increased with the addition of nano-filler [20]. The resistivity values at room
temperature obtained has similar order (~ 10* Q cm) with reported value by Patil
et al. for microwave component [21].

However, when the nano-filler content was increased to 3 wt%, the resistivity
value was drastically increased to 56.2 x 10* Q cm. The increase in the resistivity
value was due to higher filler loading of MgO nano-powder, which may increase
the insulation properties of the prepared film. As stated by Kaushal et al., the
increase in resistivity value was due to the pores generated in the film that may
absorb and trap the mobile carrier [22]. It can be observed that agglomerated
particle was formed on the surface of 3 wt% nano-filler film, which results in
formation of intergranular pore, as proved by FESEM. As stated by Hessien et al.
the inter-granular pores occurred due to the abnormal grain growth where pores are
trapped insides the grains [23]. This suggested that, MgO nano-filler act as a
catalyst at 2 wt% loading.
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Fig. 5 Leakage current
density, J plots with 0.09 cm?
contact area of deposited
nano-MgO at various nano-
filler content
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The leakage current density, J for the deposited nano-MgO films was shown in
Fig. 5 with voltage varied from 0 to 10 V. J values obtained were below than 1E~’
A cm ™2, which was two orders of magnitude lower than common dielectric layer
(Si0, ~ 4 x 107 A cmfz). One of the important characteristics of good
dielectric layer is that the J value should be in the order of 107 A cm™2 [24].
Since there are improvements in the J value compared to SiO,, MgO should be
considered to be used as dielectric layer. Study by Bondoux et al. supported this
suggestion where their MgO film leakage current density has one order of mag-
nitude lower than SiO, [3].

Furthermore, the J values were increased as the loading of the nano-filler
increased from O to 2 wt%. This was due to its high carrier mobility of the film as
proved by resistivity values obtained. Yang et al. reported on the increment in
leakage current density of their films as the filler loading were increased [25].
Nevertheless, the J value was slightly decreased when the amount of nano-filler
was increased to 3 wt%.

The relative permittivity, &, were measured in frequency ranging from 100 Hz
to 10 kHz using Impedance Spectroscopy Analyzer and were measured at room
temperature. The results are shownin Fig. 6a. It is apparent from this figure the
addition of MgO nano-filler leads to the improvement in the ¢, value where the ¢,’
value increased from 6.72 to 7.33 observed at 40 kHz. Since the filler is in
nanometer dimension, the interfacial region becomes dominant where density and
charge trapped in the film were improved. Nevertheless, further increase in nano-
filler loading to 2 wt% resulted in reduction of ¢, value to 6.95. However, ¢,’ value
was slightly increased to 7.18 when the nano-filler loading reached 3 wt%. The
changes observed in ¢,/ value were due to the changes in the surface morphologies
of the prepared films. As can be seen in FESEM images in Fig. 2, nano-MgO film
with 2 wt% has less porosity compared to 3 wt% film. Zheng et al. and Praveen
Kumar stated that pores in the film obstruct the movement of carriers [26] as well
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as porosity in the film will reduce the density of the material [27]. Additionally,
increased in the ¢ value with 3 wt% nano-filler loading was due to the defect
caused by agglomerated particle produced in the film where more charge was
trapped in the film. Agus Purwanto et al. also reported on the large &’ value
produced in large grain size [28].

Moreover, we also observed that, MgO nano-filler consist of 1 wt% nano-filler
has highest ¢, value compared to others. The enhancement in ¢, value is most
probably due to the inhomogeneous particle formed on the surface of the film. As
mentioned before, nanosize particle promotes high surface area and large particle
will produce high carrier density. Based on conventional composites rule, the &,’
value of compound must be higher than matrix &,/ value [10]. Therefore, in this
study, even if there are changes in ¢, value however, the changes were insignif-
icant because the filler added (MgO nano-powder) was the same type of material
with the matrix (MgO film).

From the plotted graph, the frequency were divided into two regions as low
frequency region (<10 kHz) and high frequency region (>10 kHz). At low fre-
quency region, the ¢, values were affected by the interfacial polarization of the
material [10, 29]. In this region, the &’ values were drastically decreased as the
frequency was increased. This was due to dipole moments produced in the film
that was caused by the charge trapped at the interface of inhomogeneous particle.
At high frequency region, the &,/ starts to be constant and generally lower com-
pared to the lower frequency, which suggested that at high frequency, dipoles
oscillated at a faster speed, thus reducing the time required for polar switching,
resulting in the dipole unable to follow the rapid change of applied field.
Capacitance versus frequency (C-F) was shown in Fig. 6b, which shows quite
similar trend observed in &’ (Fig. 6a). The obtained capacitance values in this
work taken at 20 kHz were tabulated in Table 1. Equation 2, indicated that,
capacitance performance was positively related with the &, value.
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4 Conclusion

The influence of MgO nano-filler loading on the nano-MgO dielectrics properties
has been investigated. MgO particle size with nanometer dimension in the range of
42-92 nm were observed using FESEM. It is revealed that the nano-MgO film has
good electrical properties with addition of 1 wt% nano-filler. Impedance analysis
shows that, there are only small changes in the relative permittivity value since
filler and matrix is the same material which is MgO. The surface morphology
obtained for 2 wt% film was very uniform and compact.
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Nanozeolite Produced by Wet Milling
at Different Milling Time

N. Z. F. Mukhtar, M. Z. Borhan, M. Rusop and S. Abdullah

Abstract Recently, there has been a considerable growing interest in utilizing
nanozeolites due to their advantages over conventional micron-sized materials.
Zeolite particle may be reduced by mechanical treatment such as ball milling or
grinding in order to get smaller particles. In this chapter, the effect of milling time
on particle size and surface morphology of Zeolite were investigated by a few
designed experiments in aqueous environment. Zeta-sizer Nano series of particle
sizer, Field Emission Scanning Electron Microscopy (FESEM), and Fourier
Transform Infrared Spectroscopy (FTIR) have been used to characterize this na-
nozeolite. Results shown that, there were changes of particle size and also the
surface morphology of Zeolite, while the FTIR spectra showed not much differ-
ence; thus, it is confirmed that the milling process does not alter the chemical
bonding of this nanozeolite.

1 Introduction

Zeolite is a large group of crystalline materials and has a framework of linked
tetrahedral that consists of four oxygen atoms around their cation. Zeolites are also
known as molecular sieves and aluminosilicate materials that are characterized by
their open structure of interconnected cavities that can be accessed by molecules,
atoms, and ions species [1]. The properties and uses of zeolites are being explored
in many scientific disciplines: modern inorganic chemistry, physical chemistry,
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colloid chemistry, biochemistry, mineralogy, geology, surface chemistry, ocean-
ography, crystallography, catalysis, and also in chemical engineering process
technology [2].

Ball milling treatment, as a cost-lowering and environmentally friendly method
has been used in this project at aqueous environment. Ball milling refers to the use
of friction, collision, impingement, shear, or other mechanical actions to modify
the structures and properties of the Zeolite [3]. The reduction of the particle size of
Zeolite causes larger external surface areas available for interaction, shorter dif-
fusion path lengths reducing mass and heat transfer resistances in catalytic and
sorption applications, decreasing of reactions, enhancing selectivity, as well as
lowering tendencies to coke formation in some catalytic reactions [4, 5].

Therefore, the objective of this study is to investigate the effect of milling time
on particle size and surface morphology of Zeolite by wet ball milling treatment
through Zeta-sizer Nano series of particle sizer, Field Emission Scanning Electron
Microscopy (FESEM) and also Fourier Transform Infrared Spectroscopy (FTIR).

2 Methodology
2.1 Materials

The commercial powders of Zeolite was purchased from Fluka with means size
about >45 um.

2.2 Ball Milling Treatment

Wet grinding has been selected in this study because it has some advantages over dry
grinding such as the higher energy efficiency, lower magnitude of excess enthalpy,
and the elimination of dust formation [6]. The milling process was performed by
means of a planetary ball mill with some parameters that have been highlighted with
respect to size reduction. Grinding time was varied for different experiments
between 2 and 8 h while the rotational speeds were constant at 550 rpm for each
experiment. All of the experiments were carried out in a 50 mL stainless steel jar
with protective jacket of zirconium oxide and 2 mm of zirconium oxide balls were
used for this milling process respectively. The grinding jar was set up and arranged
eccentrically on the sun wheel of the planetary ball mill and the direction of
movement of the sun wheel being opposite to that of grinding jars was selected with
the ratio of 1:1. A certain amount of Zeolite: 0.5 g, water: 10 ml, and balls: 45 g
were weighted accurately and placed in the jar at room temperature also at atmo-
spheric pressure. The jar was then sealed and imposed to milling. After milling, all
samples were carried out, and then allowed to be cooled down at 40 °C for 24 h.
Then, all samples were continuing milling for 15 min and then were characterized.
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2.3 Characterization

Particles size measurements were carried out using Zeta Nano Sizer S at 25 °C and
the reading was taken at 173° scattering angle. Prior to the measurement, 1 ml of
nanosuspensions for each samples was taken out and introduced in the disposable
cuvette to be measured. The samples were measured in triplicate. The dried
powders were taken for FESEM analysis with 50 k in magnification. The freeze
dried powders also were taken for FTIR analysis. All measurements were done at
4000-400 cm ™' range by Spectrum 400, Perkin Elmer with 30 scans and 110-120
pressure gauges.

3 Results and Discussion
3.1 Particle Sizer

The effects of milling time on particle size of Zeolite were investigated by a few
designed experiments in aqueous environment and different time. The particle size
distributions of all the Zeolite samples prepared were obtained by Zeta Nano Sizer
S, as mentioned before. Figure 1 showed the influences of milling time on zeolite
particle. The particle size without milling, the Z-average (mean value in nm) was
1889 nm; then, after milling treatment at 2 h the Z-average was 211.6 nm while
for 4, 6 and 8 h were 185.2, 171.4, and 164.9 nm, respectively.

From original Zeolite, it reduced to about 88.80 % of particle size when
imposed to milling time at 2 h. Then, the particle size of Zeolite continued to
reduce when continuously imposed to milling process until 8 h. Eight hours of
milling time showed the smallest average of Zeolite particle size compared to
others with reduction about 91.27 % from the original size. From these sizes
produced, we observed that the particles size was inversely proportional with
grinding time. This closely related to the generation of energy over time during
grinding process.

As we can see from Fig. 1, the shorter grinding time will produce larger mean
particles compared to the longer grinding time. This result is consistent with the
finding by Takatsuka et al. [7], which has found that the particles size reduces with
the increasing of running time of grinding. This can be understood from the
interaction of particles and the grinding ball.

Interaction occurs between frictional and impact forces due to the collision of
ball and inner wall of jar, which move at different speeds, and which will unleash a
high dynamic of energies. For a ‘nano’ process to take place, energy in the jar
should be sufficient. Fadda et al. [8] have proposed that the particles breakage
happens at initial stage of milling; then, equilibrium between re-agglomeration and
de-agglomeration occurs.
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Fig. 1 Average particle size of Zeolite at different milling time

3.2 Surface Morphology

To study probable changes of morphology for ground powders of Zeolite after
milling, as well as to confirm the particle size results, all samples were subjected to
Field Emission Scanning Electron Microscopy (FESEM). Some of the FESEM
images of samples were shown in Fig. 2. FESEM images indicated that almost in
all samples, nanozeolite powder with particles size less than 100 nm might be
recognized as small particles or in the form of larger grouping particles.

Amir Charkhi et al. [4] also reported the similar phenomenon when grinding
Clinoptilolite by a wet ball milling treatment. Moreover, most particles have lost
their initial cubic shape (Fig. 2a) and converted into spherical and also irregular
shapes after imposed to the milling process with varied in milling times (Fig. 2b—e).

Moreover, Chunlong et al. [9, 10] hypothesized that fractures or de-agglom-
erations easily happen at the defects, impurities, and at the interface of the
intergrowth within large Zeolite particles. Thus, the mechanical stress that was
generated by the jar ball mill randomly fractured or de-agglomerated the Zeolite
particles into smaller fragment with varying size distribution and different mor-
phology. The larger fragments were of typically irregular shape, whereas the small
fragments tended to be spherical. From this observation of Zeolite morphology, we
could summarize that FESEM results were in accordance with the characterization
results by the particle size analyser that have been explained before.
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3.3 Structural Information

The structural information of the Zeolite was obtained by FTIR spectroscopy. All
measurements were done at 4000-400 cm ™! range by Spectrum 400, Perkin Elmer
with 30 scans and 110-120 pressure gauges. From the Fig. 3, we can see that the
FTIR spectra line for original Zeolite (without milling process) showed four peaks
of transmittance vs wavelength at 3360, 1641, 977, and 716 cm™ Then, after
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Fig. 3 The FT-IR spectra of nanozeolite at different milling times in range of 7003400 cm™'

imposed to the wet milling process at 2-8 h, the peaks occurred at 3360, 1641,
1570, 1396, 977, and 716 cm ™. From this spectra, there was no much difference
in appearance between the original sample and after milling at the varied times
except at 1600-1300 cm ™.

Peaks related with H-bonded O—H stretching at 3,360 cm™' and H,O bending
at 1641 cm ™', respectively [11]. For peak at 1570 and 1396 cm™', Yuzay et al.
[12] and Aronne A et al. [13] stated that this wavelength can be attributed to the
asymmetric stretching of the Si—O and Al-O bonds belonging to the SiO4 and
AlQy, tetrahedral. While T—O stretching at 977 and external T-O at 716 cm ! [11].
From this FT-IR spectroscopy, we expected that the chemical bonding of Zeolite
did not change over the milling process with different milling times.

4 Conclusion

As a conclusion for this study we can conclude that at milling time 8 h, the particle
size is smaller than others, while for surface morphology, we can observe that the
nanozeolite tends to be spherical and also irregular in shape after milling treat-
ment. Therefore, ball milling is a powerful mechanical method to reduce the size
of Zeolite particles. The use of FTIR in this study prove that FTIR is a powerful
method for checking of chemical bonding. We propose that the condition of
milling should be carefully selected to get the nanozeolite powder.
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The Performance of Solid-State Dye
Sensitized Solar Cells with Mist-Atomized
Cul as the Hole Conductors

M. N. Amalina and M. Rusop

Abstract This research is carried out to investigate the properties of copper (I)
iodide (Cul) thin films deposited by using a novel-mist atomization method. The
new deposition method of Cul thin films which is by using mist-atomization
technique is carried out in order to find the suitability of Cul thin films as a p-type
hole conductor for the fabrication of solid-state dye sensitized solar cells.
Therefore, in order to understand the cells, behaviour, two different parametric
studies of TiO2 porosity and Cul doping are conducted. The optimum porosity of
TiO2 was observed to be at 0.24 g of PEG content. Then, for the fabricated device,
0.05M of Cul solution concentration gives the best device efficiency of 1.05%
compared to other parameters. While low device efficiency for cells fabricated
with doped Cul thin films was observed when compared to the undoped Cul thin
films. From the results, it can be concluded that the nano sized Cul particles, which
matched to the porous structures of TiO2 layer and electrical conductivity, are the
main properties that contributed to the ss-DSSCs device efficiency.

1 Introduction

The solar cells revolution has introduced a series of solar cell generation which
brings along the first generation of solar cells (conventional silicon solar cells) to
the third generation until now [1]. Among the series of solar cells, the most
economical beneficial to develop the solar cell as an alternative to the conventional
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solar cell is preferable. In the last few years, new concepts of solar cells were
conceived and realized. The dye-sensitized solar cells have become an interdisci-
plinary scientific ‘playground’ which introduces the separates function of solar
light harvesting and charge carrier transport [2]. These technologies mainly include
dye-sensitized solar cells (DSSCs), polymer solar cells, and nanocrystalline solar
cells, all of which are now known as third generation photovoltaics.

The very first dye sensitized solar cells had been successfully fabricated in 1991
by O’Regan and Gratzel with an efficiency of 7.1-7.9 % under stimulated solar
light [3]. This area of work was then become a major attraction since they can be
made by using cheap material and do not required a stringent fabrication proce-
dures. This solar cell was constructed with three main element in the cell which is
the electron transport, light absorption and hole transport [4, 5]. The paper entitled
‘A Low-Cost, High Efficient Solar Cell Based on Dye-Sensitized Colloidal TiO,
Films’ by O’Regan and Gratzel utilizes the anchored dye on a wide band gap
of mesoporous TiO, semiconductors for the light absorption and redox couple of
(I"/I37) to neutralize the state of oxidized dye and for positive charge transport to
the platinized counter electrode [3].

The electron transport material of dye sensitized solar cells usually uses a wide
band gap oxide semiconductor such as TiO,, ZnO, SnO,, etc. [6—8]. The wide
band gap metal oxide semiconductors of above 3 eV of is favorable as the pho-
toanode of DSSC since it have the suitable band position relative to dye sensitizer.
Figure 1 shows the several energy levels of metal oxides versus vacuum for
DSSCs application. The TiO, semiconductor is the most researched material
among others. The TiO, is the material of choice because it has the lowest
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Fig. 2 The electron path of nanoparticles TiO, and 1-D nanostructures TiO,

recombination rate constant in all the oxides [9]. Other wide band gap oxides such
as ZnO and SnO, are also used due to their higher electron mobility [10]. In
DSSCs, the porosity of photoanode is crucial to achieve an optimum dye loading.
Therefore, porous nanoparticle structures of oxide materials are one of the most
useful materials in use until now [11, 12]. The nanoparticles oxide semiconductor
is the heart of DSSC since it will enhance the surface area vacant for dye
adsorption. However, usually the porous structures of nanoparticles metal oxides
are not densely packed and thus will increase the electron path to the conducting
substrate, which might cause interfacial losses. Therefore, research has been done
to improve the electron path of photoanode materials by synthesizing 1-D nano-
structures such as nanorods and nanotubes, which is vertically aligned to the
conductive substrate to cater this issue [13—15]. However, the low surface area of
the nanorods has circumvented to obtain high efficiencies of solar cells. Figure 2
shows the electron path of nanoparticles TiO, and 1-D nanostructures TiO,. In this
work, the mesoporous structure of TiO, was employed in the fabrication of
ss-DSSCs. The suitable properties of hole conductors was the aim of this work in
order to fabricate an efficient ss-DSSCs.

Another important element in dye sensitized solar cells is the monolayer of dye
attached to the metal oxides. The dye molecules are the backbone of the device as
it used as the light absorption material. The most commonly used dyes belong to
the ruthenium-based metal-organic complexes of polypyridyl ligands. There are
three types of dye widely used in the DSSCs research. They are most often referred
to with trivial names such as N-3 dye (red dyes), N-749 (red dyes), and Z-907 as
black dyes. Currently, other than Ru-based dyes the metal-free organic dyes as has
attracted great attention due to its advantages [17]. The examples of organic dyes
are coumarin, indoline, squaraine, polyene, cyanine, hemicyanine, oligothiophene,
perylene, porphyrin, phthalocyanine, carbazole, benzodithiadiazole, and truxene
[18, 19]. Among these dyes, the N3 dyes is used in this research since it possess
superior photovoltaic performance [20, 21].

Next, the state of the art of DSSCs device is not complete without the hole
transport material (HTM). The HTM is used as the material to regenerate the
oxidized state of dye after the photoinjection process to the TiO, occurred upon the
absorption of photon. There are three types of hole conductor which are liquid
electrolyte, quasi solid electrolyte, and solid electrolyte. In the liquid electrolyte
solar cells, the iodide-triiodide redox (I"/I'7) couple is typically used. The
achievable efficiency up to date for DSSCs with iodide-triiodide redox (I"/I°7)
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couple is about 13.4 % [22]. Despite its high efficiency, liquid electrolyte suffers
several technical problems such as solvent evaporation, degradation, and seal
imperfection. This organic liquid electrolyte is, however, highly corrosive, vola-
tile, and photo reactive [23]. Besides that, it is also facing a leakage problem due to
the interaction between the electrolytes and the sealing materials [23]. Therefore,
the stability of using liquid-based DSSCs is limited by the electrolyte encapsu-
lation and its inertness toward the iodine. To cope with this problem, efforts have
been done to find the less volatile electrolytes with sufficient hole transport. Hence,
ionic liquids, polymer-based electrolytes, and p-type semiconductors are the
possible options to replace the liquid electrolyte of redox couple. The quasi solid-
state dye-sensitized solar cells used ionic liquid and polymer based as the elec-
trolytes, while for solid-state dye-sensitized solar cells (ss-DSSCs) uses p-type
semiconductors as the hole conductors.

2 Solid-State Dye Sensitzed Solar Cells (ss-DSSCs)

The recent progress of ss-DSSCs has reached the power conversion efficiency of
about 4-4.8 % [24-26]. Solid-state dye sensitized solar cells (ss-DSSCs) uses
solid-state hole conductor for regeneration of dye to replace the liquid electrolytes.
The solid-state hole transport material (HTM) includes inorganic and organic
material such as CuBr [27], CuSCN [28] and Cul [29]. The first ss-DSSC fabri-
cated by Tennakone had achieved efficiency of 2.4 % by using Cul as the HTM
[29]. The low efficiency of solid state based DSSC compared to liquid electrolytes
based DSSC is due to the high viscosity of solid-state electrolytes which harden
the infiltration between the solid electrolytes and the mesoporous structure of
TiO,. Dye-sensitized solar cells are majority charge carrier devices in which the
electron transport occurs in the TiO, and the hole transport in the electrolyte.
Recombination processes can therefore only occur in the form of surface recom-
bination at the interface.

Despite the challenge faces in the ss-DSSCs, the solid-state DSSC offers
workable way for achieving higher efficiency because the quasi Fermi level (QFL)
of HTM can be adjusted and hence affect the open circuit voltage of the ss-DSSC.
The open circuit voltage can be increased by enlarging the difference between the
QFL of TiO, and QFL of HTM. However, there are some drawbacks and chal-
lenges facing for the ss-DSSC fabrication such as [30]: (1) the need to have HTM
with high diffusion and mobility, (2) the need to have low viscosity of HTM for
better penetration between the TiO, and HTM, (3) improved interfacial junction
between the dyed TiO, and HTM for appropriate band bending to increase the
open circuit voltage (Voc) and short circuit current (Isc). These challenges are the
main area of research for ss-DSSC.

The third issue which is to improve the interfacial junction was highlighted.
The insufficient pore filling of hole conductor in the porous TiO, network is the
major challenge in fabrication of ss-DSSCs [31-33]. The intimate contact between



The Performance of Solid-State Dye Sensitized Solar Cells 53

the dyed nanoporous TiO, and hole conductor is crucial in order to obtain high
efficiency of solar cells. Poor pore filling of nanoporous TiO, layer leads to
incomplete dye regeneration and hence reduce the photocurrent. Besides that
higher series resistance will take place from the bad contact of dyed TiO, and hole
conductor. Therefore, the reduction of crystallite sizes of hole conductors may help
improving the interfacial of photoanode and solid-state hole conductor, which will
consequently overcome the problem of hole penetrating the porosity of TiO,.
Besides that, the recombination state in ss-DSSCs is another major issue. There-
fore, there is the need to enhance the electron transport to avoid the recombination
of electrons and holes [34]. The low electron transport will lead to a less photo-
current since electrons are transported through the structure not fast enough, thus
the recombination with positively charged holes in the hole transport material will
happen rather electrons moving to electrode to generate electrical current.
Therefore, as more hole conductor material is found in the nanopores, the smaller
chance for recombination. This is due to the shorter pathway for the chargers
toward the electrode are available.

There are two ways of solving this matter which are by increasing the pore size of
TiO, nanostructures and also by developing a new way of deposition of HTM to
increase the penetration percentage of porous TiO,. Lee et al. had optimized the
performance of plastic ‘solid-state’ dye sensitized solar cells by increase the
nanopore filling of solid electrolyte. This is done by fluorine plasma treatment which
can increase the size of nanopores and nanochannels and at the same time can
passivate the TiO, surfaces [23]. Other than enlarging the nanopores, several reports
have been made on improving pore filling fraction between the TiO, and HTM
including by employing counter- strategy which instead filling the HTM into the
porous TiO; structure, the sensitized TiO, was dispersed into the HTM solution [35].

Here the new deposition method of HTM is introduced to form intimate contact
between the TiO, network and the hole conductor. The mister atomizer is essen-
tially the same film processing technique as so-called spray pyrolysis technique.
The most commonly used precursors for spraying technique for an inorganic
compound are nitrate, carbonate, sulfate, and chloride [36]. Copper (I) Iodide (Cul)
was selected as the solid-state electrolyte since the deposition condition for better
properties of Cul is achievable at low temperature (below 150 °C). The low tem-
perature for deposition of HTM is crucial because the monolayer of dye is easily
degraded when exposed to high temperature. The aim of this work is to engineer the
interface between the mesoporous TiO, structure and Cul as the HTM with new
novel deposition of Cul which is by mist-atomization method. This is done to
overcome insufficient pore filling of mesoporous TiO,. The morphological prop-
erties of Cul play an important role in improving the solid-state dye sensitized solar
cells (SSDSSC) performance since it determines the interfacial connection between
the dyed TiO, and Cul so that dye regeneration can occur.

Many approaches have been done to improve the overall efficiency of ss-DSSC.
Doping of hole conductors might give the idea of the materials behavior. In this
research, the iodine was used as a dopant for the deposition of Cul. The anionic
nonmetal dopants are favorable than cationic dopant because the related impurity
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Table 1 Mass variation of

Sample Mass of PEG 20,000 (g)
polyethylene glycol (PEG)
20,000 in TiO, solution Sy No PEG added (Reference sample)
’ S, 0.24
S3 0.48
Sy 0.72

states are near the valence band edge and do not act as charge carriers [37].
Furthermore, their function as recombination centers might be minimized as
compared to cation doping [37]. Besides that, the anionic dopant can act as an
electron acceptor that creates holes in the valence band [38]. Other than that, this
research also proposed a new method to deposit hole conductor, which is by mister
atomizer technique that will hope to improve the pore filling problem between the
porous layer of dyed TiO, and HTM. This is because, the recombination rate also
can be reduced by improved the pore filling fraction between the nano porous layer
of TiO, and the HTM [34, 39]. Various methods had been done to improve the
pore filling penetration, including solution casting, soaking in precursor solution,
spin coating, and many more [29, 35, 40].

3 Experimental Procedures

The porous layer of TiO, was deposited on the ITO-coated glass by the following
method. The TiO, paste was made by adding TiO, nanopowder (<25 nm, Sigma
Aldrich) and absolute ethanol (99 %). After stirred the solution for 30 min, tita-
nium isopropoxide (TTIP, 99.99 %) and polyethylene glycol (PEG) 20,000 were
added and stirred for 1 day to obtain a well-dispersed solution. The amount of
PEG studied was shown in Table 1. The TiO, paste was coated on the ITO coated
glass by using spin coating method. The TiO, paste was spun at 500 rpm and
2,000 rpm for 15 s and 45 s, respectively. The TiO, paste deposition was repeated
twice to obtain a thickness of around 6 pum. The TiO, film was then annealed at
450 °C for 60 min.

Then, the Cul solution was formed by mixing the precursor of copper (I) iodide
powder (ALDRICH, 98 %) with acetonitrile as a solvent and was stirred for 3 h at
room temperature. All chemicals were used without any further purification. The
iodine which acts as dopant was varied at 10, 20, 30, and 40 mg. Before the
deposition, the substrates were preheated at 50 °C in the furnace before the depo-
sition process. This solution was then deposited by mister atomizer to form fine
droplets using argon as a carrier gas. The solution volume sprayed was 50 ml for all
samples. Then, after deposition process, the films were heated for about 5 min at
50 °C to evaporate the solvent. For the fabrication of TiO,/dye/Cul solar cells, the
TiO, thin film was immersed into an ethanolic solution of 0.5 mM N719 dye and
was kept at room temperature for 24 h. The Cul was deposited onto the dyed TiO,
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thin film at varied doping concentrations from 10 to 40 mg. The platinized ITO-
coated glass substrate was used as the counter electrode. The surface morphology of
the films was observed with a field emission scanning electron microscope (JEOL
JSM-J600F). The elemental analysis of the cell was carried by energy dispersive
X-ray (EDX) spectrometer attached to FESEM (JEOL JSM-J600F). While, the
TiO, surface area, pore volume, and pore diameter were measured using N, gas-
adsorption data by Brunauer-Emmett-Teller (BET) method. The electrical prop-
erties of Cul thin films have been characterized by 2-point probe current-voltage
(I-V) measurement by solar simulator CEP 2,000 Spectral Sensitivity Analyzing
System. Au was used as metal contacts for /-V measurement and deposited using
sputter coater (EMITECH K550X). The DSSCs performance was measured using
solar simulator device (CEP 2,000). The current density-voltage (J-V) characteris-
tics of the solar cells were measured under illumination at 100 mW/cm? by using an
AM 1.5 solar simulator CEP 2,000 Spectral Sensitivity Analyzing System. The
device active area is 0.28 cm?. The IPCE measurement was done from wavelength
350 nm to 800 nm by using AM 1.5 solar simulators CEP 2,000 Spectral Sensitivity
Analyzing System. All of the measurements were done in room ambient.

4 The Porosity Properties of TiO, Thin Films
for Solid-State Dye Sensitized Solar Cells

The surface morphology of TiO, thin films prepared from sol-gel precursor of
TiO, nanopowder with different percentage of PEG is shown in Fig. 3. From the
FESEM images, it is observed that less pores and dense agglomerated particle of
TiO, particles seen in the Fig. 3a as no PEG was introduced to the TiO, solution.
Then, as the PEG gradually added to the TiO, solution, many fine pores with
different sizes and less dense films appear in the PEG modified films. The
increased of pore size modified films PEG might be due to the strong photocat-
alytic activity of TiO, thin films [41]. Meanwhile, the shape of TiO, crystallites
did not change with the addition of PEG. Therefore, it is clearly shows that the
TiO, films with PEG greatly influence the morphology of the thin films. However,
the morphology of pores becomes less different after an optimum weight of PEG
content as shown in Fig. 3d. The porosity properties of TiO, thin films were
crucial in determining the overall performance of ss-DSSCs. The porosity prop-
erties will determine the amount of dye loading of the cell as well as the volume of
pore penetration between the TiO, and hole conductors (e.g., Cul). The effect of
porosity to the DSSC cell performance was investigated by Saito et al [42]. They
suggest that the morphology especially electrode porosity has great effect to the
cells efficiency.

The TiO, surface area, pore volume, and pore diameter was determined by
using BET method. Table 2 shows the BET analysis of TiO, at different PEG
content. The results show that the surface area varies significantly, which were
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Fig. 3 The FESEM images of TiO, ata 0 g b 0.24 g ¢ 0.48 g and d 0.72 g of PEG content

Table 2 BET analysis of Sample of TiO, BET surface Pore volume Pore diameter

d?fferent TiO, samples at area (m%g)  (cm’/g) (nm)
different PEG content -
Without PEG 50.57 0.29 21.9
PEG 0.24 51.69 0.37 275
PEG 0.48 47.10 0.30 24.1
PEG 0.72 51.57 0.33 24.5

around 47.10 m*/g—51.69 m?/g. Other than that, the nitrogen adsorption/desorption
measurement shows the larger pore volume of 0.37 cm®/g was obtained for TiO,
samples with 0.24 g of PEG content. The same trends were also observed for pore
diameter results, where the highest pore diameter was observed for 0.24 g PEG
content in TiO, films. While the TiO, films without PEG shows the lowest pore
volume and pore diameter. This finding supports the result by FESEM of which by
adding the PEG into the TiO, colloidal, the porosity properties of the films could be
enhanced. The larger diameters and pore size of TiO, when PEG was added to
the solution was due to the pyrolzation of PEG due to the annealing process [12]. In
ss-DSSC application, the optimum point of porosity properties such as surface area,
pore volume and pore diameter were crucial in determining the amount of dye



The Performance of Solid-State Dye Sensitized Solar Cells 57

Fig. 4 FESEM images of Cul thin films at a undoped thin films and at different weight of I,
dopant of b 10 mg ¢ 20 mg d 30 mg, and e 40 mg

adsorb as well as the suitable properties of hole conductors to filled the porous layer
of TiO, films. Here, the TiO, with 0.24 g added PEG was chosen as the best
samples since it has the optimum value of surface area, pore volume, and pore
diameter.

5 The Properties of Cul Thin Films for Solid-State Dye
Sensitized Solar Cells

The study of the morphology and electrical properties of Cul thin film can be
helpful for explaining its suitability in fabrication of ss-DSSC. Figure 4 shows
surface morphology of SEM images of Cul thin films at various doping concen-
tration for undoped and doped thin films. It can be seen that, the undoped thin films
in Fig. 4a shows good distribution of Cul particle with crystal grains of about
80-150 nm. The existence of brick—like crystals with smooth facets and sharp
corners was observed for the doped thin films as shown in Fig. 4b—e. Larger
crystal grains of 10 and 20 mg thin films were obtained compared to the undoped
thin films. The 20 mg films show poor uniformity of films by having large and
small Cul brick-like crystals in the films. When the I, dopant increases to 40 mg,
the films composed of small brick-like crystals with sharp edges with sizes of
about 75-90 nm compared to other doping concentration. This is due to the Cul
nuclei formed simultaneously when the iodine concentration was higher, which
preferred the growth of the integrated polyhedral Cul crystals on the surface [43].



58 M. N. Amalina and M. Rusop

1] 1 2 3
‘Scale 12017 cis Cursor 2999 (318 cs)

Fig. 5 EDX patterns of the Cul thin films at 40 mg doped Cul thin films

Fig. 6 Resistivity of Cul 50 -
thin films at different weight . °
of I, dopant 404
E 301
o
a
=
3 20 -
E .
H
e 104
0 - . .
T T N T N T N T
undoped 10 20 30 40

Weight of dopant {(mg)

Figure 5 shows the EDX spectra of Cul thin films at 40 mg doping concentration.
The Na and Si element corresponds to the glass substrate and O element shows the
potential of oxidation of the Cul solutions by air. While the Cu:I elements of ratio
27.85:40.89 confirm the existence of Cul thin films.

Figure 6 shows the parabolic resistivity curve of Cul thin films deposited at
various doping concentration. It is observed that the resistivity increased up to
optimum point at 30 mg and then decreased at doping concentration of 40 mg. The
lowest resistivity of 1.8 x 10~' Q cm was obtained for undoped samples, while
30 mg iodine doped thin films shows the highest resistivity of 4.56 x 10" Q cm.
This result is contradictory to the purpose of doping which is to enhance its
conductivity. This is may be due to the natural behavior of Cul, which its con-
ductivity is depends on the excess of iodine in the stoichiometric excess due to the
acceptor-type copper vacancies (V.,). Therefore, the increment of resistivity for
doped thin films may be due to surface traps created above the valence band upon
the introduction of iodine atoms. The excess of I, atoms in the lattice will create
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Fig. 7 The J-V curves of the TiO,/dye/Cul solar cell at different weight of I, dopant

layer of electrons charge trapping and thus will reduce its mobility. The surface
trapping sites is 0.2 eV above the valence band of Cul [44]. However, the low
resistivity of Cul thin films at 40 mg of doping concentration may be due to the
morphology of the thin film. The low grain boundaries lead to better less carrier
scattering and enhances the carrier mobility of Cul atoms.

6 The Photovotaic Performance of TiO,/Dye/Cul
Solid-State Solar Cells

Figure 7 shows current- density (J-V) curves of ss-DSSC fabricated at different
weight of I, doped Cul thin films. The highest efficiency of 1.05 % was recorded
for the sample fabricated for undoped Cul thin films. While the lowest conversion
efficiency was obtained for solar cells device with the I, content of 40 mg with
efficiency of 0.45 %. Supposedly, the undoped Cul thin films and 40 mg doped
films shows high efficiency compared to others as has been reported earlier in the
electrical properties section. The contradictory finding of /-V characterization and
solar cell performance of 40 mg of I, content in Cul thin film may be due the
structural properties of the doped films.

From the FESEM images as shown in Fig. 4, the 40 mg doped Cul thin films
shows high crystallization of Cul crystals. Even though, low resistivity of Cul thin
films was observed at this condition, these 40 mg of I, content showed strong
tendency to crystallize compared to undoped thin films. The high crystallization of
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Cul atoms attributed to the formation of crystal boundaries which will act as
barriers of hole transport [45]. The fill factor of the solar cell curves is another
point that we can discussed on. Even though the 40 mg fabricated DSSC shows
low conversion efficiency, the fill factor of this device is comparable to the
undoped Cul which is 0.46 which is the highest fill factor among other samples.
The high fill factor indicates low recombination reaction caused by the high
conductivity observed for both Cul thin films. From Fig. 7, it could be seen that, as
we increased the amount of dopant, the overall performance of the device was
slightly decreased. The main factor contributes to the decrease of cell performance
is attributed to the pore penetration of Cul onto the dyed TiO, layer as well as its
hole conductor transfer yield. Hence, the low efficiency of fabricated device at 10,
20 and 30 mg of doped Cul thin films is due to the bigger crystallite size of Cul
which will gives poor pore filling between the porous TiO, layer and thus
increases the recombination reaction in the solar cell device.

7 Conclusion

The properties of hole conductor was important in order to understand the per-
formance of ss-DSSCs. The proper pore filling of hole conductor in the TiO, layer
can greatly enhanced the regeneration of dye and hence the overall cells efficiency.
The optimum porosity properties of TiO, were highly favorable to be employed in
ss-DSSCs application. The TiO, with 0.24 g content of PEG was found to be the
optimum value in the fabrication of ss-DSSCs. Then, we have successfully
deposited I, doped Cul thin films by mist atomization technique at different weight
of I, dopant to the solar cell performance. The surface and electrical character-
ization of I, doped Cul thin films was determined in order to understand its
behavior for the fabrication of ss-DSSC. The FESEM images of Cul thin films
reveal the brick-like crystal structure with smooth faces and sharp edges as the I,
amount increases. Smaller grain sizes were obtained for undoped and 40 mg doped
thin films. Meanwhile, for electrical characterization, the smallest resistivity of
107" Q cm was shown for undoped thin films and sample doped at 40 mg of I,
content. The solar cell performance shows the decrement of conversion efficiency
as the I, dopant increases from O to 40 mg. The highest efficiency was obtained for
undoped Cul of 1.05 %. The pore filling of porous TiO, layer and Cul as well as
the crystallization of Cul crystals affects the device performance.
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Sound Absorption Properties of a Low
Density Date Palm Fibers Panel

A. K. Elwaleed, N. Nikabdullah, M. J. M. Nor, M. F. M. Tahir
and R. Zulkifli

Abstract Sound absorption properties of a natural waste of a date palm fiber
panel have been presented in this chapter. The measurements were carried out for a
single-layer sample using an impedance tube. The experiments were conducted for
the panel with and without perforated plate facing. Three air gap thicknesses of 10,
20, and 30 mm were used between the date palm fiber sample and the rigid
backing of the impedance tube to study the effect of the air gap on the panel sound
absorption. An improvement in the sound absorption coefficient at higher and
lower frequency ranges is found when facing the palm date fiber sample with
perforated plate. Further investigation was carried out to test the effect of air gap
backing and perforated plate facing combination on the sound absorption coeffi-
cient of the date palm fiber sample.

1 Introduction

Noise can be defined as unwanted sound and it can be hazardous to hearing. Noise
absorption is the process of converting the sound wave energy into heat. Noise
absorbing materials can be classified as Helmholtz resonators, porous absorbers,
and membrane resonators. Noise is generally controlled using glass wool, foams,
fabrics, and polymer fibers, which are non-biodegradable. Increasing environ-
mental concerns over the greenhouse effect have encouraged researchers to look for
sustainable materials that can replace synthetic fibers. Natural fibers have gained
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popularity as a potential alternative due to their availability and low cost of
extraction from plants. Recently there has been increased research on the potential
for using natural fibers as sound absorbing materials. They have been widely used
as sound absorbing materials in many applications including building, vehicles, and
industry. This represents a major need for human comfort and safety. Many types of
natural fibers have been investigated extensively for acoustic absorption purposes,
such as bamboo, coconut coir fiber, tea leaf fiber, and rice straws.

The factors affecting sound absorption of fibers are the fiber size, layer thick-
ness, flow resistivity, density, porosity, and tortuosity. However, the sound
absorption of a specific layer can be improved by adding an air gap between the
layer and the backing or by facing the layer with a perforated surface. The
enhancement of the sound absorption coefficient of a low density date palm fiber is
presented in this chapter. This is investigated by varying the air gap thickness and
facing the date palm layer with a perforated plate.

2 Background

Porous sound absorbing materials are widely used in noise control engineering.
Porous materials based on their microscopic configurations can be classified as
cellular, fibrous, or granular [1]. Vegetable fiber is one of the varieties of natural
fibers obtained from stems, leaves, roots, fruits, and seeds of plants. However,
from commercial and technological points of view, cotton, kenaf, sisal, flax, palm,
coir, arecanut, and banana fibers acquire utmost significance, since reinforced
plastics, strings, cords, cables, ropes, mats, brushes, hats, baskets, and fancy
articles such as bags are manufactured with these fibers [2]. Fibrous materials have
been widely used as acoustic absorbing materials in many applications such as
vehicles and buildings [3]. The date palm is one of the most cultivated palms
around the world. It geographically covers the deserts from the Atlantic coastline
of Mauritania to India and from the Mediterranean Sea to about 15° north of the
equator of the earth in Africa. The main date-producing countries of the world are
Iraq, Saudi Arabia, Egypt, Iran, Algeria, Pakistan, and Sudan. The date palm in
Sudan is common in northern Sudan along the Nile [4]. Date palms have a fibrous
structure with four types of fibers: leaf fibers in the peduncle, baste fibers in the
stem, wood fibers in the trunk, and surface fibers around the trunk [5]. Al-Sulaiman
[6] evaluated the performance of the date palm fiber as wetted pads in evaporative
cooling. Riahi et al. [7] investigated the application of date palm fibers filters as
porous medium for tertiary domestic wastewater treatment.

Sound absorbing products used in the building construction industry consist of
glass or mineral fiber materials. However, the growing concern about the potential
health risks popularly seen as being associated with glass or mineral fiber materials
provides an opportunity to develop sound absorption panels made of natural fibers.
Researches have been conducted in developing particle composite boards using
agricultural wastes. Khedari et al. [8] developed particle composite boards using
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combinations of durian peel and coir fiber straw particles as an insulation board in
the wooden construction industry. Yang et al. [9] reported that the sound
absorption coefficient of rice straw-wood particle composite boards are higher than
other wood-based materials in the 500-8,000 Hz frequency range, which is caused
by the low specific gravity of composite boards that are more porous than other
wood-based materials. From the view of environmental protection, natural bamboo
fibers were used for sound absorbing purposes. Impedance tube measurement of
bamboo fiber samples, revealed properties similar to that of glass wool. Bamboo
material formed into a fiber board yields a superior sound absorption property
when compared to plywood material of similar density [10]. Ersoy and Kucuk [11]
experimentally investigated the sound absorption feature of tea leaf fiber as an
industrial waste material. The good acoustic absorption aspect of that fiber with
respect to other absorbers was noticed. Coconut is one of the most important
harvests in Malaysia. Coir fiber from coconut husk is one of the hardest natural
fibers having high amount of lignin. The sound absorption attribute of coir fiber
was investigated previously in Automotive Research Group laboratories, Univer-
siti Kebangsaan, Malaysia. These studies covered experimental observations in a
reverberation room [12] and using impedance tube [13].

The acoustic properties of panels can be improved by using air gap and per-
forated plate design. Micro-perforated panel absorbers were first described by [14].
Davern [15] investigated the effect of the air space layers, perforated plate, and
porosity on the acoustic properties of materials. He observed that the porosity of
the perforated plate and the density of the porous material significantly affected the
acoustic impedance and sound absorption coefficient of the panel, in which case,
the frequency band near the resonance frequency achieved high acoustic absorp-
tion. The potential use of micro-perforated absorbers and their possible applica-
tions were addressed by [16]. Lee and Chen [17] found that the acoustic absorption
of multilayer materials is better with a perforated plate backed with airspaces. The
enhancement of coir fiber acoustical absorption using perforated plates and air gap
layers was studied [18, 19] using a reverberation room and impedance tube,
respectively. The research on the acoustical properties of the date palm fibers
started at the University of Khartoum [20].

Many models are available for predicting the acoustical characteristics of fibrous
materials [21-29]. The best-known empirical model is that of [30], who proposed
simple power-law relations obtained by fitting a large amount of experimental data.
They developed a simple semi-empirical approach that is still a good and fast
approximation to the solution based on the air flow resistivity. Dunn and Davern
[22] followed the same method to propose empirical relations between character-
istics impedance and propagation constant of foam materials. Qunli [23] developed
an empirical model for open cell plastic foam materials based on a gathered large
amount of experimental data with a wider range of flow resistivity. Miki [24]
derived an empirical model based on Delany and Bazley experimental data with a
modification to avoid the convergence of the real part of surface impedance to
negative values at low frequencies. Allard [28] introduced a model based on flow
resistivity, porosity, tortuosity, and shape factors which are related to viscous and
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thermal characteristic lengths. The aim of this research is to study the potential use
of the date palm fibers as a sound absorption material and to investigate the effect of
using air gap and perforated plate on the sound absorption coefficient.

2.1 Delany and Bazley Model

A number of models are available for predicting the acoustical characteristics of
fibrous materials. The most known model was introduced by Delany and Bazley
[30]. The sound absorption analysis for the date palm fiber sample used in this
study was performed using the Delany and Bazley model. The model predicts the
sound absorption coefficient () based on the frequency (f) and the flow resistivity
of the material. The model was derived by empirical equations for the complex
propagation coefficient (I') and the complex characteristic impedance (Z.) of the
material which may be written as:

Ze = p,Co[1 +0.0571 « EZO7* — j50.087 x E~07%] (1)
r=2 [1 +0.0978 « E-%7% _ j 4 0.189 % E704595} (2)
Co

where

p, = the air density

¢, = speed of sound in air (m/s)

J = unit imaginary number = v/—1
E =P

ag
o = the flow resistivity

The sound absorption coefficient is given as
a=1—|R} (3)
with R defined in the following relationship:

Z.coth(I'b) 1+R
pCo  1—R

b = the sample thickness.
Flow resistivity of date palm fiber sample was estimated using the following
empirical equation (Ballagh 1996):

P
— 4907 _ 4
o 9 ] 4)
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where

p = is the bulk density of the fiber
d = is the date palm fiber diameter.

3 Date Palm Fiber

The date palm fiber used in this research is collected from the sheathing leaf base,
which surrounds the stem (Fig. 1). It has a netted structure that is covered by soft
or ground tissues. It is collected from the tree and dried in shade at room tem-
perature for a period of 2 days to remove any excess moisture content. The pulp
which is present on the individual fiber is removed by combing. The fiber is then
scraped to remove the pulp completely. The average values for density and fiber
diameter were obtained from 30 randomly selected samples. The average diameter
and density of the fibers are 0.408 mm and 919 kg/m’, respectively.

The samples were prepared using two plastic molds. The molds were fabricated
to prepare samples of two different sizes equivalent to the diameters of the
impedance tubes to cover the low and high frequency range of measurements.
Figure 2 shows the plastic molds and samples of date palm fibers for both sizes.
The samples were prepared for the same thickness and density to obtain consistent
results. The thickness and the density of the prepared samples are 30 mm and
77 kg/m®, respectively.

4 Sound Absorption Measurements

Sound absorption properties of a material can be measured using either rever-
beration rooms or impedance tubes. In this research the experiment was conducted
using two impedance tubes of 28 mm and 100 mm diameter, noise generator, two
channel data acquisition system 01 dB, two Y4 in microphones type GRAS-40BP
in each tube, software package SCS8100 [31] The measurements were made based
on ISO 10534-2 standard [32]. The microphones’ sensitivity was calibrated using
calibrator type GRAS-42AB at 114 dB level and 1 kHz. The photograph of the
system is shown in Fig. 3. The noise generator transmitted a random noise into the
tubes. Interior sound pressure spectrum was measured by the two microphones and
transfer functions between them were calculated. The acoustical absorption
coefficient was calculated from these transfer functions and distances between the
microphones and date palm fiber sample. The frequency span of the experiment
was 100-5,000 Hz with 3 Hz resolution. Before running the experiment the two
impedance tube microphones were calibrated relatively to each other using the
standard switching technique. This was based on mounting the sample in the
sample holder and conducting the measurement to make sure that the sound field
inside the tube was well-defined.
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Fig. 1 Date palm amplexiaul

Fig. 2 Plastic molds and
date palm fiber samples

Fig. 3 Sound absorption
experimental setup

Three air gap thicknesses of 10, 20, and 30 mm were used between the date
palm fiber sample and the rigid backing of the impedance tube The perforated
plate (PP) used as a facing for the date palm fiber sample is shown in Fig. 4. The
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Fig. 4 Aluminum perforated
plate (PP)

main purpose of using the PP facing is to enhance the sound absorption of the
fiber. The PP was made of aluminum. The experiment was conducted for the panel
without air gap, with air gap and with PP facing.

5 Sound Absorption of Date Palm Fiber
5.1 Sound Absorption of a Single Layer

The general behavior of the sound absorption of the low density date palm fiber
panel was investigated using impedance tube. The sample positioning inside the
tube is shown in Fig. 5. A simulation for the sample was performed using the
Delany and Bazley model. The experimental and simulation results of the sound
absorption coefficient for the date palm sample are shown in Fig. 6. The experi-
mental results show that the sound absorption coefficient increases with increasing
the frequency until the peak at 3,000 Hz. A good agreement, between the exper-
imental and the simulation results, can be observed before the peak. However,
after the peak the sound absorption coefficient obtained experimentally decreases
with increasing the frequency.

5.2 Effect of Air Gap

In this section the influence of the air gap layer between the date palm fiber sample
and the rigid backing of the impedance tube was studied. The configuration is
shown in Fig. 7. The effect of varying the air gap distance, between the date palm
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fiber sample and the back wall, on sound absorption coefficient is shown in Fig. 8. It
can be seen that introducing air gap between the sample and the rigid backing of the
impedance tube can be useful for increasing the absorption coefficient at some
lower frequencies range. The general indication is that air gap shifts the resonance
absorption toward the low frequency range. Below 2,500 Hz frequency there is an
improvement in the sound absorption coefficient for all air gap thicknesses. It can be
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Table 1 Effect of increasing the air gap on the sound absorption coefficient

Air  The peak Frequency of Reduction of peak Absorption Increase of

gap absorption  peak absorption absorption coefficient at  absorption

(mm) coefficient coefficient coefficient (%) 1,580 Hz coefficient at
1,580 Hz (%)

0 0.52 3160 - 0.28 -

10 0.49 2,514 6 0.34 21

20 0.45 2,000 13 0.41 46

30 0.42 1,580 19 0.42 50

observed that the increase in the air gap thickness moved the peaks toward lower
frequencies and improved the low frequencies absorption and above the 4,500 Hz.
However, that increase coincided with reduction in medium frequency absorption
and reduction in the peak. Figure 9 shows the variation of sound absorption peak
with the frequency. The trend of the variation was found to be linear with coefficient
of regression of 0.99. The percentage reduction of the absorption peak for the three
air gap thicknesses is shown in Table 1. The table also shows the increase in the
sound absorption coefficient at 1,580 Hz for all air gap thicknesses.

Noise reduction coefficient (NRC), which is a simple quantification of
absorption of sound by material, is normally calculated for the range of frequencies
below 2,500 Hz. From Fig. 7 it could be observed that the NRC increases by
increasing the air gap thickness. As reported by Fatima and Mohanty [33] this
increase is due to loss of acoustical wave energy of transmitted wave in the
presence of sample-air passage and of reflected wave from rigid backing, through
air-sample passage in the propagation of acoustical wave.

5.3 Effect of Perforation

The effect of using perforated plate facing on the sound absorption of the palm
date fiber is discussed in this section. Figure 10 shows a sketch of the date palm
fiber sample and the perforated plate. The variation in the measured sound
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absorption coefficient as a function of frequency for the date palm sample, with
and without perforated plate facing, is shown in Fig. 11. It can be observed that the
sound absorption coefficient increased between 1,000 and 3,000 Hz by shifting the
peak toward the lower frequency range. However, the sound absorption coefficient
decreased above 3,000 Hz and the peak decreased by 4 %.

Further investigation was carried out to test the effect of air gap backing and
perforated plate facing combination on the sound absorption coefficient for the
date palm fiber sample. Figure 12 shows a configuration the date palm fiber
sample, air gap layer, and the perforated plate. The results from Fig. 13 show the
sound absorption for the palm date fiber with rigid backing, PP facing, and a
combination of PP facing and 10 mm air gap backing. The results show that the
best performance for improving the sound absorption at the low frequency range
can be obtained using the palm date fiber combined with the PP facing and the
10 mm air gap backing. However, this is coincided with a decrease in the sound
absorption at the medium frequency range.

Increasing the air gap thickness between the date palm fiber and the impedance
tube rigid backing results in more improvement in the sound absorption of the date
palm fiber in the lower and higher frequency ranges (Fig. 14). It can be observed
that increasing the air gap thickness can be useful for increasing the absorption



Sound Absorption Properties of a Low Density Date Palm Fibers Panel 73
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coefficient at some lower frequencies range. The general indication is that air-gap
shifts the resonance absorption toward the low frequency range. Below 1,500 Hz
frequency there is improvement in sound absorption coefficient for all air gap
thicknesses. It can be observed that the increase in the air gap thickness moved the
peaks toward lower frequencies and improved the low frequencies absorption
above 4,000 Hz (Fig. 14). However, this increase coincided with reduction in
medium frequency absorption. To compare the performance of the date palm fiber
sample the sound absorption coefficient at 1,257 Hz for all air gap thicknesses was
selected. At this frequency the increase in air gap by 10, 20, and 30 mm increased
the sound absorption coefficient by 31, 61, and 64 %, respectively. Figure 15
shows the variation in the sound absorption coefficient for the different configu-
rations at 1,257 Hz.

Noise reduction coefficient (NRC) was computed to compare the performance
of the palm date fiber sample with air gap backing and perforated plate facing.
Table 2 shows the data for the noise reduction coefficient for the three air gaps.
From the table it can be observed that the NRC increases by increasing the air gap.
The overall performance of the palm date fiber in sound absorption increases with
increasing the air gap. As can be seen in the table for 250 Hz the sound absorption
coefficient is the same and increases by increasing the frequency to 500 and 1,000.
However, for the frequency of 2,000 Hz the sound absorption coefficient decreases
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Table 2 Noise reduction coefficient for the date palm fiber sample of different air gaps

Air gap (mm) Noise reduction coefficient

250 Hz 500 Hz 1,000 Hz 2,000 Hz NRC
10 0.06 0.08 0.27 0.46 0.218
20 0.06 0.10 0.36 0.42 0.235
30 0.06 0.11 0.42 0.37 0.240

by increasing the air gap. This is due to shift in the peak of the curves toward the
lower frequency range as can be observed in Fig. 8. The peak values for the sound
absorption coefficient for the 10, 20, and 30 mm are 2,000, 1,260, and 1,200 Hz,
respectively. Thus for better performance of sound absorption, the date palm fiber
can be used by either increasing the density or increasing the thickness of the
samples.

6 Future Research Directions

Although numerous efforts have been made for the utilization of fibrous materials
as acoustic absorbing materials, many issues still need more investigations.

For the future work, the following issues should be taken into consideration
when using the date palm fiber for the purpose of sound absorption:

e The effect of the date palm density on the sound absorption as the sample tested
in this study is of low density.

e The optimum micro-perforation that could provide good sound absorption
capabilities.

e The improvement of other material properties such as fire resistance, decay, and
moisture

e Resistance, etc., and their effect on sound absorption.
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7 Conclusions

In this study, the suitability of using date palm fiber as sound absorption material was
investigated. Experiments were conducted using impedance tubes. A constant
thickness of a low density date palm sample was considered in this study. The low
density of the sample is reflected in the overall sound absorption performance of the
date palm fiber. An improvement in the sound absorption in the lower frequency
range was achieved by backing the sample with air gap of different thicknesses of 10,
20, and 30 mm. The increase in the air gap thickness moved the peaks toward lower
frequencies and improved the low frequencies absorption and above 4,500 Hz.
However, this increase coincided with reduction of absorption in medium frequency
range and reduction in the absorption peak. A linear relationship was found between
sound absorption peaks with the frequency with a coefficient of regression of 0.99.
A further improvement in the sound absorption in the lower frequency range was
achieved by facing the sample with a perforated plate. The sound absorption was
further enhanced by backing the sample with air gap of different thicknesses of
10 mm, 20 mm, and 30 mm. The increase in the air gap thickness moved the peaks
toward lower frequencies and improved the low frequencies absorption and above
4,000 Hz. However, this increase coincided with reduction of absorption in medium
frequency range. Noise reduction coefficient increases by increasing the air gap.
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Effect of Strain Rate on Tensile Strength
and Work Hardening for Al-Zn
Magnesium Alloys

N. Abdul Latif, Z. Sajuri, J. Syarif and Y. Mutoh

Abstract The effect of strain rate on mechanical behavior of AlI-Zn magnesium
alloys was investigated at room temperature under tensile loading with a wide
range of strain rate. The quasi-static tensile test was performed in four different
strain rates to obtain their effect on tensile properties, work hardening rate, strain
hardening exponent, and strength coefficient using a round shape tensile specimen.
Two types of Al-Zn magnesium alloys were used in this study i.e., AZ31 and
AZ61 magnesium alloys. The yield stress and tensile strength of AZ31 were found
to be the strain rate dependent but not so clear for AZ61. The elongations of AZ31
were approximately 15 % for all strain rate levels. The elongation for AZ31 was
slightly decreased with increasing strain rate, while that for AZ61 was significantly
decreased. For all strain rate levels, the work hardening rate of AZ61 was higher
compared to that of AZ31. The strain hardening exponent was decreased with
increasing strain rate. In contrast, the strength coefficient was increased with
increasing strain rate for both alloys. The change in the fracture mode as observed
from the fracture surface implies that the fracture mechanisms in AZ31 change as
the strain rate increases. Mechanical properties of AZ61 and AZ31 in this study
were relied to the grain size, presence of precipitate, twinning and alloying
addition. While, the strain rate dependency of AZ31 and AZ61 tensile strength
might be due to the critical resolved shear stress (CRSS) of slip systems.
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1 Introduction

High specific strength and lightweight properties promote wider applications of
magnesium alloys in automotive and aerospace industries. The lightweight
property of magnesium alloys has attracted the manufacturer to replace compo-
nent of denser materials such as steel, cast iron and aluminium for weight
reduction. In addition, magnesium alloys also possess excellent mechanical,
physical, and chemical properties [1-3]. However, practical use, the collision
with other objects (by accident or crash) at different impact velocities could
happen to the magnesium alloy components in automotive and aerospace
applications. The impact could cause damage and leads to catastrophic failure of
the materials. Thus, it is important in particular to identify the effect of loading
rate on mechanical properties of magnesium alloys to ensure the reliability and
durability.

Several studies on the effect of tensile loading rate on mechanical behavior of
magnesium alloys have been reported. For example, Ahmad and Wei have
investigated the tensile properties of die-cast magnesium alloy AZ91D at various
strain rates. They reported that tensile strength is strain rate dependent and
increases with increasing strain rate [1]. Ulacia et al. have been investigated the
mechanical behavior of an AZ31 magnesium sheet at high and low strain rates at
elevated temperatures [4]. They also found that the strength of the sheet increased
with increasing strain rate [1, 4].

Mechanical properties of magnesium alloys are influenced by grain size, pres-
ence of precipitate hardening, texture, alloying additions, etc. [5, 6]. The Al-Mg
alloys possess a high strength and formability, which are mainly due to the solid
strengthening and strain hardening [7]. Similarly, aluminum content in magnesium
alloys is also known to influence the strength of the material with the presence of
precipitates (second-phase particles) in the microstructure by the solid solution
alloying [8]. At room temperature, magnesium alloys have a limited slip system
activated, while the other slips system would be present at elevated temperatures.
The deformation of crystallographic basal slip and twinning for the hexagonal
closed packed (h.c.p) crystal structure of magnesium alloy would occur at room
temperature [9-11]. It leads better hardening of magnesium alloys with many
dislocation pile ups against precipitates, grain boundaries, and twinning for delayed
fracture. The difficulty of deformation is tended to the increase the dislocation
density and then to induce hardening for the alloy [1, 2, 5, 12]. High strain rate was
led to increase the presence of twinning and dislocation density, which are the
obstacles for dislocation slip to induce a high work hardening [5]. However, details
of hardening behavior under a wide range of strain rate for magnesium alloys have
not yet been clarified. In this study, the effect of strain rate on tensile properties (i.e.,
tensile strength and elongation), work hardening behavior, strain hardening expo-
nent, and strength coefficient of AZ31 and AZ61 magnesium alloys were investi-
gated in detail.
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Fig. 1 EDS analysis of AZ31

2 Experimental Procedure

Two types of extruded magnesium alloys, AZ31 and AZ61, were used for the
quasi-static tensile tests with various strain rates. The aluminum contents in AZ31
and AZ61 are approximately 3 % and 6 %, respectively. In both alloys, the content
of zinc is approximately 1 %. EDS analysis was carried out to identify element
contents of the AZ31 and AZ61 as shown in Figs. 1 and 2, respectively. The
aluminum content in AZ61 was higher compared to that of the AZ31 but the zinc
content was almost similar. The tensile test specimens with dumb-bell shape were
cut from the extruded round bar of 16 mm in diameter. The gage length and
diameter of the gage part of the specimen were 10 mm and 3 mm, respectively, as
shown in Fig. 3. All specimens were polished by using 400-1,500 grit emery
papers to obtain the smooth surface before the test.

A Universal Testing Machine with a capacity of 100 kN was used for the quasi-
static tensile tests, as shown in Fig. 4. The tensile test specimen was fixed to the jig
as shown in Fig. 5. All tests were performed at room temperature and in lab air
with strain rates of 1 x 10™% sl x 1073 s_l, 1 x102sand1 x 107" s7 1.
The strain was measured during the test until the specimen break by using a high
resolution extensometer. After the tensile tests, the fracture surfaces were observed
by using a scanning electron microscope (SEM) to identify the mode of fracture.

The data (force, area of cross-section, elongation, and engineering strain)
obtained from the quasi-static tensile test at room temperature were used to cal-
culate the true stress, ¢ and true strain, ¢&. The true stress and true strain were
calculated using the following Eqgs. (1) and (2).
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where, F is the force and A; the area of cross-section at the force, F' and

8:1n<1 +2—i) 2)

where dL is the elongation and L, the original gage length.
Based on the stress and strain obtained, the work hardening rate for both the
materials were identified by using the Eq. (3) [5]:

da_02—01 3)

de & —¢

do the increment of true stress
de the increment of true strain.
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Fig. 4 Universal testing machine with a capacity of 100 kN

By referring to the ASTM E 646-97, the tensile strain hardening exponent and
strength coefficient were determined by the following power law hardening
Eq. (4), which is called as Hollomon equation.

o= KSZ (4)

where, ¢ is the true stress, K the strain hardening coefficient (stress intercept at
g, = 1), &, the true plastic strain, and n the strain hardening coefficient (slope of
the line) [13-16].

The plotted graph of log true 6—Ilog true ¢, curve was considered by using the
tensile data ranged between yield strength and ultimate tensile strength of the
nominal stress—strain curve. Thus, the strain hardening exponent and strength
coefficient can be evaluated by using the Eq. (5) [13, 14].
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Fig. 5 Fixing a specimen to the jig

logo =logK + nloge, (5)

Metallography method was applied to the AZ31 and AZ61 for providing the
grain structure. Before etching, the as-received alloy sample should be polish to
obtain the mirror surface. Then, the etching solution with 2 ml acetic anhydride
acid, 2.2 g picric acid, 3 ml distilled water, and 35 ml ethanol was used for etching
the AZ magnesium alloys. The microstructure of both the alloys was observed by
using an optical microscope. The equiaxial grain structure was observed for both
the AZ31 and AZ61, as shown in Fig. 6. As can be seen from the figure, the grain
size of AZ31 was larger than that of AZ61. The average grain sizes of AZ31 and
AZ61 were summarized in Table 1. The microstructure of AZ31 indicated sig-
nificant twinning compared to that of AZ61, which would result from the
extruding process. In general, the smaller grain size contributes to suppression of
twinning, while it contributes to improvement of strength and ductility [9, 17].
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Fig. 6 Microstructure of a AZ31 and b AZ61

Table 1 Average grain size of AZ31 and AZ61

Average grain size (um)
AZ31 24.4
AZ61 15.0

3 Results and Discussion

Quasi-static tensile test was performed to obtain the tensile strength and hardening
behavior of extruded AZ31 and AZ61 magnesium alloys. The results according to
this test have cover in several subtopics in this section. The subtopics are tensile
test, work hardening, strain hardening exponent, strength coefficient, and fracture
surface observation. The detailed explanation of results have discussed in each
subtopics.

3.1 Tensile Test

The nominal stress—strain curves of the AZ31 and AZ61 magnesium alloys are
shown in Fig. 7. Relationships between yield stress, tensile strength, elongation,
and strain rate are shown in Fig. 8. Tensile strength of the AZ61 magnesium alloy
was higher compared to the AZ31, which might be due to the aluminum content
[9]. The smaller grain size of the AZ61would also contribute to the higher tensile.
The responses to the change in strain rate for both the materials were also different.

The yield stress and ultimate tensile strength of the AZ31 were increased with
increasing strain rate and then became almost constant at strain rates higher than
1 x 1072 57", as seen from Fig. 8. This trend was similar to the result obtained by
Ahmad and Wei for die-cast magnesium alloy AZ91D [1]. A study for the material
of AZ31 + 0.5 Ca was done by Trojanova et al. and that for AZ61 magnesium
alloys by Yoshida et al. They found a rapid rise of flow stress at higher strain rates
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for magnesium alloys [18, 19]. Similar strain rate dependency of yield and tensile
strength has been also reported by Srivatsan et al. who studied the tensile behavior
of the rapidly solidified magnesium alloy [20]. This strain rate dependency might
be due to the critical resolved shear stress (CRSS) of nonbasal slip systems for
magnesium alloy [4, 21, 22]. The lower tensile strength was caused by the basal
slip activation of CRSS at the low strain rate [22, 23]. Meanwhile, the higher
tensile strength for AZ31 at high strain rate would result from the nonbasal system
activated by CRSS [18, 22, 24, 25]. The elongations of AZ31 were approximately
15 % at all strain rates with some scatter.

In contrast to the case of AZ31, the tensile strength of AZ61 magnesium alloy
was not significantly affected by the strain rate and almost constant regardless of
strain rate with scatter. For the strain dependency of yield strength, the yield
strength of AZ61 increased with increasing strain rate, which trend was almost
similar to that of AZ31, as seen from Fig. 8. The AZ61 exhibited higher work
hardening rate compared to that of AZ31 as shown in Fig. 7. Both yield strength
and tensile strength of AZ61 were higher than those of AZ31, as seen from Fig. 8.
Finer grain size and solution treatment in AZ61 would mainly contribute to the
higher strength of AZ61 even less or no presence of twinning and slip in AZ61
[11]. Basal slip can easily occur in large grain size. It has been reported that the
true stress increases in larger grain size due to the presence of large amount
twinning, which would be induced by basal slip [26]. The contribution of twinning
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deformation for AZ31 would increase with increasing the uniform total elongation,
which would be the main reason for the high work hardening seen in the nominal
stress—strain curve [9, 27].

The elongation of AZ61 was almost constant with some scatter regardless of
strain rate similar to AZ31, while that at 1 x 102 s~' was rather lower than those
at other strain rates. The similar strain rate dependency of elongation for AZ31 has
reported [10]. It is known that at higher strain rate, the dislocation movement or
slip deformation cannot follow the higher rate of loading and then elongation or
fracture strain could be reduced. However, in the present range of strain rate, it is
speculate that since the elongations were almost constant and did not depend on
strain rate, dislocation movement can follow the higher strain rate of loading. In
general, the elongation might increase with decreasing the grain size [17] and with
decreasing volume fraction of the second-phase particle and the inclusion [28, 29].
As seen from Table 1, the average grain size of AZ31 is about 10 pm larger than
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that of AZ61. As seen from Fig. 6, the second-phase particles and inclusions were
not observed for both the materials. Therefore, the elongations for both the
materials were almost the same.

3.2 Work Hardening

In this study, work hardening rate was used to show the ability of work hardening
for the Al-Zn magnesium alloys. The h.c.p crystal structure of magnesium alloy
would influence the work hardening behavior through the effects of strain rate,
temperature, texture, chemical composition, and so on [30]. Work hardening
occurs due to the dislocation and twinning generation against the crystal structure
of alloys [5]. Figure 9 shows the variation of true stress and work hardening rate
against true strain for both the Al-Zn magnesium alloys.

Figure 9a shows the relationships between work hardening rate and true strain
for the AZ31 magnesium alloy. It was found from the figure that for all the strain
rate conditions, the work hardening significantly occurred in the early stage of
plastic deformation. This is due to the deformation slip being hindered by the
presence of twinning in the AZ31. Twinning has provided a high dislocation slip
by producing more barriers into grains. Inside the twinning barrier, higher dislo-
cation density was induced, which makes slip deformation difficult [11, 18, 26,
30]. However, the alloy has a high dislocation density would be tends to the less
ductility. Thus, the hardening process was then diminished just after the yielding,
which indicated the poor strain hardening behavior of the material.

In contrast, work hardening rates for the AZ61 specimens were higher com-
pared to those of the AZ31 as found from Fig. 9b. The work hardening process in
the AZ61 continued after yielding point up to the level of ultimate tensile strength.
The higher work hardening rate for the AZ61 would be attributed to more dislo-
cation pile-up due to blocking at the Mg;,Al;, precipitates, twinning, and grain
boundaries as compared to the AZ31 in which precipitates were very limited due
to the composition of the alloy [2, 27, 30-33]. However, the work hardening rate at
the strain rate of 1 x 10~" s™' for the AZ61 was found to be slightly higher at the
beginning compared to those at the lower strain rates.

3.3 Strain Hardening Exponent and Strength Coefficient

In Fig. 9, the difference of work hardening rate was not clearly seen between the
different strain rate levels for both the alloys. Thus, the log c—Ilog ¢, curve as
shown in Fig. 10 was used to evaluate the strain hardening exponent and the
strength coefficient for both the alloys. These values indicate to the mechanical
behavior which corresponds to the stress—strain behavior after yielding. Likewise,
it can be used to study the deformation mechanisms [15, 34].
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The strain hardening exponent, n, and strength coefficient evaluated, K, eval-
uated for a wide range of strain rate are plotted as shown in Fig. 11. The strain
hardening exponent marginally decreased with increasing strain rate, while the
strength coefficient increased with increasing strain rate for both the alloys [35].
The larger strain hardening exponent at lower strain rate implies that the more
hardening mechanism could be activated at lower strain rates, while the high
strength coefficient was observed at higher strain rates for both alloys. The AZ61
seemed to be a high strength alloy with the high strain hardening exponent and
strength coefficient compared to those of the AZ31. At room temperature, the
hardening mechanism of both alloys would depend on the strain rate [24]. This
phenomena of strain rate dependence could also explain the strain rate dependency
of work hardening rate according to the dislocation collision [2, 5, 31-33]. In
addition, the difficulty of dislocation slip thru the twinning boundaries would also
contribute to the increase of strength with increasing strain rate [30].
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3.4 Fracture Surface of Al-Zn Magnesium Alloys

Examples of SEM fractographs of the tested specimens are shown in Fig. 12a—d.
The fractographs revealed that the AZ31 specimens tested at low strain rates
exhibited intergranular fracture with clear surface steps as shown in Fig. 12a.
These fracture steps and planar surfaces are believed to be the h.c.p. basal plane of
crystal structure [36]. The surface morphology was changed in the specimens
tested at high strain rate of 1 x 107" s™' as observed in Fig. 12b where a rela-
tively ductile mode could be observed, which implied that the fracture mechanism
in the AZ31 might be changed with strain rate. Fracture surfaces of the AZ61
specimens, as seen in Fig. 12c and d, tend to indicate more ductile manner of
fracture, where a large amount of dimples and microcavities could be observed.
The small dimples found in AZ61 would be caused by fine grains [37]. The
difference of fracture surface features between two materials would be due to less
twinning deformation in AZ61 compared to that in AZ31.
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4 Conclusion

Quasi-static tensile tests of extruded AZ31 and AZ61 magnesium alloys were
carried out to investigate the effect of strain rate on tensile properties of magne-
sium alloys. Based on the results obtained, the following conclusions are
summarized:

a. Tensile strength and work hardening of the AZ61 were higher compared to
those of the AZ31. The higher tensile strength and work hardening in AZ61
would mainly due to the difficulty of dislocation slip thru the grain size, pre-
cipitate hardening of alloy and alloying addition.

b. Tensile strength was dependent on strain rate and significantly increased with
increasing strain rate for the AZ31 but not so significant for the AZ61.

c. The yield strength of both the AZ31and the AZ6lincreased with increasing
strain rate. The strain rate dependency of yield strength would be mainly due to
the CRSS by activation of slip systems.

d. The elongations of the AZ31 and AZ61 were almost at the same level and
constant regardless of strain rate.

e. Strain hardening exponent for both the alloys decreased with increasing strain
rate, while the strength coefficient increased with increasing strain rate.

f. Strain hardening exponent and strength coefficient for the AZ61 were higher
than those of the AZ31.

g. The fracture surface morphology of AZ31 and AZ61 indicated that the fracture
occurred in ductile fracture manner. The fracture surface of the AZ61 indicated
more significant influence of the h.c.p basal plane of crystal structure of
magnesium alloy.
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Surface Morphology and Nanoindentation
of Low Temperature Hybrid Treated
of AISI 316L

Askar Triwiyanto, Patthi Husain, Silvia Anggraeni
and Mokhtar Ismail

Abstract This chapter measures surface mechanical properties of hybrid-treated
layers at low temperature using nanoindentation method. The tools to characterize
the treated layers including its roughness were performed by FESEM (Field
Emission Scanning Electron Microscope) and USPM (Universal Scanning Probe
Microscope). These hybrid-treated samples have shown an increase in hardness
and elastic modulus compared to the untreated sample. Moreover, all treated
samples have improvement on E/H ratio which shows a decrement to plastic
deformation and degrade the disparity of properties, while maintaining the elastic
range of deformation.

1 Introduction

Recently, nanotechnology has been promoted globally as a promising industry.
Since the surface-to-volume ratio of a material is a key point in nanotechnology,
surface engineering has become the premier position in today’s manufacturing
industry. The combination between surface engineering and nanotechnology is
currently a focus of research issue [1].

Surface engineering itself may be defined as [2]:

The design of surface and substrate together as a functionally graded system to give a cost-
effective performance enhancement of which neither is capable on its own.

This is by definition a highly interdisciplinary activity. The successful imple-
mentation of surface engineering requires an integrated approach at the design
stage, involving collaboration between design and surface engineers, as is
increasingly being realized by managers in diverse industry sectors. In addition to
being able to solve problems, surface engineering technologies have the ability to
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Fig. 1 Surface engineering
road map: a multisectoral,
interdisciplinary technology
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supply added value and thus add profit. The aim of surface engineering is to
manipulate appropriate technologies to achieve optimal surface property designs
for specific applications in the most cost-effective manner [3]. Surface engineering
thus has the ability to act as a bridge, transferring technology, and expertise between
end-user sectors that would not normally benefit from this cross-fertilization.
Figure 1 show the interaction between design, properties, surface engineering
technologies, and industry sectors has been summarized using the “road map”
concept [3].

On the other hand, surface and near-surface mechanical properties of thin films
and coatings can be critical to their final performance. The rapidly expanding field
of depth-sensing nanoindentation provides a quantitative method for mapping the
mechanical properties, such as hardness and elastic modulus of the near-surface
region [4]. The determination of the mechanical properties of nanostructured
materials is critical to the continuing development of thin film technology. In
particular, the correlations between the mechanical response, residual stress state
and deposition conditions have been documented for several systems but are not
well understood [5-8].

According to this issue, the nanomechanical properties studies are needed to
develop a fundamental understanding of surface and interfacial phenomena on a
small scale, such as the micro/nanostructures used in MEMS, NEMS, magnetic
storage systems, and other industrial applications [9].
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This work deals with the characterization of hybrid-treated layer on austenitic
AISI 316L stainless steels using FESEM (Field Emission Scanning Electron
Microscope), USPM (Universal Scanning Probe Microscope) and Nanoindentation
after low temperature thermochemical treatments. By using these methods, the
improvement of its mechanical properties due to the diffusion of carbon and
nitrogen at low temperature treatments was confirmed. The hardness of expanded
austenite is initially determined by the Oliver and Pharr method [10]. In order to
achieve proper measurement, the use of very high applied load is avoided to
minimize the substrate effect where higher penetration of indenter probably
overtook the diffusion zone and entering the substrate bulk region.

2 Thermochemical Surface Engineering of Austenitic
Stainless Steel

Austenitic stainless steels are the most popular materials in the stainless steel
family used in various applications due to their excellent corrosion resistance and
good forming characteristics. Nevertheless, these types of materials have low
hardness as well as poor wear resistance due to the inherent austenitic structure. To
overcome these problems, efforts have been made in the past decades to modify
the surfaces of these materials so as to improve their surface hardness and wear
resistance. Nitriding treatment was proposed by various investigators [11-15], but
problems arise due to the sensitization effect caused by the formation of chromium
nitrides when these materials are treated at a nitriding temperature above 500 °C
[11].

Early investigations in the mid-1980s suggested that applying low temperature
nitriding would suppress the formation of chromium nitrides and produce a thin
nitrided layer with high hardness and acceptable corrosion resistance [12, 13].
Since then, significant progress has been made toward achieving combined
improvements in wear and corrosion resistance of austenitic stainless steels by low
temperature thermochemical treatments [14, 16]. The two major low temperature
thermochemical processes developed for austenitic stainless steels are nitriding
and carburizing [14, 17]. The former is normally carried out at temperatures below
450 °C and the later below 500 °C. The purpose of using low temperatures is to
suppress the formation of chromium nitrides and carbides in the alloyed layers,
such that chromium is retained in solid solution for corrosion protection [15, 18].
Hardening of the nitrided layer and the carburized layer is due to the incorporation
of nitrogen and carbon, respectively, in the austenite lattice, forming a structure
termed expanded austenite, which is supersaturated with nitrogen and carbon,
respectively [17, 19]. More recently, a hybrid process has also been developed,
which combines the nitriding and carburizing actions in a single process cycle by
introducing nitrogen and carbon simultaneously into the austenite lattice to form a
hardened zone comprising a nitrogen expanded austenite layer on top of a carbon
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expanded austenite layer [20-22]. There exist some synergetic effects between
nitrogen and carbon: Under similar processing conditions, the hybrid-treated layer
is thicker, harder, and possesses better corrosion resistance than the individual
nitrided layer and carburized layer.

The most popular technology used to achieve the aforementioned low tem-
perature thermochemical treatments of stainless steels is plasma technology,
namely plasma nitriding [16, 23], plasma carburizing [24, 25], and plasma hybrid
treatments [21, 22]. Due to the formation of a native oxide film on stainless steel
surface when exposed to air or residual oxygen before and during the treatment
process, it is rather difficult to facilitate nitrogen and carbon mass transfer from the
treatment media to the component surface. However, during plasma processing,
due to the sputtering effects of energetic ions, the oxide film can be removed easily
and effective mass transfer is obtained. This makes the plasma technology unique
for surface treatment of stainless steels. During nitriding, ammonia (NH3) in the
furnace atmosphere decomposes into hydrogen and nitrogen at the surface,
enabling nitrogen atoms to be adsorbed at the steel surface and to diffuse further
into the steel as shown in Fig. 2. In nitrocarburizing, it is additionally necessary to
have a carbonaceous gas transferring carbon to the steel surface.

An alternative is using the more conventional gaseous processes like gas
nitriding [26] and gas carburizing [27]. These have proven feasible and industrially
acceptable for performing low temperature nitriding and carburizing of stainless
steels, provided that the component surface is activated before the gaseous process
by special chemical treatments and the oxide film formed during the gaseous pro-
cess is disrupted by introducing certain special gas components [26]. As it is shown
in Fig. 2, the medium will determine the way in which the diffusing elements are
delivered to the metal surface. A number of different media are available (solid,
liquid, gas, and plasma), and a detailed account of the media used for carburizing
will be given in a following section.

From these definitions it becomes clear that two main factors will govern the
process, namely: the exchange or absorption reaction with the medium and the
diffusion in the metal (ASM 1977). Once in the metal, the transport of the absorbed
substance takes place by diffusion, and follows Fick’s laws:

J = —D[dC/dx] (1)
J = —D[0C/dx] (2)
aC /ot = [0°C/ox?] Jox? (3)

where J is the flux of diffusing substance, D is the diffusion coefficient, and 0C/0x
is the concentration gradient [27]. Therefore, the transport of the substance in
solution is driven by its concentration gradient and the diffusion coefficient which,
at the same time, depends on the temperature, the chemical composition, and phase
structure of the substrate.
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3 Experimental Method

The substrate material used throughout the experimental series with standard
metallographical surface preparation was to be made prior to the treatment were
AISI 316L type austenitic stainless steel of following chemical compositions (in
wt.%): 17.018 Cr, 10.045 Ni, 2.00 Mo, 1.53 Mn, 0.03 C, 0.048 Si, 0.084 P, 0.03 S,
and balance Fe. This steel was supplied in the form of 2 mm thick hot-rolled plate.
Samples of 20 mm x 70 mm size rectangular coupon were cut from the plate. The
sample surface was ground on 320, 600, 800, 1000, 1200 grit SiC papers, and then
polished using 1 um Al,O; pastes to the mirror finish. Before treating, the polished
samples need to be wash with detergent and degreased in acetone and thoroughly
wash in distilled water and further subject to ultrasonic cleaning in acetone for
10 min Prior to treating, the specimens were soaked in concentrated HCl (2 M)
solution for 15 min duration with the purpose to remove the native oxide film that
commonly forms on stainless steel and protects the metal matrix from corrosion.
This oxide layer is believed to act as a barrier for diffusional nitrogen transport [28,
29]. Hybrid treatments were performed at 400 and 450 °C in a horizontal tube
furnace which involving reactive gases both NHj; (for nitriding) and CH,4 (for
carburizing) for a total duration of 8 h. The gas flows were controlled by Aalborg
flowmeter and the linear flow rate of gas mixture through the alumina retort were
conditioned by gas mixing tank. In this system, the sample were be placed in the
quartz boat of about 12 cm in the center of isothermal zone of electric resistance
tube furnaces, treatment condition were set according to Table 1.

After thermochemical treatments, the specimens were quenched in water. The
cross-sectioned treated specimens were first characterized by metallographic
examination. To reveal the microstructure, the polished surfaces were etched in
Marble’s solution (4 g CuSO,4 + 20 ml HCI + 20 ml distilled water). The struc-
ture and morphology of specimens were characterized using FESEM (Zeiss Supra
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Table 1 Treatment conditions and their corresponding layer thicknesses

Treatment Time (h) Temp (°C)  Gas (%) Layer Thickness (pum)
CH, NH; N,

Hybrid process 316L 8 400 5 20 75 3421

Hybrid process 316L. 8 450 5 20 75 6425

Table 2 Inst'rumented Variable Value

hardness settings -
Type of experiment Depth versus load
Type of indentor Berkovich pyramid
Maximum load 300 mN
Maximum depth 200 nm
Dwelling time at maximum load 5s
Loading rate 3.99 mN/s

55VP) and USPM (NanoNavi: E-sweep) to reveal 3D surface topographical profile
at higher resolutions. Indentation measurements were performed by using rigid
indenters. The nanoindentation test instrument model NanoTest 600 also known as
depth-sensing indentation was employed to analyze a nanomechanical property.
The nanoindentation test is, nowadays, commonly used to determine the local
mechanical properties, as it allows measuring both the hardness and the elastic
modulus at a micrometer or nanometre scale [30, 31]. When the indentation device
is associated to an accurate X—Y motorized table, large regular indentation arrays
can be performed in order to build hardness or elastic modulus maps, which is
particularly interesting to study materials with heterogeneous mechanical prop-
erties [32-34]. In the NanoTest unit, forces are generated by means of a coil and
magnet system located at the top of a pendulum arrangement and displacements of
the probe into the surface are monitored with a sensitive capacitor plate
arrangement. And in the recent measurement, the nanoindentation techniques were
set as described in Table 2.

4 Results and Discussion
4.1 Layer Morphology and surface Topography Analysis

Different morphologies of harden layers as describes in Table 1 were observed as a
result of the various treatment conditions and the thicknesses of the layers pro-
duced in different specimens. According to the micrograph in Fig. 3, expanded
austenite layer is recognized as a featureless surface layer. For a similar treatment
duration, the plasma process is reported [35, 36] to produce about 18 pum thick
layer which is much higher compared to that of the present conventional hybrid
treatment in horizontal tube furnace. In plasma process, the native oxide layer was
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(a) (b) (c)

Fig. 3 a Top view image from USPM, Cross-sectional optical micrograph, b hybrid 400 °C
sample and ¢ hybrid 450 °C sample

removed mostly by bombardment of the plasma gas which is completely absent in
conventional process. This is one of the reasons why conventional horizontal tube
furnace produced small layer thickness compared to the corresponding plasma
nitriding. Previous investigation revealed that nitriding at 450 °C became effective
after treatment for 6 h where a continuous treated layer was produced [37].

The two specimens processed under hybrid treatment conditions as shown in
Fig. 1, actually produced duplex layers although not clearly revealed in the present
micrograph, this separation of dual structures is observable under SEM.

4.2 Nanoindentation Measurement Profile

The nanoindentation tests on AISI 316L untreated and hybrid-treated samples have
confirmed a considerable increase in hardness 4 to 5 order and a small rise in the
elastic modulus of the material after the hybrid thermochemical treatments as
described in Table 3. The curves in Fig. 4 has shown that there was an agreement
with previous investigation which explained the resilience and toughness of the
material are of significant importance, and the ratio of hardness to elastic modulus
has been reported to be a more appropriate index than the mere hardness, to rank
the wear resistance [38, 39]. Meanwhile, the best tribological performances have
been reported for combinations of high surface hardness and relatively low elastic
modulus, to reduce the tendency to plastic deformation and reduce the mismatch of
properties, while keeping deformation within the elastic range which is an
agreement with recent findings as described in Table 3 due to the high nitrogen
and/or carbon contents in the layers resulting from deposition process as described
elsewhere [20], a characteristics relief is usually observed which results in an
increase in the surface roughness.

Hardness and Elastic modulus values were determined by nanoindentation test
using a Nano Test 600 apparatus from Micromaterials instruments (Wrexham,
UK) equipped with Berkovich indenter.
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Table 3 Roughness, indentation hardness and elastic modulus for each hybrid treatment

Treatment Roughness, Hardness Elastic Modulus E/H
Ra (um) (GPa) (GPa)

Untreated 0.12 24+02 210 £ 2 97.22

Hybrid 400 °C 0.22 7.892 £ 0.7 167.518 £ 4.2 21.226

Hybrid 450 °C 0.28 8471 £ 0.5 173.64 £+ 3.1 20.50

0 1250 1501
Deptresl
Cursor Posiion _ Load [md) 2523 Deeph {rem) 126 88
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Fig. 4 Depth-sensing indentations performed on a hybrid-treated layer, b hybrid 400 °C and
¢ hybrid 450 °C
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Fig. 5 Depth-sensing
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hardened layer and substrate HARDENED LAYER with
(red circles)

Indentation on
SUBSTRATE with 5mN

The hardness and elastic modulus values have been extracted from the elastic
unloading curves according to the equivalent indenter method. Regular arrays of
6 x 6 indentations covering a 24.32 x 21.89 um? area were realized in order to
probe about 3 areas which consist of substrate, interface and harden layer, respec-
tively. Observation on Fig. 5 shows that indentation size on substrate is bigger than
indentation on hardened layer which indicating that the hardened layer has higher
hardness level than substrate which shows an agreement with previous work [40, 41].
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Fig. 6 Elemental profile of carbon and nitrogen on a hybrid 400 °C and b hybrid 450 °C

4.3 Elemental Profile of Nitrogen and Carbon on Surface
Treated Layer

From the micrographs, it can be obviously observed that the typical nitrogen and
carbon profiles measured by EDS with line scan mode for hybrid at different
temperature such as 400 °C, and 450 °C. It can be seen from Fig. 6 that hybrid
layers at higher temperature gave more carbon beyond nitrided layer, but some
carbon remains in the subsurface layer. This figure shows that very high amount of
nitrogen near the surfaces, while maximum carbon concentration appears beneath
as if carbon was “pushed” to the middle of the layer by incoming nitrogen. A high
nitrogen peak was detected at the surface, thus proving the push-in effect of
dissolved carbon by nitrogen during the hybrid process for all specimens have also
been reported in the literature [42].

5 Conclusion

The microstructure of layer produced in horizontal tube process is not uniform in
thickness under the same treatment conditions according to micrograph from
FESEM. The layer thickness of hybrid treated at 450 °C is 6.425 pm while at
400 °C gave much smaller thicknesses which is 3.421 um for the same processing
conditions. The elemental compositions on the surface had also changed after the
hybrid process where nitrogen concentration is gradually decreasing from surface
to the substrate core with distance increasing due to a low diffusion rate in the
substrate at low temperature. However, some carbon remains in the subsurface
layer. USPM observation of all treated surfaces shows a higher surface roughness
after treatments. Nanoindentation tests reveal a higher elastic modulus and hard-
ness for all treated samples compared to the untreated. It is found that all treated
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samples have improvement of E/H ratio which show a decrement to plastic
deformation and degrade the disparity of properties, while maintaining the elastic
range of deformation.

Acknowledgment The authors would like to express their gratitude to Universiti Teknologi
PETRONAS for supporting this research under STIRF Grant No. 49/2011.
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