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About the Journal

Pertanika is an international peer-reviewed journal devoted to the publication of original papers, and it serves
as a forum for practical approaches to improving quality in issues pertaining to tropical agriculture and its
related fields. Pertanika began publication in 1978 as the Journal of Tropical Agricultural Science. In 1992,
a decision was made to streamline Pertanika into three journals to meet the need for specialised journals in
areas of study aligned with the interdisciplinary strengths of the university. The revamped Journal of Science
& Technology (JST) aims to develop as a pioneer journal focusing on research in science and engineering,
and its related fields. Other Pertanika series include Journal of Tropical Agricultural Science (JTAS); and
Journal of Social Sciences and Humanities (JSSH).

JST is published in English and it is open to authors around the world regardless of the nationality. It is
currently published two times a year, i.e. in January and July.

Goal of Pertanika

Our goal is to bring the highest quality research to the widest possible audience.

Quality

We aim for excellence, sustained by a responsible and professional approach to journal publishing.
Submissions are guaranteed to receive a decision within 12 weeks. The elapsed time from submission to
publication for the articles averages 5-6 months.

Indexing of Pertanika

Pertanika is now over 33 years old; this accumulated knowledge has resulted in Pertanika journals being
indexed in SCOPUS (Elsevier), EBSCO, DOAJ, AGRICOLA, and CABI etc. JST is indexed in SCOPUS,
EBSCO, DOAJ, ISC and ERA.

Future vision

We are continuously improving access to our journal archives, content, and research services. We have the
drive to realise exciting new horizons that will benefit not only the academic community, but society itself.

We also have views on the future of our journals. The emergence of the online medium as the predominant
vehicle for the ‘consumption’ and distribution of much academic research will be the ultimate instrument in
the dissemination of research news to our scientists and readers.

Aims and scope

Pertanika Journal of Science and Technology aims to provide a forum for high quality research related
to science and engineering research. Areas relevant to the scope of the journal include: bioinformatics,
bioscience, biotechnology and biomolecular sciences, chemistry, computer science, ecology, engineering,
engineering design, environmental control and management, mathematics and statistics, medicine and
health sciences, nanotechnology, physics, safety and emergency management, and related fields of study.
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Editorial’

Milk and Its Bioactive Peptides: Phenomenal Nutraceutical Food

We live in a century where everything is observed in
nano size scale and there is a new vision and a new way
of looking at everything that already exits. Scientists
and researchers are very precise in observing
everything and finding new functionalities from the
existing materials. Different side effects have been
reported to result from the uses of synthetic drugs
and food additives, and thus, finding natural drugs
and food additives from natural sources is at the top

of research list in most developed countries. In fact,

we have reached the time where the terms drug and

EXPRESSION OF THOUGHT: additives have been replaced with nutraceuticals and

Professor Ali A. Moosavi —Movahedi,
University of Tehran, Iran where prevention is more important than treatment.

Unfortunately more than 50% of the people are suffering from diseases such as cardiovascular
disease, bone defects, rheumatoid arthritis, atherosclerosis, cancer, AIDS, Alzheimer, and
diabetes. The first step in reducing the risk of suffering from different diseases is to have a double
check at what we eat every day, i.e. to consider everyday food not only from its nutritional
aspect but also from health and medicinal point of view and to eat food with high antioxidant
agent. Among food that is consumed every day, milk has a high potential in this regard. Milk is a
rich source of dietary protein, which is made of caseins and whey proteins. Its great nutritional
value has made milk an important must-use everyday food for centuries. During the last two
decades, an increasing number of data have shown that milk can play additional functions than
merely energetic and nutritional ones. Milk proteins exert a wide range of biological, nutritional
and functional activities such as chaperon activity and bioactivity of their peptides. It has been
reported that multiple biologically active (bioactive) proteins and peptides can originate from
milk. Bioactive peptides are a great source of natural drugs, which can both prevent and cure
different diseases. These peptides can be produced in vivo during gastrointestinal digestion or
in vitro through food processing using specific enzymes. Milk protein derived peptides have
different functionalities including antioxidant activity, antimicrobial activity and blood pressure—
lowering effect. These peptides have been used in the formulation of other food products for

the production of functional food. Most food products are produced using bovine’s milk proteins



but bovine milk allergy by far is the most prevalent food allergy, especially in children, and
B-lactoglobulin (B-LG) is considered the dominant bovine milk allergen. Camel milk lacks B-LG
and is enriched with a-Lactalbumin such as human milk. The milk of camel, a high-tech animal
whose antibodies have successfully been used for the treatment of cancer, contains proteins
that can cure hepatitis and diabetes. Thus, the health benefits of camel milk are attributed to
the presence of high concentrations of insulin-like protein and other factors that have positive
effects on immunity. Its composition is closer to human milk compared to bovine’s milk. The
functionality of the bioactive peptides produced from camel milk has been studied both in vitro
and in vivo. The results are phenomenal. The bioactive peptides produced from camel milk open
a new era for the production of healthy additives, nutraceutical components and new products,

in which health and prevention is considered the most important factor in the food industry.
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ABSTRACT

This paper reviewed the aspect of fatigue approaches and analysis in a fibre reinforced composite materials
which have been done by researchers worldwide. The aim of this review is to provide a better picture
on analytical approaches that are presently available for predicting fatigue life in composite materials.
This review also proposes a new interpretation of available theories and identifies area in fatigue of
natural fibre reinforced composite materials. Thus, it was concluded there are still very limited studies
on fatigue analysis of natural fibre reinforced composite materials, especially using non-destructive

technique (NDT) methods and a new mathematical modelling on fatigue should be formulated.

Keywords: Fatigue life, composite materials, non-destructive technique

INTRODUCTION

Fatigue life of the classical engineering materials is difficult to predict, and not even
surprisingly for composite materials. Predicting fatigue life for homogeneous materials was
done in the past three decade but from a review of the limited research done and developed
on natural fibre reinforced composite. Previously, a vast majority of the fatigue studies
focused on synthetic fibre/resin system (Harris, 2003). Research on the fatigue properties
of natural fibre composites is a new field and these have become a focus for many engineers

and scientists. In composites, fatigue damage

and failure mechanism commonly occurs
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is more complex compared to homogenous
materials such as metal. There are four basic
failure occurs in the composites under cyclic
loading which are matrix cracking, interfacial
debonding, delamination and fibre breakage
(Wu & Yau, 2009).
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A long time ago, a man produced materials used which were widely in building and in
many structure but later the materials had changes in the composites. Nowadays, due to
the increased interest in the potential of natural fibre composites for applications in primary
structures such as automotive parts and buildings, a fundamental study of their fatigue properties
is essential (Towo & Ansell, 2008). Recently, scientists and researchers have discussed and
worked on natural fibre in composites such as Kenaf, sugar palm, coconut, coir, jute, sisal,
bamboo, wood, pineapple and banana. There are many reasons for using natural fibre as a
filler or reinforcement in composites compared to glass fibres, and these include low density,
biodegradable and recyclable, high strength and stiffness good fibre adhesion and environmental
consciousness (Sapuan ef al., 2006). Thus, the following section will elaborate on the aspect
of the composites analysis of fatigue to better understand the integrity of this new material
under dynamic loading.

PREDICTING FATIGUE LIFE

Fatigue can be defined as a failure under a repeated or varying load. These failures have two
domains of cyclic or stressing and straining in different mechanisms of low-cycle fatigue and
high-cycle fatigue (Wu & Yau, 2009).

Fatigue failure process involves two distinct phases in the rubber. The first phase is a
period during which cracks nucleate in regions that were initially invisible or free of observable
cracks. The period during which nucleated cracks grow to the point of failure is the second
phase of the fatigue failure process. It will be seen that in the second phase, nucleation, growth
and final failure may be rationalized in terms of the fracture mechanical behaviour of rubber
(Mars & Fatemi, 2002).

Normally, three methods are used to predict life including total life by plotting stress-life
(S-N) curve, crack initiation strain-life (E-N) and crack growth. Meanwhile, there are two
approaches used for predicting the models for rubber. The first approach focuses on predicting
crack nucleation life, given the history of quantities that are defined at a material point, in the
sense of continuum mechanics. Stress and strain are examples of such quantities. The second
approach, based on the ideas from fracture mechanics, focuses on predicting the growth of a
particular crack, given the initial geometry and energy release rate history of the crack (Mars
& Fatemi, 2002).

Predicting fatigue life in composite materials is more complicated as compared to metal.
This is because in the composite materials, failure does not occur by the propagation of a single
macroscopic crack. The micro-structural mechanisms of damage accumulation, including
fibre breakage and matrix cracking debonding, transverse-ply cracking, and delamination,
occur independently sometimes and interactively at times, and the predominance of one or
the other may strongly affect both materials variables and testing conditions. Fig.1 shows the
degradation of composites strength until failure occurs (Harris, 2003).

Many experiments have been done by the researchers to predict fatigue analysis by using the
derived empirical S—N curves between stress and fatigue life. Fig.2 shows a typical S-N graph,
where straight lines indicate endurance limit region. These relationships have been suggested
for use in design in numerous industries such as aerospace, automotive and construction. The

2 Pertanika J. Sci. & Technol. 21 (1): 283 - 298 (2013)



Aspect of Fatigue Analysis of Composite Materials: A Review

& Residual strength, o,
Cyclic stress
a Failure
2
0
Time

Fig.1: The degradation of composites strength until failure occurs (Harris, 2003)
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Fig.2: A typical S-N graph where straight lines indicate endurance limit region (Harris, 2003)

linear and non-linear S—N curves have been proposed (Yang, 1978; Nicholas, 2000). It also
uses a non-linear curve between strains to predict the fatigue life of the composite materials
(Reifsnider et al., 2000). It also discusses on a linear relationship between the maximum stress
S and the logarithm of N, while the number of load cycles to fatigue failure is widely used to
fit the experimental data, as follows:

S=mlogN =b )

where m and b are parameters dependent on material properties. By predicting fatigue life
under constant cyclic loading, fatigue damage can be evaluated after a given number of cycles.
Composite is assumed to fail in the phase when accumulated damage exceeds the critical level
of damage (Clark et al., 1999).

In a study on the flexural behaviour of sandwich composite materials under cycling
loading, El Mabhi et al. (2004) utilized Wohler Curve (S-N Curve) to obtain the comparison
between the experimental result and analytical results. It was reported that a good agreement
had been found between these two analyses. The approach was based on the interpolation by
empirical function, in which the parameters were obtained from the experimental results using
the stiffness concept. It was also reported that this approach is able to predict the fatigue life
and the evolution of damage according to the loading level, which will reduce the number of
experiments. In their work on the derivation of the model for fatigue life criteria, the failure

Pertanika J. Sci. & Technol. 21 (1): 283 - 298 (2013) 3
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occurs to residual strength degradation method. The failures were caused by the degradation
of residual strength to the applied stress.

Another approach that has been used by several authors is strain failure criterion which
considers the final failure of the composite materials that occurs at the stage of resultant strain
that reaches the ultimate static strain (D’amore ef al., 1999; Clark et al., 1999). The other
method used to predict fatigue life, done by Salvia et al. (1997), is stiffness reduction or
degradation which needs another failure condition rather than the total failure of the specimen
such as predefined critical number of cycles representing certain damage state. The critical
number of the cycles was obtained when a given stiffness loss (predefined) was reached, and
then the critical cycle numbers and stiffness reduction were associated.

MODELLING FATIGUE IN COMPOSITES

Damage Accumulation

Damage evolution mechanism is one of the important focuses and also a foundation to predict
fatigue life. The mechanical properties of the composite materials show progressive degradation
with the increasing of the number of cyclic loading. Two quantitative relations, obtained from
a study on a fatigue damage model of composite, are defined by the stiffness degradation rule
in the loading direction. The proposed model is as follows:

A
D =2 =E {1y
(U

2

Where Eis the initial Young’s modulus, £, is the failure Young’s modulus, £ (n) is Young’s
modulus of the material subjected to nth cycling loading, 7 is the cycle, N is the fatigue life, A
and B are model parameters, D(n) is the fatigue damage which equals 0 when n=0 and equals
1 when n=N (Wu & Yau, 2009).

Shen et al. (1993), in predicting of fatigue life of Boron/Aluminium composite, worked on
a technique involving the iteration of damage accumulation and internal stress redistribution.
As pointed by Shen et al. (1993), damage accumulation can be determined by applying the
fatigue damage evolution law and the redistribution of stress. The characteristics of damage
growth in the composite materials have been studied and compared with those of the damage
growth in homogeneous materials.

The study on the fatigue damage of composite materials of characteristic of damage
accumulation in composites materials was done in 2002 by Mao and Mahadevan, who reported
that the concept of damage accumulation might be used as a more suitable approach to predict
the fatigue life of the structures of composite materials. However, fatigue damage cannot be
measured directly. Therefore, for quantitative evaluation of fatigue damage, Young’s modulus
or the stiffness of composite materials is often used to evaluate the fatigue damage due to
cyclic loading. Fig.3 shows a schematic comparison of damage accumulation in the composite
materials and homogeneous materials as a function of fatigue cycle ratio. Fig.3 is plotted in
terms of damage index versus cycle ratio, where the damage index is defined as Eq. (3):
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E
D=1-— 3)

0
where D, is accumulated fatigue damage, E is the Young’s modulus of the damaged material
and £, is Young’s modulus of undamaged material. The cycle ratio is the number of cycles at
a given instant divided by the fatigue life.

Mao and Mahadevan (2002) presented a new damage accumulation model to describe the
degradations of composite materials. This model accurately explains the rapid damage growth
during both the early and final stages of life. The proposed function is of the following form:

o5 03]

where D is the normalized accumulated damage; g, m; and m, are material dependent parameters;
n is the number of applied loading cycles, and N is the fatigue life at the corresponding applied
load level. The parameters for Eq. (4) are defined as:

q_ a
1—(1—A)(]]\\[;j o
m-(5)
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where N, is the reference fatigue life. The parameters o, f and y are material dependent
constants. These parameters can be obtained with fatigue experimental data. Once the damage
indices are obtained during the fatigue tests, regression analysis can be carried out to obtain the
parameters g, m; and m,. Then, the parameters ¢, £ and y can be calculated using Egs. (5) — (7).

Crack Nucleation Approaches

Fatemi et al. (2002) stated that there are two approaches used in the models for predicting fatigue
life in rubber. The first one focuses on predicting crack nucleation life, given the history of
quantities that are defined at a material point, in the sense of continuum mechanics. Stress and
strain are examples of such quantities. The other approach, based on the ideas from fracture
mechanics, focuses on predicting the growth of a particular crack, given the initial geometry
and energy release rate history of the crack.

Crack Growth Approaches

Fatigue crack growth approach has been used to analyze fatigue in composites (see Salvia
et al., 1997; Fatemi et al., 2002; Dawis & Bradstreet, 1970; Savastano Jr., 2009; Woo et al.,
2008). It was started to be used and applied widely since 1960s and the cracks were claimed
to be related to damage. In the experimental study of resistance-curve behaviour and fatigue
crack, the crack growth was observed to have occurred in three stages, namely, an initial
decelerated growth, a steady-state growth and the final catastropic crack growth (Savastano Jr.,
2009). Nowadays, this concept was applied with sophisticated tool and a technique available
that can measure a very small crack up to 1pm (Fatemi & Yang, 1998). Southen and Thomas
(1978) applied fracture mechanic approach based on fatigue crack growth to develop a model
for abrasive wear of rubber. Stevenson, (1987) also stated that compressive loading must be
considered carefully in any analysis of fatigue growth.

Savastano Jr. (2009) presented the results of an experimental study on resistance-curve
behaviour and fatigue crack growth in cementitious matrices reinforced with eco-friendly
natural fibre obtained from agricultural by-products. He used blast furnace slag cement (BES)
reinforced with pulped fibres of sisal, banana and bleached eucalyptus pulp and ordinary
Portland cement (OPC), which was reinforced with bleached eucalyptus pulp. Meanwhile,
single-edge notched specimen was used to analyze fatigue crack growth and fracture resistance
(R-curve). Then, the analysis of crack/microstructure interaction was done by using the NDT
method via scanning electron microscopy (SEM) and X-ray spectroscopy (EDS). As pointed
in this study, fatigue crack growth occurs in three stages, which are initial decelerated growth,
a steady-state growth, and a final catastrophic crack growth. The crack growth diagram was
plotted and the results of Sisal BFS, Banana BFS, Eucalyptus BFS and Eucalyptus OPC are
shown in Fig.4a to Fig.4d, respectively.

The fatigue life of banana and sisal fibre reinforced composite mostly occurred in the
second stage of steady state crack growth (Fig.4a and Fig.4b). The fatigue crack growth rates
of Eucalyptus reinforced composites are faster as compared to the sisal and banana reinforced
composites (Fig.4c and Fig.4d). The results of the crack/microstructure interactions revealed
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that fatigue crack growth in composites occurred by matrix cracking, crack deflection around
fibres and crack-bridging by uncracked fibres and ligaments (Savastano Jr., 2009).

Woo et al. (2008) studied on the material properties and fatigue life of natural rubber
component. The fatigue lifetime prediction methodology by using the incorporating of finite
element (using Green-Lagrange strain) analysis and fatigue damage parameters has been
proposed. Meanwhile, fatigue damage parameters were obtained from the fatigue test and
Green-Lagrange (G-L) strain determined at the critical location. A single function of G-L strain
was then used to represent the equation for predicting fatigue life. Fatigue test was performed
using a 3D dumbbell specimen and roll front component in ambient temperature under the
stroke controlled condition with a sine waveform of 5 Hz and the mean displacement is 0-10mm
at a displacement range is -11 to 2Imm. Fig.5 shows the relationship between the maximum
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displacement with fatigue life. This shows that fatigue life decreases as the maximum tension
displacement increases. In this study, the fatigue lives of the 3D specimens are represented
by the maximum G-L strain parameter, N, as performed in Eq. (8):

N, =495,450[ &,

]—1.324

®)

Toubal et al. (2006) worked on woven laminates composite of fabric (HR 285/G803),
with high strength carbon fibre and the matrix is epoxy resin. This composite has been used in
manufacturing aeronautical structures. The fatigue test was carried out under tension-tension
load and analysis of temperature on external surface involving thermal concept or thermal
imaging technique using infra-red camera applied in this research. This study intended to
relate the damage evolution and heat dissipation in composites. An analytical model based
on the cumulative damage has also been proposed to predict damage evolution. Roylance
(2001) stated that a cumulative damage model is often hypothesized when the cyclic load
level varies during the fatigue process. They are considered to be two main approaches for
cumulative damage such as Miner’s rule and the other is that of residual strength. Miner’s
rule can be written as Eq. (9):

Z%:l )

where n; is the number of cycles applied at a load corresponding to a lifetime of Ni, and for
residual strength 6; Broutman and Sahu (1972) stated Eq. (10) as follows:

0R=GS—Z(0S—0,.);—Z (10)

where oy is the instantaneous tensile static strength as measured on the virgin material before
any fatigue damage is induced as 650, (with ¢, being the maximum stress in the cycle). In
another example, Granda et al. (2008) reported from their prediction of fatigue damage of
an automotive axle, which was subjected to variable loading observations that there was a
localized damage process which resulted from a cumulative damage. Marin (1962) proposed
a cumulative damage based on the consideration of the relations between damage as a function
of cycle ratio and changes in the S-N curve due to damage accumulation.

Cumulative damage, as a function of loading cycles, is described in Fig.6. It was
determined that D is cumulative damage, N is the three numbers of loading cycles and N;is
the number of cycles to failure. Cumulative damage was determined by using Equation (11):

p=1-2
Eo (i1
where E is the residual modulus and E,is the initial modulus (Toubal ef al., 2006).
Toubal et al. (2006) used Eq. (4) proposed by Mao and Mahadevan (2002) to determine

the analytical model of accumulation damage and the values of ¢, m; and m, are given in Table
1 and plotted in Fig.7 to Fig.8, respectively.
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Table 1: The values of g, m,; and m,, Toubal et al. (2006)

Loading of load (%) q m,; m,
70 0.585 0.600 4.50
67.5 0.520 0.460 7.20
65 0.500 0.180 10
62.5 0.400 0.142 14
60 0.365 0.135 15
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Fig.9 shows a comparison of the evolution of the damage for different loads by analytical
means using Eq. (4), as proposed by Mao and Mahadevan (2002) and the experimental
approaches. Fig.10 shows an image of the thermal distribution on the surface of the examined
specimens provided by an infrared camera. It shows that the hot zone is localized at the
centre of the specimens. The correlation between the increase of temperature and the damage
evolution in the composites was done by using this thermography and experimental data.
Fig.11a, Fig.11b, and Fig.11c show a comparison between the change of temperature and the
damage at different loadings.
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Fig.9: A comparison of the evolution of the damage by experimental and analytical
(Toubal et al., 2006).
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Non-destructive Technique (NDT)

Non-destructive technique (NDT) is used for a group or a single part of an instrumental which
does not damage or disturb (permanently) the object. NDT for testing and evaluating are the
concepts and terms that have been used by the scientists or researchers for only the past 50-60
years (Boogard, 1994). The terms ‘technique’ and ‘method’ have been cautiously applied as
follows. method will be used for the description of a discipline such as ultrasonic inspection,
while pulse-echo or through-transmission is qualified as a technique. The principal objective
of a non-destructive examination (NDE) is to provide the inspector with quantitative as well
as qualitative information (Coffey, 1983). Non-destructive testing (NDT) is particularly
relevant to the inspection of large and expensive components. The aerospace, food, nuclear
and offshore industries are only a few examples of industries which employ a wide range of the
NDT techniques. The most commonly used NDT methods in industry include visual inspection,
liquid penetrant inspection, magnetic particle inspection, eddy current testing, alternating
current potential drop, alternating current field measurement, ultrasonic testing, radiography and
thermography. These NDT techniques can be used for the detection of unwanted discontinuities
and separations in a material (flaws), structural assessment of a component (microstructure
and matrix structure), metrology and dimensional purposes (thickness measurement, checking
of displacement and alignment), determination of the physical properties of a material
(electrical, magnetic or mechanical properties, as well as the detection of foreign bodies in
food (Gros, 1996). In addition, NDT also provides information about product’s properties
such as composition and chemical analysis, stress and dynamics response, signature analysis
and abnormal sources of heat (Giorleo & Meola, 2002).
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CONCLUSION

Most of the presented studies conducted on predicting fatigue life of the composites materials or
the proposed models have used synthetic fibre. There are still limited works done on predicting
the fatigue life of natural fibre reinforced composites materials. Based on the review, the
following are concluded:

1. Generally, it was found that many fatigue analyses had been done in composites materials
but studies carried out on composites materials reinforced by natural fibres are rather
limited.

2. As observed in the present results, most of the researchers obviously intended to use a
non-destructive technique (NDT) in their work.
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ABSTRACT

Elderly are exposed to physical impairment. This has a strong impact on their daily activities including
frying, which is one of the most popular cuisine preparations. The stove height and work envelope
are two major ergonomic issues in performing cooking task. There has been little research focusing
on Malaysian elderly task performing in addressing these issues. The objectives of this study were to
identify the acceptable stove height and depth and to determine the working envelope among Malaysian
elderly using anthropometric data. A total of 55 Malaysian elderly (25 male and 30 female) aged between
60 to 85 years participated in this study. Five body measurements were taken from each subject using
an anthropometer. The measurements are stature height, shoulder height, arm span, arm reach forward
and waist height. Apart from these anthropometric measurements, their present stove height was also
measured. The acquisition of stove height dimensions was performed through a series of door to door
visit of the elderly homes in Kg. Sg. Merab. These variables were used to estimate the elderly working
envelope and determine the stove height, width and depth. Data were analysed using SPSS software. The
waist height dimension was to estimate the stove height, the arm reach forward for the depth and the arm
span for the length of the table-top where the stove was placed. Meanwhile the stature and shoulder height
were used for estimating the position of the overhead compartment or placement of cooking utensils.
The 5™ percentile was chosen since it is appropriate to accommodate 90% of the studied population.

The 5™ percentile was also applied for the setting
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the stove height was found higher than that of the standard. This could apparently cause fatigue and
discomfort to shoulders, the neck, the arm and the back of the user. Anthropometrics measurements can
be used for estimating the stove height, length and depth. These could also calculate a space taken for
certain physical activities, such as frying task envelope. Providing a good combination of stove height,
length, depth and ergonomic working envelope could hopefully improve the elderly cooking task and
increase their quality of life.

Keywords: Elderly, fatigue, discomfort, ergonomic working envelope, quality of life

INTRODUCTION

Physical dimensions and human movement are significant to a space they occupy in any
performance of task. This human anthropometrics is also very useful as a guideline in designing
products, equipment, furniture, transport or even buildings.

Anthropometry means the study of human body measurement for use in anthropological
classification and comparison (Answer.com, 2010). Work envelope, on the other hand, means
a space which can cater part or the whole human body movement when performing certain
tasks. In this paper, the investigation was carried out based on standing work posture and the
work envelope derived from the anthropometrics measurements of the elderly. There are other
methods of assessing working posture, such as Rapid Entire Body Assessment (REBA) by
Hignett (1998), McAtamney and Hignett (1995), or Rapid Upper Limb Assessment (RULA) by
McAtamney and Corlett (1993); nonetheless, these will not be discussed further in this paper.

Working in a kitchen could be an issue for some elderly, especially when preparing their
meal. This is due to shrunk cartilage throughout the spine that begs their standing strength
ability and endurance. The posture among the aged also has a slumped character that could
limit the movement (Tilley, 2008). According to Opila et al. (1988), line of gravity is forward
of the spine (L4-5), i.e. the body has a forward bending moment which is counterbalanced by
ligament forces and back muscle forces. If the body centre gravity is moved forward, it causes
a variety of biomechanical stresses while standing or walking (Lee et al., 2001). Another
factor is the 50% reduction of leg strength (Tilley, 2008) which decreases the elderly standing
endurance and this may require them to use supportive instrument, such as canes, tripod aids,
walkers, or even chair when performing cooking task.

Ecologically, elderly are exposed to breakdown of functional impairments. These include
changes in anthropometry, musculoskeletal attributes, respiration and circulation, nervous
functions, capacity for physical work, brain and memory, visual functions, hearing, taste and
smell, as well as sensitivity and also sensory and psychomotor performance (Taha & Ruhaizin,
2010). These factors have negative impacts on their performance in instrumental activities of
daily living (IADL) or even the basic activities of daily living (BADL). In a household setting,
a task such as opening a can of red beans is considered far more complex than cellular or
molecular mechanisms of aging due to complex body and environmental systems involved.
Some surveys conducted show that older populations (65+) have greater difficulty in performing
one or more common self-care activities, such as eating, using the toilet, dress, bathing, or
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preparing meals in the kitchen (Dawson ef al., 1987; AARP, 2000; Taha & Ruhaizin, 2008).

Cooking task is normally performed in a standing posture. This is because ordinary meal
preparation requires high physical mobility between a work-triangle. The performers in this
case, who are the elderly, will have to stand and use both their hands while performing the task
regardless of whether they are right-, or left-handed. The dominant hand normally performs
the main task and is supported by the other hand. For example, a right-handed user holds the
ladle with his right hand while the left hand will hold and stabilise the frying pan caused by
forces of stirring.

Besides physical frailty, the other factors effecting cooking performance are the height of
the stove and work-top. For example, the incorrect height of the table-top could contribute to
shoulder fatigue, neck pain, back pain and elbow pain after completing the task. The actual
frying task normally requires higher hand rising due to additional stove height and the height
of the frying pan. Furthermore, the ladle set used for mixing the cuisine could also add-up
the height of hand rising and make the situation worst. Although providing stepping stool for

Fig.1: The height of the stove is higher than the subject’s waist height.

Fig.2: Subject’s arm could easily rise-up close to his shoulder height while stirring.
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Fig.3: The stove is too low than the subject’s waist height. Bending the neck exceeding 20 degree could
cause neck fatigue.

Fig.4: The arm is lifted above the shoulder height. This contributes to shoulder pain and arm fatigue.

shorter persons may overcome this problem, this is merely a short-term solution and can still
contribute to accident in the kitchen.

Fig.1, Fig.2, Fig.3 and Fig.4 illustrate the subjects performing frying task in their kitchen
settings. Each figure shows a different ratio between the subject’s waist height and the height of
the stove. In particular, both Fig.1 and Fig.4 show that the table-top is too high. It is clear that
the pan is higher than the subject’s elbow height. This position may cause shoulder discomfort
or fatigue. Meanwhile, Fig.3 illustrates that the tabletop level is far below the waist height,
and this position forces the subject to tilt her neck down. As shown in Fig.5, the neck flexion
angle should not exceed the range between 0-20 degrees to prevent neck fatigue.

Some of the examples above show that incorrect stove height could contribute to
musculoskeletal disorder, primarily on the shoulder and the neck. Pain on the elbow is also
reported at times. Konz and Johnson (2004) stated that musculoskeletal disorder is also known
as occupational cerviobrachial disorder (OCD) and upper limb disorder (ULD). If an elderly
is diagnosed of having this disorder, the chances to come back to a normal healthy state are
very slim or there is no chance for it at all. He or she will definitely depend on others for the
rest of his or her life.
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Fig.5: The Neck Extension (A) and Flexion (B) (Source: FAA William J. Hughes Technical Centre)
(Exhibit 14.3.3.2.1 Joint movement ranges)

Therefore, greater focus on elderly anthropometrics measurement, their working envelopes,
and the kitchens stove height should be investigated. This paper presents the result of a study
on the elderly stoves height and their nature of working envelopes in everyday cooking task.

The most common height for a kitchen counter top is 36 inches (or 91.4cm). Premade
based cabinets are designed for this finished height. Thus, the height of 36 inches (91.4cm) is
typically the optimal and most ergonomic height for a kitchen counter. It may not be the best for
a specific task, but it is apparently the best overall compromise for the majority of tasks done
in the kitchen. For most people, a kitchen counter top height of 36 inches (91.4cm) provides
a comfortable work station. Extremely short or tall people, or those with special needs, may
want to modify that height to better suit their needs (About.com, 2008).

According to the National Kitchen and Bath Association (NKBA), the minimum height
of the first level, which is 28 inches (71cm), shows that it is fully complied for the elderly
requirement. On the other hand, the maximum height of the second level, which is 45 inches
(114cm), is too high for Malaysian elderly.

According to Peterson (1998) and Tilley (2002), the standard kitchen cabinet height is 36
inches (91.4cm) and 24 inches (61cm) deep. NKBA has proposed two level ranges of work-
counter heights. One is 28 inches (71cm) to 36 inches (91.4cm) above the finished floor and
the second is 36 inches (91cm) to 45 inches (114cm), (Krengel, 1997).

METHOD AND INSTRUMENT

Anthropometrics measurement

A total of 55 Malaysian elderly (25 males and 30 females) aged between 60 to 85 years, with
the mean age of 66.98 years, participated in the anthropometrics measurement of this study.
The subjects were pooled in a community hall for a briefing on the objectives of the research
and the procedures of the data acquisition. Basic subjects’ background information, such as
name, age, health status, gender and address, was also recorded for demographic purposes.
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Fig.6: Instrument used to acquire anthropometric data
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Five body dimensions were measured on each individual elderly during the session. These
include stature (standing height), shoulder height, arm span, arm reach forward and waist height.
The “anthropometer” is the main instrumental set used in the data acquisition (see Fig.6).
Each measurement was taken 3 times and the average was recorded for statistical analysis.

Measuring the Table-top, Stove and Frying Pan Height

The acquisition of these measurements was performed through a series of door-to-door visit of
55 elderly homes in Kg. Sg. Merab. These data are important to evaluate the existing kitchen
settings and to compare those with the present guidelines or standard, as well as the relation
with the elderly anthropometrics. Each of the table-top, stove and pan heights, as well as the
depth of their kitchen worktops, was measured using an ordinary measuring tape. The data
were analysed using SPSS software.

Fig.7, Fig.8, Fig.9, Fig.10 and Fig.11 show the acquired anthropometrics measurements
in this study.

Fig.7: Stature height Fig.8: Shoulder height
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Fig.9: Waist height Fig .10: Arm reach forward

Fig.11: Arm span

RESULTS AND DISCUSSION

The anthropometrics data acquisition involved 5 measurements, and these included stature
height, shoulder height, arm span, arm reach forward and waist height. The other variable is
stove height. The statistical results are shown in Table 1 to Table 8 as well as Fig.7 to Fig.12.
Table 9, on the other hand, shows the comparison with the previous findings.

The Stove Height

The ‘stove height’ is a dimension measured from the floor to the top of the stove. This includes
table or cabinet where the stove is placed on. The results are in Tables 1, and 2, as well as in
Fig.12. Table 2 shows that 36.4% of the stove height is higher than 36 inches (91.4cm) which
is as suggested by NKBA.
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TABLE 1: Statistics of the stove height

2.
=2l
i

L
:‘j,m

Stove Height rstogrem
N Valid 55 T
Missing 0 “
Mean 87.5709 L ]
Std. Deviation 7.10870 E SN
Minimum 73.60 .
Maximum 99.00 N - u
Percentiles 5 74.6400 /I:
50 86.3000 MECIES “'“”smf“:mhj“’““ S0 i
95 99.0000 Fig.12: Frequency of the height of stoves
TABLE 2: Frequency of the height of stoves
Valid Cumulative
Frequency | Percentage | Percentage Percentage
Valid 73.6 2 3.6 3.6 3.6
74.9 2 3.6 3.6 7.3
76.2 3 5.5 5.5 12.7
83.8 14 25.5 25.5 38.2
86.3 14 25.5 25.5 63.6
91.4 6 10.9 10.9 74.5
96.5 10 18.2 18.2 92.7
99 4 7.3 7.3 100.0
Total 55 100.0 100.0
TABLE 3: Statistics of waist height
Waist Height Histeamm
N Valid 55.0000 07
Missing .0000 | A~
Mean 90.0491
Std. Deviation 43723 £
Minimum 81.0000 £
Maximum 101.0000 i
Percentiles 5 82.6000
50 90.0000 T e we w0 ww  0w
95 96.6000 e
Fig.13: Frequency of waist height
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TABLE 4: Frequency of waist height

Frequency Percentage Valid Percentage Cumulative Percentage

Valid 81 2 3.6 3.6 3.6
83 1 1.8 1.8 5.5
83.2 1 1.8 1.8 7.3
84 1 1.8 1.8 9.1
84.2 1 1.8 1.8 10.9
84.5 1 1.8 1.8 12.7
85 1 1.8 1.8 14.5
85.1 1 1.8 1.8 16.4
85.8 1 1.8 1.8 18.2
86.4 1 1.8 1.8 20.0
86.5 2 3.6 3.6 23.6
87 1 1.8 1.8 25.5
87.2 1 1.8 1.8 27.3
87.5 2 3.6 3.6 30.9
87.8 1 1.8 1.8 32.7
88 4 7.3 7.3 40.0
88.8 1 1.8 1.8 41.8
89 2 3.6 3.6 455
89.5 1 1.8 1.8 47.3
89.6 1 1.8 1.8 49.1
90 1 1.8 1.8 50.9
91 3 5.5 5.5 56.4
91.4 1 1.8 1.8 58.2
92 3 5.5 5.5 63.6
92.1 1 1.8 1.8 65.5
92.2 1 1.8 1.8 67.3
92.5 2 3.6 3.6 70.9
92.7 1 1.8 1.8 72.7
93 1 1.8 1.8 74.5
93.5 1 1.8 1.8 76.4
93.8 2 3.6 3.6 80.0
93.9 1 1.8 1.8 81.8
94.5 1 1.8 1.8 83.6
95 1 1.8 1.8 85.5
95.1 1 1.8 1.8 87.3
95.2 1 1.8 1.8 89.1
95.5 2 3.6 3.6 92.7
95.9 1 1.8 1.8 94.5
96.5 1 1.8 1.8 96.4
97 1 1.8 1.8 98.2
101 1 1.8 1.8 100.0
Total 55 100.0 100.0
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Tables 3 and 4, as well as Fig.13, show the results of the waist height of the elderly. It was
found that 56.4% of the waist height of the elderly is lower than 36 inches (91.4cm).

Referring to the heights of both the stoves and the waist, it was found that Malaysian elderly
are working on a higher work-top, and therefore, they are exposed to discomfort and fatigue.

The recommended stove height for Malaysian elderly is 82.6cm (32.5 inches). This is a little
bit higher than the height of countertop for seated user which is between 28 — 32 inches (71cm
—81.3cm), as suggested by Peterson (1998). In order to fulfil the majority of the elderly stove
height requirement, a range of stove height is more significant and it should be established. The
5% percentile of both the stove height (74.6¢m) and waist height (82.6¢m) could accommodate
90% of the studied population. Therefore, the recommended range of stove height should be
from 74.6 - 82.6cm (or 29.4 - 32.5 inches).

The Working Envelope

All the variables (namely, stature height, shoulder height, arm span, arm reach forward and waist
height) were measured and analysed to identify the elderly working envelopes. The stature and
shoulder height were meant for setting the overhead compartment height. Meanwhile, the arm
span dimension is to set the width of kitchen cabinet and considering the left and right reaching.
The arm reach forward is to set the work-top depth and the frontal reaching. Meanwhile,
the waist height is to set the height of the work-top. In this study, the working envelope was
calculated based on the 5™ percentile of the above variables so as to ensure that the space fit
most subjects. Table 5 shows that the arm reach forward is 67.28cm (26.7 inches), while Fig.14
reveals the frequency of arm reach forward. Table 6 shows that the height envelope is 138.14cm
(or 54.4 inches). Meanwhile, the arm span (see Table 7) is 142.6cm (or 56.1 inches). Table 8
shows the results of the shoulder height at 114.2cm (or 45.0 inches).

The results of the arm span presented in Table 7 and Fig.16 are to identify the minimum
length of the work-top. All the visited kitchens have a longer table top and this comply with
the anthropometric of the studied population.

TABLE 5: Statistics of arm reach forward

Histogram

ArmReach_Forward

N Valid 55.0000 B
Missing 0000 SK

Mean 76.1964 s

Std. Deviation 4.8223 .,

Minimum 66.8000 i

Maximum 89.5000 s

Percentiles 5 67.2800 H | | |
50 76.0000 S . B
95 85.5200

Fig.14: Frequency of arm reach forward
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TABLE 6: Statistics of stature height

Hei ght Histogram
N Valid 55.0000 o o Jo—
Missing 0000 N
Mean 149.8055 & M/ [ xk
Std. Deviation 7.4186 :
Minimum 135.0000 £ B
Maximum 167.4000 | |
Percentiles 5 138.1400 LH\
50 150.0000 e B R
95 163.7600 Height

Fig.15: Frequency of the stature height

TABLE 7: Statistics of arm span

Arm Span Histogram
N Valid 55.0000 “ ] 4,
Missing .0000 ] - A\X* '
Mean 155.8782 ~
Std. Deviation 8.1482 %4_
Minimum 134.8000 < _
Maximum 172.8000 p -
Percentiles 5 142.6000 XH\
50 155.6000 O e g i [
95 170.2600 et

Fig.16: Frequency of arm span

TABLE 8: Statistics of Shoulder Height

Shoulder Height e

N Valid 55.0000 sars,
Missing 0000 . PN

Mean 125.0109 . M

Std. Deviation 6.5600 § ' ]

Minimum 111.5000 =4 x

Maximum 141.6000 i va

Percentiles 5 114.2000 T
50 124.5000 o ./‘Ej 20 100 400 15000
95 136.3200 Shoulder_Height

Fig.17: Frequency of shoulder height
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According to Hignett and McAtamney (2000), the good work envelope should consider
the limitations of body movements and measurements. Trunk flexion is within 0-20 degree and
extension may reach 60 degree. Meanwhile, the neck movement is within 0-20 degree in flexion
and extension. The knees flexion is within 30-60 degrees. The upper arm extension is within
20 degree, while the flexion may be up to 90 degree and over. The lower arms flex is between
60-100 degrees and over. As for the wrist movement, it is 0-15 degree, either in flexion or
extension. Following these setting could avoid illness or syndrome from bad working envelope.

According to Grey (1997), there are two worktop heights. One is for the use of small
appliances which is 17-25c¢m (7-10inches) lower than the elbow height. The other is 5-10cm
(3-4inches) below the users’ flexed elbow height while work on food preparation.

On the other hand, Sharifah Norazizan ef al. (2006) also measured the elderly elbow
height and found that the mean of Malaysian elderly elbow height is 89.20cm for the females
and this is 97.10 cm for the males. The average for both the means is 93.15c¢m. Therefore,
the stove height for both genders is 68.15-76.15c¢m and the worktop height is 83.15-88.15¢cm
based on Grey’s tolerances.

Table 9 shows the estimating dimension of stove deep. In contrast with the high reach
and easy reach dimensions, the 5" percentile was used. This was done to ensure the optimum
reach for majority of the studied population. Meanwhile, Woodson et al. (1992) stated that
the counter width or deep dimensions should be between 16-24 inches (or 40.64 - 60.96cm).
It was found that the proposed width or depth dimension (60.00-70.00cm) was above that of
Woodson’s findings.

Both the variables in this study are important in the sense of user friendly task performing
and the recommended values should met requirement for most of the user populations, i.e. the
‘design for the tall accommodates the small (Konz & Johnson, 2004).

CONCLUSION

Anthropometric measurements can be used to estimate the work envelope as well as to
suggest the stove height, depth and length dimensions. It is also crucial for Malaysian elderly
to have the right working envelope setting to avoid fatigue which could further contribute to
musculoskeletal disorder (MSD) problem in the long-term. Besides, this could also improve
safety, especially to avoid kitchen accident during meal preparations. It is suggested to further
investigate other ADL or IADL tasks envelope and compare it with the anthropometrics of
Malaysian elderly in order to improve their task performance and quality of life.

Moreover, the future kitchen furniture design should incorporate ergonomics consideration,
specifically the height and reaching distance of the users. The recommendations are stated in
the last column of Table 9. In more specific, providing an ideal or custom stove length, width
and height will hopefully reduce ergonomics issues of cooking and ensure user’s comfort. In
order to accommodate 90% of the elderly population, the 5™ percentile of their waist height,
arm span and arm reach forward data were used as the reference point for designing the stove
height, length and depth. On the other hand, the elderly should also be exposed to a good meal
preparation practice and basic understanding on ergonomics. According to Saxon and Etten
(2002), the gerogogy approach of teaching should be adapted to the elderly so as to increase their
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ergonomics awareness towards performing any BADL, ADL and IADL. A good understanding
and realization of self physical and physiological limitations may also help the elderly reduces
exhaustion, muscle pain, eliminate fatigue and so forth upon completing certain tasks. It is
hoped this doing this will further increase their independency and improve their well being.

TABLE 9: A Comparison of the Standing Work Envelope

NKBA Peterson Sharifah
SAE Grey & (1998) & | Norazizan | Finding Proposed
(1977) 1997) Krengel Tilley et. al. 5"tile dimensions
tolerance | (1997) (2002) (2006) (2010)
Elbow
Height | 104.00 - - - 93.15 - -
{cm)
Table 5-10cm
-top 91.50 Below 91.00— 91.00 83.15— -
Height Elbow 114.00 88.15*
{cm) height
Stove 17-25cm
Height = Below 71.00— = 68.15— 74.64 74.60-
(am) Elbow 91.00 76.15* 82.60
height
Stove 60.00cm
Depth 76.00 (based - 61.00 - 67.28 60.00 —
{am) on shelf 70.00
depth)
Stove Minimum
Length - = - - - B 142.60
{em)

* Estimating using Grey’s tolerances.
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ABSTRACT

Biocellulose (BC), produced by Acetobacter xylinum (0416), was carried out using three types of medium
composition under static surface culture. The media used in this experiment included CWHSM (Coconut
water in Hestrin-Schramm medium), CM (Complex medium) and HSM (Hestrin-Schramm medium).
CWHSM and CM used coconut water from agro-waste as the main source of sugar. The fermentation
was conducted for 12 days and the results of BC dry weight, cell entrapped, pH medium and productivity
were evaluated and compared. The results show that CWHSM is the most suitable medium for BC
production with a productivity of up to 0.044 g I'! day™’.

Keywords: Acetobacter xylinum, agro-waste, biocellulose, coconut water, production medium

INTRODUCTION

It is known that some Acetobacter strains
produce cellulose. This cellulose is called
bacterial cellulose (BC) (Ross et al., 1991).

Article history:
Received: 1 February 2011
Accepted: 4 October 2011

E-mail addresses:

suryani@eng.upm.edu.my (Suryani Kamarudin),
sahaid@eng.ukm.my (Mohd Sahaid, K.),
sobri@vlsi.eng.ukm.my (Mohd Sobri, T.),
wantar@pkrisc.cc.ukm.my (Wan Mohtar, W. Y.),
dayang@eng.upm.edu.my (Dayang Radiah, A. B.),
snowiequeen809@yahoo.com (Norhasliza, H.)
*Corresponding Author

ISSN: 0128-7680 © 2013 Universiti Putra Malaysia Press.

BC is a chemically pure form of cellulose
and it is free from hemicellulose, pectin,
and lignin, which are associated with plant
cellulose and are difficult to eliminate
(Bielecki et al., 2002; Jung et al., 2005).
In addition, BC is extremely pure and it
exhibits a high degree of polymerisation
and crystallinity. BC has many applications
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which include temporary artificial skin for the therapy of burns, ulcers and dental implants;
it is also used as non-woven paper or fabric to improve latex or other binders and repair old
documents, as sensitive diaphragms for stereo headphones, cellulose for immobilisation of
proteins and chromatographic techniques, stabiliser for emulsions in cosmetics, food and
coating compositions and edible cellulose for addition to food (Jonas & Farah, 1998).

BC production has been demonstrated from glucose, sucrose, fructose, glycerol, mannitol
and arabitol, among which mannitol and fructose are better carbon sources (Masaoka et al.,
1993; Oikawa et al., 1995a; Oikawa et al., 1995b; Ross et al., 1991; Shoda & Sugano, 2005).
The high economic cost of mannitol and fructose, as well as the relatively low-yield production
with these carbon sources, limits industrial production and extended commercial applications
of BC. Therefore, it is challenging and meaningful for us to look for a new approach to
prepare a carbon source for high-yield BC production (Hong et al., 2007). There are many
sources of carbon that have been experimentally verified as substrates but the elimination is in
the method of preparation, which involves highly toxic chemicals and time consuming steps
such as hydrolysis and detoxification. It is necessary for the substrate to be detoxified before
being utilised.

In this research, a relatively low-cost carbon source of culture media was successfully
developed from agro-waste. The results indicate that coconut water, waste from copra and
coconut milk industries with additional nutrient formulation could serve as a feedstock or
potential media for bacterial cellulose production. Meanwhile, direct application of coconut
water without involving any hydrolysis and detoxification steps makes it very economical as
a main carbon source of media for BC production. The usage of coconut water as a medium
substrate has also been suggested by Budhiono et al. (1999), but the formulation is totally
different from the proposed medium in this study. Other than the nutrient, the significant
difference was in the initial pH value of 4.5 for them and 6.0 for this study. With the aim to
manipulate the waste into a valuable material, the waste from coconut water is turned into a
valuable polymeric material for commercial application. The productivity and BC production
rate are the important parameters in this study.

MATERIALS AND METHODS

The strain Acetobacter xylinum (0416) was supplied by the Malaysian Agricultural Research
and Development Institute (MARDI) in Serdang, Selangor, Malaysia. Three types of media
formulation for the new proposed medium are: (1) CWHSM (Coconut water in Hestrin-
Schramm medium), (2) CM (Complex medium) as suggested by MARDI, and, (3) HSM
(Hestrin-Schramm medium) as suggested by Hestrin and Schramm (1954). The composition
of each medium is stated in Table 1. The fermentation was carried out in 250 ml conical flasks
containing 100 ml of the medium for 12 days. Each flask was inoculated with a 3-day old
preculture grown statically at 30°C. The dry weight of BC, cell entrapped within the pellicle,
pH of the medium and productivity for each medium were evaluated and compared.
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TABLE 1: Composition of media used

MEDIUM COMPOSITION
(1) CWHSM: Coconut (2) CM: Complex medium (3) HSM: HS medium
water in HS medium
Sodium hydrogen 27¢gl! Sucrose 80 gl! Glucose 20 g 1!
phosphate (Na,HPO,) Ammonium Sgl! Sodium hydrogen 2.7 g I
Bacto peptone S5¢glt sulphate (NH,),SO, phosphate
Yeast extract 5¢lt Coconut water Uptoll (Na,HPO,)
Citric acid 1.15g1" | pH 4.5 Bacto peptone Sgl!
Coconut water Upto 11 | Strain 4. xylinum 100 ml Yeast extract Sgl’
pH 6.0 Citric acid L.I5gl!
Strain A. xylinum 100 ml Distilled water Uptoll
pH 6.0
Strain A. xylinum 100 ml

Harvesting method

After removing the BC sample from the flask, the BC was washed twice with distilled water.
Then, the gel was boiled in 0.5 M sodium hydroxide solution (NaOH) for 20 minutes to dissolve
the cell entrapped within the pellicle. After that, it was drained and rewashed with distilled
water several times. The gel was soaked in distilled water overnight to remove alkaline solution
in the BC gel. The purpose of this step is to ensure that the alkaline used in this treatment is
totally removed from the gel. This step was also performed to ensure that the degradation of
BC would not occur as it could disturb the consistency of the BC dry weight measurement and
the quality of the BC produced. Then, the gel was slowly dried in an oven at 40°C for about
5 hours. The dried gel sheets were weighed and the data were claimed as a dry weight of the
BC production. The samples were stored in airtight cases.

RESULTS AND DISCUSSION

Fig.1 shows that M1-CWHSM (Coconut water in HS medium) gave the maximum BC
production in the dry weight of product, followed by M2-CM (Complex medium) and the
lowest was M3-HSM (HS medium). In order to get uniform results and for the purpose of
comparison, the pre-culture used throughout the experiments was obtained from the same batch.
The trend of the BC production in M1 and M3 is almost the same, while M2 remains constant
throughout the experiment. A major difference observed between M1 and M3 formulation is
only by substituting coconut water for the distilled water and glucose. The high production rate
in M1 was probably because of the monosaccharide and disaccharides present in the medium,
as suggested by Unagul et al. (2007), and which would have affected the metabolic pathway
of the BC production. The highest production rate was obtained at day-8 of M1 by 0.343 g
1", which is approximately 4.0 fold higher than M3.
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Fig.1: The dry weight of BC in different fermentation media

The metabolic pathway suggested by Serafica (1997) clearly states that glucose will directly
convert to glucose-6-phosphate and phosphogluconic acid as a by-product. The precursors
in cellulose synthesis are UDP-glucose and glucose, while sucrose and fructose are used as
substrates for growth and BC formation. This is in a good agreement with the finding by
Vandamme et al. (1998). When 4. Xylinum is grown on a dextrose substrate (or a carbohydrate
substrate of which it is a component), it was observed to have converted 26% of glucose into
gluconic and 2-keto-gluconic acid (European Patent No. 86308092.5).

Medium M3, which only contains glucose as a substrate, was consumed by about one-
third into by-product and this limited the conversion to BC as a major product. This result
was verified and shown in Fig.2 for pH profile for each medium. A comparison between M1
and M3 clearly showed that a significant drop in pH was observed on day-4 of M3, which is
strongly believed to be due to the accumulation of gluconic acid or acidic by-products in the
medium. In more specific, the accumulation of acidic by-products is inversely proportional
to the BC formation. Glucose for BC production was applied for the formation of other by-
products. The first reading at day-2 showed that the pH value had dropped significantly for
all the media. After that, the increase in the pH of the medium was observed up to day-6 for
MI; however, M2 remained constant throughout the fermentation time. Medium M1 was too
flexible as compared to the others, which is strongly believed to be due to various types of
carbohydrate (monosaccharide and disaccharide) that is present in the medium. This condition
provides a chance for microorganisms to adapt with the mild environment and promotes
growth and conversion of polysaccharide. The accumulation of one type of substrate, with
high concentration results in the medium to fast conversion reduces the chances for microbes
to convert glucose into BC. The profile pH for M3 almost fluctuated because of the conversion
of BC and acidic by-products by the glucose substrate.

Fig.3 shows the amount of cells entrapped within the BC pellicles plus water (wet state) in
different medium formulations. The assumption was made that the amount of water that could
be retained in the BC pellicle was almost the same. It is strongly believed that the amount of
cells entrapped plus water is reflected in the amount of cells producing BC in the sample. It
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Fig.2: The pH of BC fermentation media
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Fig.3: The amount of cells entrapped plus water in different fermentation media (wet state)

also represents active and viable cells that could synthesize BC. The BC pellicle formation
mechanisms by A. xylinum cells is in a backward and forward motions of the Acefobacter cells
known as reversal movements caused by synthesis of the cellulose (Shah & Malcolm, 2004).
Recent research suggests that the build up of strain during the crystallisation of cellulose
may be responsible for these reversals. The amount of cells entrapped within the pellicle is
proportional to the BC production rate, as shown by media M1, M2 and M3. These results are
in close agreement with those reported by Marx-Figini and Pion (1974); cellulose synthesis only
occurs in growing bacterial populations and the yield of cellulose and the growth of bacterial
populations obey the same reaction law, which is a first-order one. The fact that the cellulose
synthesis only occurs when the bacteria is able to divide indicates that the production of BC
must be combined with cell division itself or with some other events in the cell related to it
(Marx-Figini & Pion, 1974).
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Fig.4 shows the productivity of BC in different fermentation media, which is proportional
to the dry weight of BC. The highest productivity was obtained by M1 at day-6 of incubation
at 0.044 g 1! day'. This means the M1 medium formulation shows excellent productivity
compared to the other media. Hestrin and Schramm (1954) and Forng et al. (1989) reported
that although various undefined and synthetic media have been developed for 4. xylinum, more
cellulose has been produced by the undefined medium compared to the synthetic medium.
M1 medium formulation serves the most complex composition compared to the others, which
covers the requirements for BC production.

CONCLUSION

Based on the results obtained in this experiment, it can be concluded that medium formulation
M1 CWHSM can be a potential medium for production of BC. The advantage of CWHSM is
that the medium substrate is easy to procure, as it can be locally sourced and is inexpensive as
well. The use of coconut water, without any pre-treatment or hydrolysis, makes it very effective
from the economic point of view. In addition, it does not involve toxic and hazardous materials
in producing BC, which is excellent and suitable for safe environments such as medical and
cosmetic applications. Moreover, the static surface culture fermentation also requires a low
cost operation and is easy to perform.
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ABSTRACT

In this paper, an implicit 2-point Block Backward Differentiation formula (BBDF) method was
considered for solving Delay Differential Equations (DDEs). The method was implemented by using a
constant stepsize via Newton Iteration. This implicit block method was expected to produce two points
simultaneously. The efficiency of the method was compared with the existing classical 1-point Backward
Differentiation Formula (BDF) in terms of execution time and accuracy.

Keywords: Block Backward Differentiation formula, Delay Differential Equations, Interpolations

INTRODUCTION

In the recent years, the Mathematics society is gradually shifting their interest into numerical
treatment of DDEs due to its ability in Mathematical modelling of processes in various
applications as it provides the best, if not the only realistic simulation of the observed
phenomena (Ismail et al., 2002). This is because many physical systems possess the feature of
having a delayed respond in input conditions so that the rate at which processes occur depends
not only on the current state of the systems but also the past states (Ismail 1999).

Some of the known application areas of DDEs include the fields of Engineering, Biology
and Economy, such as in mixing of liquid, population growth, prey-predator population model
and electrodynamics (Driver 1976). The general form of the first order DDE is as follows:

YO =fyyt-1)..y0-1,), tzt (1)
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lags as known to some, and which are always non-negative, can be divided into three different
situations according to the complexity of the phenomenon. The delays may be just constant,
which is referred to as the constant delay case, or the function of 7, where 7, = 7, (f) which is
referred to as the variable or time dependant delay case, or even the function of ¢ and y itself,
where 7, = 7, (l‘, y(l‘)) , which is referred to as the state dependant delay case.

Currently, most of the numerical methods for solving ordinary differential equations
(ODEs) can be adapted to give corresponding techniques in solving DDEs. For example, stiff
DDEs are recognized through the behaviour of ODEs. This is because of the solutions in the
systems of DDEs, which may contain strongly damped components that rapidly approach
equilibrium states (Roth, 1980). In general, the largest source of stiff DDEs is the stiffness in
the ODEs components that are without the delay term. The stiffness of a linear system of ODEs
7' = AP is expressed as ratio (max, |Re ), |/mini |[Re), |) where )\, are cigenvalues of 4.
For this reason, there are actually many numerical methods proposed for solving DDEs. The
range of the methods comprises of one-step methods, as in Euler method and Runge-Kutta
methods, as well as multistep methods and block implicit methods (Ismail, 1999). Among the
proposed methods, the family of Runge-Kutta is the most famous numerical method used to
solve DDEs.

Research has shown various families of Runge-Kutta methods and interpolation techniques
which are used to solve DDEs. Among other, Oberle and Pesch (1981) developed two numerical
methods known as the Runge-Kutta-Fehlberg methods of orders 4 and 7 to solve DDEs.
Hermite interpolation is used to approximate the delay term. Ismail ez al. (2002) solved delay
differential equations by using embedded Singly Diagonally Implicit Runge—Kutta method
and the delay term was obtained by using Hermite interpolation.

While most numerical methods to determine the solution for DDEs are based on the Runge-
Kutta formulas, some opted for Adams and backward differentiation formula (BDF) methods
to solve them. For instance, Bocharov et al. (1996) considered the application of the linear
multistep methods for the numerical solution of initial value problem for stiff delay differential
equations with several constant delays. As for the approximation of delayed variables, Bocharov
et al. (1996) used Nordsieck’s interpolation technique.

BLOCK BACKWARD DIFFERENTIATION FORMULA

The purpose of this paper is to solve stiff DDEs using 2-point block backward differentiation
formula (BBDF) method derived by Ibrahim et al. (2007). The corrector formulas are
formulated as follows:

1 2
yn+1 :_gyn71+2yn_§yn+2+2hf;l+l (3)
2 9 18 6,
yn+2 _Hynfl_ﬁyn_*—ﬁyrﬂrl_*—ﬁ ](n+2 (4)
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The numerical results were then compared to the classical 1-point backward differentiation
formula (BDF). The corrector formula (Lambert, 1993) is given as:

9 18

6
LA L 5
12 T et e ©)

2
_yn72 -

yn+1:ll

In general, most numerical methods for solving differential equations produce only one
new approximation value. However, the implicit block method can produce two new values
simultaneously at each step. Thus, it is logically safe to presume that this particular method
can reduce the timing of the calculation and its computational cost as well.

IMPLEMENTATION OF THE METHOD

Newton iteration is implemented in the method to evaluate the values of y,,,
and y,,, for solving equation [1]. The values for both y,,, and y,., at (i+1)
(i+1)

th iterative are given as )" and »"). According to Ibrahim et al. (2007), the
Newton iteration takes the form of

yn+1 — Y+l ' i (6)
G
and
(0
iy _ o _ F20hy) .
yn+2 — Y42 v (i)
F'2 (yn+2)
Hence,

8fn i i 2 i i
[1 2h dy = ](yiill) _yEzJ)rl> yr(z—i)-l T3 yr(l-i)-Z +2h n(+)1 +< ®
n-+1

6af TR

of . .
where 6% is a Jacobian and G, G, are the back values.

Let
(H—l) G+ (i)
n+1 yn—H o yn-H (10)
(z—|—1) (i+1) (i) (11)

n+2 yn—|—2 yn—l—2
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Then, equations [8] and [9] can be rewritten in the matrix form, as follows:

of, 2
1—2h(=21L) 3 ] |1 —% 0 2 0w 1
= Pritlpn| 6|4 (2
_ﬁ 1_2}1(_8/{"“) Cni2 g -1 Y2 0 ﬁ n+2 S2
11 11 oy,,, 11

In order to solve the above matrix equation, LU decomposition, which is a matrix
decomposition that rewrites the matrix in the upper triangular matrix and lower triangular
matrix was used (William et al., 2007).

Let
1-2h gf"“ 2
. Y1 3 (13)
_g 1 _ éh af;1+2
11 11 (90y,.,
2
=1 —=|. 20 £ c
B= oA 6| 1] (14)
g —1 V2 0 11 Juia] 152
11
e}(1i+l)
E= e(’té) (15)
n+.
A-E=B (16)
Suppose that matrix A is a product of the two matrices,
L-U=4 (17)
where L is the lower triangular and U is the upper triangular. Thus,
(L-U)-E=B. (18)
Let
X=U-E. (19)
Hence,
L-X=B8. (20)
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and then solving,

U-E=X 1)

to get the matrix value of E . Finally, the approximation values of V4| and ), , canbe
obtained. Furthermore, the existence of the delay term is the main difference between ODEs
and DDEs. Thus, in order to get the numerical solutions for DDEs, the delay term needs to be
solved in advance. For a situation where ¢ < ¢, the initial function @ (t) is used to calculate
the delay term, y(a). Otherwise, the delay term is calculated by using Newton Divided
Difference interpolation.

Meanwhile, the formula to calculate the delay term (Richard ez al., 1993) can be written as:

P (x) = z[xo]+Zz[x0,x1,...,xk](x—xo)...(x—xkfl) (22)
k=1
where z[x,]=z(x,).

Equation [22] is known as the Newton’s interpolatory divided-difference formula.
Normally, the delay terms are obtained by interpolation on the values of the chosen support
points. In order to obtain these support points, the delay argument should be close to the centre

of the points. However, if the delay argument under consideration is outside the points, it will
be treated as a special case and it can only be obtained through extrapolation.

PROBLEM TESTED

The followings are some of the tested problems to get the numerical results. All the tested
problems are stiff DDEs. The numerical results are obtained by using C language with constant
stepsize, H.

Problem 1:

¥ (t)==1000y (¢)+ y(t—(In(1000—1))), 0<¢<3,

y(t):e*’, t<0.

Exact solution is y (t) =e .

Problem 2:

¥ (£)=—1000y(£)+997¢y(t—1)+(1000-997¢™),  0<¢<3,

y(t)=1+exp(—3t),t <O0.
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Exact solution is y (t) =1+4exp (—3t).

Problem 3:
v (t)==24y(t)—ePy(t-1), 0<r<3,

y(t) = eHS)t,t <0.

Exact solution is y (t) =e'

NUMERICAL RESULTS AND DISCUSSION

In this section, the numerical results showed the performance of block method in solving the
first order stiff DDEs. All the results were obtained using the Microsoft Visual Studio 2010
software on a personal computer with Intel Core2 Duo CPU. The abbreviations used are stated
in Table 1.

TABLE 1: List of Abbreviations

Notation Description

H Stepsize

IBDF 1-point BDF method
2BBDF 2-point BBDF method
TS total number of steps
MAXE Maximum error
TIME CPU time in seconds

The errors are calculated by using the following formulas:

er}/;l = y ;xact - y ;pproximate (23 )
The maximum error, MAXE, is defined as:
MAXE = max (errt"). (24)

The numerical results are given in Table 2 to Table 4. In the results, the notation 9.75159¢-
004 represents the value 0£9.75159 X 10-*. From the numerical results, it is clear that the total
number of steps in solving 2-point BBDF is half of the steps needed to solve the 1-point BDF.
The execution time for the 2-point BBDF is reduced up to 77% as compared to the 1-point
BDF. Meanwhile, the maximum errors for 2-point BBDF method are better than the 1-point
BDF for all the tested problems.
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TABLE 2: Numerical results for Problem 1!

H METHOD TS MAXE TIME(seconds)
10-2 IBDF 300 9.75159¢-004 0.00836748
2BBDF 150 3.80236¢-004 0.00190863
10'3 I1BDF 3000 3.22629¢-007 0.01103256
2BBDF 1500 2.61239¢-007 0.00451134
10-4 IBDF 30000 1.45149¢-008 0.03742193
2BBDF 15000 1.33568e-008 0.03079985
10-5 1BDF 300000 1.73433e-010 0.29473164
2BBDF 150000 1.57914e-010 0.27820763

IThe time of the execution of the 2-point BBDF for Problem 1 is about 77%, 59%, 17%, and 5% faster for the step-sizes of
102, 10°, 10+, and 10, respectively. The smaller step-size obtained a small difference in the execution time. This is due
to the total calculation of LU decomposition that requires matrix in 2BBDF.

TABLE 3: Numerical results for Problem 22

H METHOD TS MAXE TIME(seconds)
10-2 I1BDF 300 8.73499¢-003 0.00843524
2BBDF 150 3.40594e-003 0.00295110
10-3 1BDF 3000 2.88750e-006 0.01167929
2BBDF 1500 2.33921e-006 0.00715678
10-4 1BDF 30000 1.30592e-007 0.04287257
2BBDF 15000 1.20176e-007 0.03564649
10'5 1BDF 300000 1.56085¢e-009 0.32652507
2BBDF 150000 1.42118e-009 0.30610835

The time of the execution of the 2 point BBDF for Problem 2 is about 65%, 38%, 16%, and 6% faster for the respective
step-sizes of 102, 107, 10, and 10°

TABLE 4: Numerical results for Problem 33

H METHOD TS MAXE TIME(seconds)
10'2 IBDF 300 4.63438¢-002 0.00857305
2BBDF 150 4.41121e-002 0.00296303
10-3 IBDF 2000 1.00359¢-003 0.01145794
2BBDF 1500 9.28409¢-004 0.00553071
10-4 1BDF 20000 1.10170e-005 0.03680099
2BBDF 15000 9.97473e-006 0.02976354
10-5 IBDF 200000 1.11197¢-007 0.26814825
2BBDF 150000 1.00464¢-007 0.26649446

3The time of the execution of the 2-point BBDF for Problem 3 is about 65%, 51%, 19%, and 1% faster for the stepsizes

of 102,107, 10, and 10, respectively
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CONCLUSION

In this paper, it was observed that the 2-point BBDF achieved better results in terms of the
accuracy of the method as well as the execution time. Therefore, it can be concluded that the
2-point BBDF is suitable for solving stiff DDEs.
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ABSTRACT

Titanium alloy (e.g. Ti-6Al-4V) has an excellent combination of properties. However in many cases,
the application is limited because of the poor wear property. In this work, a surface modification
(plasma nitriding) is carried out to improve the surface properties of Ti-6Al-4V, as a treatment prior to a
hardcoating deposition, leading to a duplex coating system. This is an effort to improve the surface and
near surface property of Ti-6Al-4V. Plasma nitriding is performed utilizing microwave plasma method
in 25% Ar- 75% N, atmosphere at temperatures of 600°C and 700°C for different processing times (1,
3 and 5 hours). The phase and microstructure of plasma nitrided substrate were characterized by using
X-ray diffraction (XRD) and Scanning electron microscopy (SEM). The plasma nitrided Ti-6A1-4V
properties (surface roughness, surface hardness and case depth) were determined using profilometer
and microhardness, respectively. Results obtained showed a significant increase on the surface hardness
of Ti-6Al1-4V. This is due to the formation of TiN and Ti,N phases in the form of compound layer.
Besides, it shows that the diffusion of nitrogen into the Ti-6Al-4V substrate produces case depth up to
130 pwm and this contributes to the improvement of the near surface hardness due to the changes in the
microstructures. It was also found that the surface hardness and surface roughness increased with the

increases in the process temperature and times.
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Titanium and its alloys have received
extensive interest due to their excellent
combination of properties, such as excellent
corrosion resistance, high strength to weight
ratio, high strength at elevated temperatures,
low modulus elasticity and biological
compatibility. Besides, titanium and its alloys
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are widely used for a range of applications in the aerospace, automotive, marine, chemical
and biomedical industries.

The most common titanium alloy used is Ti-6Al-4V. The reasons for the success of this
particular type of alloy are its beneficial properties (e.g. high strength to weight ratio and
corrosion resistance), making it remarkable for technical application varying from construction
materials to medical implant materials. However, Ti-6Al-4V is found to be inconsiderably
utilized in mechanical engineering applications, as in sliding systems (Ma et al., 2004). This is
because of its poor tribological properties such as poor abrasive wear resistance, poor fretting
behaviour and high coefficient of friction (Zhecheva et al., 2005). When the untreated titanium
alloy surface is in rubbing contact with another material, even though being lubricated, there
is a strong tendency for galling to take place leading to severe wear (Bell 1993).

Therefore, surface modifications become a fundamental requirement when Ti-6A1-4V is
subjected to wear problem. Some examples of surface modifications of Ti-6Al-4V that are
usually carried out are the deposition of hardcoating by chemical vapour deposition (CVD) or
physical vapour deposition (PVD) techniques and thermochemical treatment such as diffusion
techniques. However, the restriction on common use of hardcoating on Ti-6Al-4V substrate
is the load carrying the capacity of the coating-substrate system with correlated to the soft
substrate beneath the coating (Ma et al., 2004). As a consequence, delamination and premature
failure of the hardcoating on the surface of Ti-6Al-4V components under wear conditions have
been observed (Yetim et al., 2008). In order to prevent the failure, a surface modification (e.g.
thermochemical treatment) is required intended as a pre-treatment to Ti-6Al-4V substrate before
the hardcoating deposition with reference to the duplex coating concept.

Thus, the thermochemical treatment involving diffusion of the substrate material with
different elements is an option for improvement in Ti-6Al-4V surface and near surface
property. Diffusion treatment like plasma nitriding can increase the wear resistance, decrease
the coefficient of friction and certainly harden the surface of materials (Yetim et al., 2009).
The high reactivity of titanium with respect to nitrogen, oxygen and carbon is an advantage to
produce high hardness of surface layer, making the diffusion treatment particularly interesting
to improve the wear property of Ti-6Al-4V. Processes such as oxidation, carburizing and
nitriding are among popular thermochemical treatments used to improve the surface properties
of titanium alloy, especially Ti-6Al-4V (Holmberg & Matthews, 2009).

In conducting thermochemical treatment on the substrate, the utilization of plasma
advantageously reduces the duration of process. This is due to the diffusion of high energy
ions and intensification of the elements (nitrogen, oxygen, carbon) transportation from the
surface to the substrate core. Besides, the process parameters such as temperature and time
are available for the modification to improve the surface properties such as phase composition,
microstructure and surface morphology (Zhecheva et al., 2005).

A common method used for thermochemical process of Ti-6Al-4V is plasma nitriding.
The nitrogen used has high solubility in a-Ti phase, and it therefore strengthens the surface
layer significantly. Modification on the surface layer of plasma nitride Ti-6Al-4V consists of
a compound layer on top of the surface with TiN and Ti,N phases. The presence of TiN and
Ti,N phases has significant effect on the surface hardness of Ti-6Al-4V (Yildiz et al., 2008;
Lakshmi, 2002). Underneath the compound layer is the diffusion layer which consists of an
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interstitial solution of nitrogen in the a-Ti phase (Yildiz ef al., 2008). The diffusion layer is
also known to improve the hardness properties of Ti-6Al-4V with the formation of case depth
profile (Yildiz et al., 2008).

Various methods have been used by other researchers to ensure the success of the plasma
nitriding process including Direct Current (DC) and Radio Frequency (RF) methods. DC plasma
nitriding method is the most widely used. In this method, plasma is created by an electrical
discharge between the two electrodes. According to Yildiz ef al. (2008), the DC technique
formed dense TiN phase as process temperature and time were increased, while the Ti,N phase
disappeared when the process temperature and time were increased. Besides, Yilbas et al.,
(1996) utilised the DC plasma nitriding method and also found that the diffusion of nitrogen
increased with the increase in the surface temperature.

Another method used by researchers for the plasma nitriding process is RF plasma nitriding
method. In this method, plasma is produced when the electrons absorb power from the RF field,
and then transmit it through collisions of electrons with the gaseous atoms. The installation
of RF is per the industrial band standard (13.56 MHz) in order to avoid interference with
communication network (Chattopadhyay, 2004). The RF plasma nitriding also produces TiN
and Ti,N phases with significant improvement on the surface hardness of Ti-6Al-4V. These also
lead to the improvements of wear resistance (Fouquet ez al., 2004; El-Hossary et al., 2006).

Another method that can generate plasma for the nitriding process is microwave plasma
nitriding method. The advantages of this method are due to its efficiency in generating
the plasma and it is also readily available at low cost of 2.45 GHz microwave generators
(Chattopadhyay, 2004). Besides, it requires low pressure as compared to the DC and RF
methods. In addition, it applies magnetic field to encourage the formation of plasma. This
study aimed to understand the effects of process parameters (e.g. temperature and time) on the
microstructure and mechanical properties of microwave plasma nitride Ti-6Al-4V substrate.

EXPERIMENTAL

The samples used for this study is Ti-6Al-4V, with the following chemical compositions
(wt %): Al (6), V (4) and Ti (balance). The samples were cut from a long rod, with 10mm x
25mm (thickness x diameter) and mechanically polished for surface roughness, Ra<0.5. After
polishing, the sample was cleaned using ultrasonic cleaning in ethanol bath for 15 minutes
and then dried using hot air dryer.

The sample was put inside the chamber and evacuated by a rotary pump until the pressure
reached 102 mTorr (Fig.1), and subsequently cleaned by hydrogen plasma with an overall
pressure of 15 mTorr for 5 minutes. The samples were then heated to the required temperature
(600°C, 700°C) and nitrogen along with argon gas was introduced into the microwave source
(1kW, 2.45GHz) to produce plasma. The operating pressure in the chamber was fixed at 30
mTorr, and the flow rates of the N, and Ar gas mixtures were set at 25% (Ar): 75% (N,). The
nitriding temperatures were monitored and performed for 1hr, 3hr and 5 hr.

X-ray diffraction (XRD) for phase identification was carried out with X’Pert PRO system
with monochromatic Cu Ko radiation in 4 - 26 geometry. All the XRD patterns were obtained
with scan steps of 0.01°and a counting time of 40s. The surface roughness of the samples was
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Fig.1: A schematic diagram of the Microwave plasma reactor

measured using Mitutoyo SJ 301 surface profilometer with SR10 tip type. Cross sectional
metallographic examination was carried out using a scanning electron microscope (Zeiss).
Prior to that, the cross sectioned area was ground and polished to produce mirror-like finish
surface and the surface was etched using Kroll’s reagent to reveal the microstructures. For the
purpose of mechanical property study, Mitutoyo microhardness tester with Vickers indenter was
employed with 100g load to measure the surface hardness and 25g for the case depth profile
for the cross sectioned samples. The choice of load was based on the measurable indentation
size produced during the experimental work. The lower load used for the case depth profiling
was to avoid overlapping of indentation.

RESULTS

As received

The XRD patterns of as received Ti-6Al-4V revealed that the sample consisted of a-Ti (ICDD:
00-001-1198) and B-Ti (ICDD: 00-044-1288), as shown in Fig.2 and the SEM cross-sectioned
micrograph is shown in Fig.3. It is shows that the microstructures consist of equiaxed a phases
and fine acicular shape for the  transform phases. As for the surface roughness, the average Ra
value obtained was 0.23 £+ 0.03 um and the surface hardness value was 349.04 £4.77 HV .

The Effects of Process Temperature and Time

Phase Composition

The XRD pattern of plasma nitride surface of the substrate revealed the formation of TiN
phases with cubic structures (ICDD: 01-087-0633) and Ti,N phases with tetragonal structure
(ICDD: 01-0076-0198) (Fig.4). In addition, the diffraction peaks show that the TiN phases
has a dominant (highest intensity) at [111] plane, while Ti,N phases have a dominant at [111]
plane. It was also observed that the diffraction pattern at both process temperatures (600°C and
700°C), the a-Ti of [100], [002] and [101] peaks were shifted to lower 20 side. Whereas, the 3-Ti
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Fig.3: The SEM micrograph of the cross-sectioned of as-received Ti-6A1-4V substrate

peak (Observed in the as received Ti-6Al-4V) was not detected in the plasma nitrided samples.

In general, as the temperature increased, changes on the peak intensities of TiN [111]
and [200] and Ti,N [210] peaks were observed. The intensity of TiN [111] peak of the sample
600°C 3 hours was double the intensity of a-Ti [002], but for the 700°C 3 hours sample, the
intensity was almost the same. The intensity of TiN [200] was almost the same with that of
Ti,N [210] peak for 600°C 5 hours sample, but for the 700°C 5 hours sample, the intensity
of TiN [200] was more than 2 times higher than Ti,N [210]. However, these changes did not
affect conclusion made on the type of phase present in the samples. While the intensity of Ti,N
[111] peak showed increases with the decrease of the process temperature. This is evident in
the samples nitrided for 5 hours at 600°C and 700°C. In contrast, as the process time increased,
the intensities of TiN [111] and [200] and Ti,N [210] peaks showed irregular changes in the
intensities. Meanwhile, the Ti,N [111] peak intensities increased as the process time increased.
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Fig.4: The XRD pattern of microwave plasma nitrided at various process temperatures and times

Microstructures

The SEM micrographs on the cross-sectioned plasma nitride samples revealed that the variation
in the microstructure is visible at the depth of 120 pm (Fig.5). Throughout this depth, 3 distinct
regions with different microstructures were observed. As the process temperature and time
increased, the outermost layer was apparently observed. Underneath this continuous outermost
layer, a distinct layer with lamellar and acicular structures was found to exist. These lamellar
and acicular structures grew bigger with the increase of process temperature. Besides, the
distinct layer was observed broadening with the increase of process time.
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Surface Roughness

The surface roughness, Ra of the as received and microwave plasma nitrided Ti-6Al-4V alloy
at various temperatures and time is shown in Fig 6. It shows that the plasma nitriding process
increased the Ra value of the nitrided samples as compared to the as received alloy. In general,
the Ra value increased as of the process temperature and time increased. However, the increase
of Ra value was less obvious for the samples nitrided at 700°C for 3 hours and 5 hours.

Surface Hardness

The surface hardness of plasma nitrided Ti-6Al-4V samples was found to be higher as compared
to the as received sample (Fig.7). This means that the surface hardness for the plasma nitrided
samples increased as the process temperature and time increased. The highest value was
observed for the sample nitrided at 700°C for 5 hours and the lowest value was observed at

0.8 7 5600 °C

0,7 a700°C

Surface Roughness (Ra)

1hr 3hr Shr Agreceived
Hour

Fig.6: The surface roughness of the as received and microwave plasma nitrided Ti-6A14V at various
temperatures and times.
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Fig.7: The surface hardness results of the as received and microwave plasma nitrided Ti-6Al-4V at
various temperatures and times
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the sample nitrided at 600°C for 1 hour. It should be noted that major increment on the surface
hardness is due to the increase of temperature. This is evident for the sample nitrided for 1 hour
at 600°C and 700°C, whereby the surface hardness of the sample was 911.97 = 9.45 HV,, at
600°C and 1034.32 +£7.98 HV,, at 700°C, respectively. In contrast, less significant increment
of the surface hardness was observed for the sample nitrided at the same temperature, namely,
the sample nitrided at 700°C for 3 hours the surface hardness was 1105.79 + 9.84 HV,,, and
with 5 hours, the surface hardness was 1194.5 + 11.8 HV,,.

Case Depth Profile

Fig.8 shows the case depth profile of the microwave plasma nitrided samples in varying process
temperatures and times. The hardness of as received Ti-6Al-5V is 350 + 4.26 HV 5. Thus,
it is considered as the hardness limit (core hardness). It was found that the highest hardness
obtained was at the near surface area region. The hardness gradually decreased with the depth
of the sample and finally reached the hardness limit (core hardness). This represents the case
depth profile for each sample. It was also observed that the case depth profile increased with the
increases of process temperatures and times. In particular, the highest case depth was obtained
(130pm) in the sample nitrided at 700°C 5 hours.
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Fig.8: The case depth profile of microwave plasma nitrided Ti-6Al-4V at various of process

temperatures and times
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DISCUSSION

During microwave plasma nitriding, process parameter (temperature and time) plays a
significant role on the microstructures and mechanical properties of the plasma nitrided Ti-6Al-
4V substrate. The new phases, such as TiN and Ti,N, were observed at 600°C for 1 hour. This
parameter (600°C 1 hour) was lower processing parameter compared to other study (utilizing
RF plasma) where a moderate parameter, 700°C 4 hours was required to form the TiN phase
(Fouquet et al., 2004). This finding is in agreement with suggestion made by Yildiz et al.
(2008), whereby it was mentioned that the Ti,N phase is formed at the temperature < 700°C.
However, there is an increase in the Ti,N peak intensities with the process time increases, and
this is in contrast with the result by Yildiz ez al. (2008) which indicated that the intensity of
Ti,N decreased as the process time increased using the DC plasma method.

The determination of TiN and Ti,N phases indicates that the compound layer is formed on
the plasma nitrided Ti-6Al-4V surface at the process parameter of 600°C 1 hour. The formation
of this particular compound layer during nitriding of titanium is as per in the schematic
presentations of the kinetics of formation and the growth of surface layers during nitriding
of titanium suggested by Zhecheva et al. (2005) (see Fig.9). This is also supported with the
SEM micrograph cross section of the samples (Fig.5), where the existence of compound layer
was observed on the outermost layer. The compound layer thickness increased as the process
temperature and time increased.

The XRD pattern of the nitrided samples at 600°C and 700°C shows that the TiN phase
has a dominant peak at [111] and [200] planes. This is in agreement with the findings by Yildiz
et al. (2008) and Fouquet et al. (2004). Besides, Ti,N phase has dominant planes at [111] and
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Fig.9: A schematic presentation of the kinetics of formation and growth of surface layers during
nitriding of titanium (Zhecheva et al., 2005)
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[210], but these findings contradict with the results obtained by Raaif et al. (2007) and Fouquet
et al. (2004), where the Ti,N dominant planes at [210] and [111]. This variation seems to be
due to the different types of nitriding gases used, such as Raaif ez al. (2007) who utilized pure
nitrogen plasma and Fouquet ef al. (2004) who utilized hydrogen. It was also observed that the
Ti,N phase is highly oriented and depending on the composition of gas (Raveh et al., 1989).
Besides, the diffraction pattern of a-Ti phases with [100], [002] and [101] planes shifted to
lower 0 side and the peaks were broadened as the process time increased. This is due to the
enlargement of a-Ti cell caused by the nitrogen atoms, where the compressive residual stresses
occur (Yildiz et al., 2008). This also explains the undetected B-Ti peak as suggested by Yildiz
et al. (2008).

In term of surface roughness, it was observed that it increased with the increases of the
process temperature and time. This is consistent with findings by Yildiz ez al. (2008) using the
DC method and Fouquet et al. (2004) who used the RF method. The increase of the surface
roughness of plasma nitrided Ti-6Al-4V alloy was probably due to the cones formed by the
effect of ions bombardment during the nitriding process (Yildiz et al., 2008). This increment
might also be caused by the enlargement of the a-Ti structures, as shown in the SEM micrograph
of cross-sectioned microwave plasma nitrided samples (Fig.5). The a-Ti structures were
observed to have enlarged during the plasma nitiriding process and grown as the process
temperature increased. Consequently, this contributed to the roughness of the outer layer. In
addition, it was also observed that when the process time increased, the growth a-Ti structure
was more prominent leading to the agglomeration of the TiN grain forming a compound layer.
As aresult, a less significant increase in the surface roughness was observed. For example, at
700°C for 3 hours, Ra is 0.508 + 0.063, while for 5 hours Ra is 0.515 £+ 0.035.

The improvement of microwave plasma nitrided surface hardness samples is suggested
by the existence of Ti,N and TiN phases in the form of compound layer, the finding which has
also been observed by El-Hossary et al. (2006). Besides, the increase in the surface hardness
is also parallel with the increase of Ti,N and TiN peak intensities. It was observed that the
highest surface hardness of 1194.5 £ 11.81 HV,, was obtained in this study when the microwave
plasma method at 700°C for 5 hours was used. As a comparison, another study conducted by
El-Hossary et al. (2006) utilizing the RF plasma method produced the hardness of nearly 600
HV, at 725°C. Meanwhile, Yildiz et al. (2008) utilized the DC plasma method to produce a
hardness of 1180 HV,; at 700°C for 4 hours. Thus, it can be seen that the microwave plasma
method is able to produce a high surface hardness of plasma nitrided Ti-6Al-4V at a comparable
of process parameter. Also, it was observed that the increase in the surface hardness is in
conjunction with the increase of the compound layer thickness. This is evident when looking
at the SEM micrographs of the cross-sectioned samples (Fig.5) where the thickest compound
layer observed for the sample nitrided at 700°C for 5 hour yielded the highest surface hardness
of 1194.5 £ 11.81 HV,,.

Generally, the case depth hardness is high at near surface area (<700HV g ,5) and gradually
decreases until it reaches the core hardness; more than 550HV, s at the diffusion zone
beneath the compound layer and 350 + 4.26 HV, s at the core hardness. This is explained
by the diffusion of nitrogen into the Ti-6Al-4V surface to form solid solution or precipitation
hardening which results in the increase of the diffusion layer strength (Zhecheva et al., 2005).
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In addition, the case depth profile is in agreement with the cross-sectioned plasma nitrided
samples observed in the SEM micrograph (Fig.5). To make a comparison with the other
method, Yildiz et al. (2008) who had utilized DC reported the case depth of 50 um for the
sample nitrided at 700°C for 1 hour. In this study, the case depth was found to be 100 pm for
the sample nitrided at 700°C for 1 hour.

CONCLUSION

In the current work, the plasma nitriding process of Ti-6Al-4V alloy was conducted utilizing
the microwave plasma technique. The following conclusions are made based on the findings
of this study:

1. The TiN and Ti,N phases in the form of compound layer were observed for the sample
nitrided at the temperature as low as 600°C for 1 hour. The thickness of this compound
layer increased with the increases in the nitriding temperature and time.

2. The surface hardness increased with process temperature and time and is related to the
formation of the compound layer.

3. The diffusion of nitrogen into the Ti-6Al-4V substrate produced a case depth up to 130
um. This contributes to the improvement of hardness value of near surface area and causes
changes in the microstructure.

4. The surface roughness of the plasma nitrided Ti-6Al1-4V samples increases with the
increases in process temperature and time.
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ABSTRACT

The motion resistances of 660 mm pneumatic and rigid bicycle wheels of the same rim diameter were
measured experimentally using the developed tractor-towed single non-lug narrow wheel motion
resistance test rig for traction studies. The motion resistances measured were taken to be the towing forces
determined in real time using Mecmesin Basic Force Gauge (BFG 2500). The test variables included two
test surfaces [tilled and wet (mud) surfaces], the dynamic load and the towing velocity. The tyre inflation
pressure of 414 kPa was chosen to make the surface synonymous with that of the rigid wheel. Motion
resistance ratios of the two wheels were determined empirically and through semi-empirical approach. The
motion resistances of the rigid wheel were found to be greater than those of the pneumatic wheel for both
surfaces. Consequently, the motion resistance ratios of the rigid wheel were greater than those obtained
from the pneumatic wheel. Analysis of variance showed that there were significant differences between
the means of the motion resistance measured on the test surfaces, as well as between the two wheels
and their interactions with the test surfaces. The motion resistance ratio exhibited a linear relationship
with the towing velocity, while the relationship with the dynamic load was quadratic. However, such a
relationship is either direct or inverse with the respective variables. The motion resistance ratio models
for the pneumatic and rigid wheels showed that on different test conditions of the dynamic loads and
the towing velocities, the relationships between the motion resistance ratio and the dynamic load, and
motion resistance with dynamic load were also different.
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2003, R2009; Arregoces, 1985; Elwaleed, 1999). The other pertinent measures of the tractive
performance are net traction ratio, gross traction ratio and tractive efficiency (Elwaleed, 1999;
Gheissari & Loghavi, 2010). Plackett (1985) presented the work of Bernstein (1913) and stated
the relationship between tyre inflation pressure (p) and sinkage level (z) in the process of rut
formation and with soil factor (n-an exponent of soil deformation) and the coefficient or the
modulus of soil deformability (k), as stated in Equation 1. This relationship forms the basis of
most research in mobility studies.

p=kz" [1]

Single wheel testers have been developed for both indoor and field mobility tests by a
number of researchers, and each researcher has defined performance measure (Yahya et al.,
2007; Pope, 1971; Gotteland & Benoit, 2006; Kawase, Nakashima, & Oida, 2006; Gheissari &
Loghavi, 2010). All these devices measure at least the input parameter torque 7, and rotational
speed , as well as the output parameters, pulling force F, and the driven velocity v of the
wheel (Schreiber & Kutzbach, 2007).

Mathematical models were derived for predicting the mobility number, wheel numeric
for cohesive soil and for sandy soils, motion resistance ratios, net traction ratio, and tractive
efficiencies, with respect to a particular tyre and test surface or terrain. Table 1 summarises
some of the existing models and the respective researchers. However, a singular model cannot
be used to represent all types of agricultural tyres and test surfaces because of the variation in
the tyre design parameters and the soil and the system parameters.

TABLE 1: Existing wheel numeric, mobility number, and motion resistance ratio models

S/N  Measurement Parameters Models Source
1 Mobility Number, M Cibd 6§ * 1 Turnage (1972)
Ne = ([ ]
woh 1+ i
2d
2 Wheel Numeric /Refined CIbd Wismer and Luth
Mobility No (rigid wheel), Cn= W (1974)
Cn
3 Brixius Mobility Number, 5 Brixius (1987)
Bn civd 13,
Bn = 7[ b ]
1+3—
d
4 Motion Resistance Ratio 1 0.5 Brixius (1987)
M, =0.04+—+——
B, B,
5 Coefficient of Rolling 0.287 Gee-Clough et al.
Resistance Crr=0.04+ 7 (1978)
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Researchers are interested in reducing motion resistance force so as to generate higher
drawbar pull from the traction device of any agricultural vehicle (Plackett, 1985). The
relationship between drawbar pull (P), net traction (/) and motion resistance (R) is stated in
Equation 2 (Macmillan, 2002).

P=H—-R (2]

Motion resistance ratio is preferred to motion resistance in the tractive performance of
agricultural wheel or off-road traction and transport devices (Arregoces, 1985; Code, 2003,
R2009) , and it is defined mathematically as the ratio of the motion resistance to the dynamic
load acting on the wheel (see Equation 3). This relationship is found applicable in the empirical
determination of the motion resistance ratio. With the measured motion resistance and the
dynamic load on the wheel, the motion resistance ratio can be calculated using Equation 3,
as follows:

MRR (1)= % 3]

where MR is the motion resistance force suffered by the wheel and W is the normal load on
the wheel. Saarilahti (2003) classified motion resistance ratios into good, fair and poor, as

shown in Table 2.

TABLE 2: Mobility classes based on motion resistance ratio

Mobility and Trafficability Class Motion Resistance Ratio

Good <0.20
Fair 0.20 to 0.30
Poor >0.30

(Source: Saarilahti, 2003)

The semi-empirical or the analytical prediction of motion resistance ratios involves the
measurements of tyre design parameters such as tyre overall wheel diameter (d), tyre deflection
(9), tyre sectional width (b), and tyre sectional height (h). Dynamic load (W) is also measured
as the system parameter and the main soil parameter is the soil resistance to penetration (cone
index) (Wismer & Luth, 1974; Wong, 1984; Pandey & Tiwari, 2006). All these parameters
are substituted into the existing models so as to get mobility numbers or wheel numeric. This
mobility number or wheel numeric is further substituted into the existing motion resistance
ratio models.

Elwaleed (1999) developed motion resistance ratio, net traction ratio, and tractive
efficiency for upland rice tyre. He found that the same model could not be used to generalise
the tractive performance characteristics of all tyres. Other researchers also investigated the
tractive performance of different agricultural tyre types. Each of these motion resistance
models developed by Wismer and Luth (1974), and Brixius (1987), was derived for typical
agricultural tyres.
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Pneumatic wheel (tyre) is a structural vessel which holds a volume of air under pressure
in order to support the vertical load imposed by a vehicle (Plackett, 1985). Unlike pneumatic
wheels, rigid wheels do not have rubberised carcass materials and do not work under air
pressure. Earlier research conducted has shown that the rigid wheels behave similarly to
pneumatic wheels at high inflation pressures (Wang & Reece, 1984).

The use of narrow bicycle wheels as traction members in the development of simple
agricultural machines for low income farmers and rural dwellers is paramount. The motion
resistance ratios predictions for the bicycle wheel will be useful in the design of such simple
machines to boost their agricultural productivity. The objectives of this study were to compare
the motion resistance and motion resistance ratios of both the pneumatic and rigid bicycle
wheels on deformable surfaces using empirical and semi-empirical approaches. In addition,
models for predicting the motion resistance ratios of towed pneumatic and rigid bicycle wheels
on both the tilled and wet surfaces using the two methods were also derived. The effect of the
towing velocity was also modelled on both wheels and test surfaces.

MATERIALS AND METHOD

The empirical and analytical prediction methods were used to obtain the motion resistance ratio
data used for model development. The motion resistance ratios obtained from the experimental
measurements of the towing force and the dynamic load were compared with those obtained
from the analytical prediction. The coefficients of variation obtained between the two sets of
data were used as multiplying factors to the Brixius’s (1987) motion resistance ration model
to obtain a model for the pneumatic and rigid bicycle wheels.

Tilled and wet surfaces were considered for this study and the models were developed with
respect to the two test surfaces. The soil physico-mechanical properties of the test surfaces are
presented in Table 3 according to ASTM (2005).

TABLE 3: Some soil physico-mechanical properties of the tilled and wet Surfaces

Soil Properties Values (Range of values) in Designated Unit
Soil Textural Classification Sandy-clay-loam (60% sand, 32% clay, 8% silt).
Soil Bulk Density 1.48 kg/m® — 1.72 kg/m? (mean = 1.55 kg/m? db)
Liquid Limit 28.06% db

Plastic Limit 11.14% - 24.26% db (mean = 17.09%db)

Soil Moisture Contents range 10.75% - 15.63% wb (Tilled Surface)

35.7% - 45% wb (Wet Surface)
Cone Index (CI) range of the Tilled Surface =~ 0.6 MPa -1.8 MPa (mean CI = 1.15 Mpa)
Cone Index (CI) range of the Wet Surface 0.7 MPa — 1.4MPa (mean CI = 1.15 MPa)

Soil Strength Tilled Surface: 63.5 kPa-65 kPa (mean= 64.42 kPa)
Wet — surface: 20 kPa-30 kPa (mean = 24.75kPa)
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The Empirical Method

Fig.1 shows a complete test rig developed for motion resistance measurement as a subset of
the traction studies on non-lug narrow wheel. The data acquisition system part of the test rig
comprising of the Mecmesin Basic Force Gauge 2500 (BFG 2500) RS interfaced with the
notebook PC is capable for real time data acquisition of the towing force (motion resistance).

The Test Variables

The test variables considered for this study were the test wheels (pneumatic and the rigid
wheels), four levels of dynamic loads (98.1 N, 196.2 N, 392.4 N and 588.6 N), by taking into
consideration the average weight of human being of 60kg (588.6 N) and the load bearing
capacity of the selected tyre. Two test surfaces (tilled and the wet surfaces), and the three
levels of towing velocities (4.44 km/h, 6.3 km/h and 8.28 km/h) were selected to investigate
the effect of towing velocity on the motion resistance ratio, as shown in the subsequent section.

The Effect of Towing Velocity

Three levels of towing velocities of 4.44 km/h, 6.3 km/h and 8.28 km/h were selected. This is
as a result of different agricultural operations requiring different operating velocities (speeds).
The motion resistances and soil cone indices were taken with regard to the empirical and
semi-empirical approaches for the determinations of the motion resistance ratios. The process
was repeated three times and the average data were taken and recorded for each level of
towing velocities for both the pneumatic and the rigid wheel. The tyre inflation pressure of

3
I

1-Test wheel, 2-Load her, 3-0ad, 4- The , 5-Three-Point
Hitch Frame, 6-connecting cable and 7- Notebook PC

Fig.1: The complete Test Rig attached to the Towing Tractor
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the pneumatic wheel was kept at a constant inflation pressure of 414 kPa, as this pressure was
assumed to be equal to the tyre surface of the rigid wheel. Meanwhile, the inflation pressure
of the tyre was continuously checked to ensure that it was constant throughout the study.

Rigid Wheel Description

The tyre and tube of the 660 mm diameter steel rim pneumatic wheel were removed. A length
of 2075 mm of galvanised sheet plate (1.5 mm in thickness and 50 mm in width) was welded
round the circumference of the rim. The 50 mm width tyre having the same thread pattern as
the pneumatic wheel with equal length as the sheet metal plate was cut and glued onto the
sheet metal covering the rim. For rigidity, the two materials were also joined at the edge by a
number of bolts and nuts at an interval of 100 mm round the wheel. Fig.2 shows a schematic
diagram of the rigid wheel.

Test Surface Preparation

The preparation for data acquisition on the different test surfaces was different. The tests were
conducted in one direction only, with the aim to maintain the same test surface condition
(slope) for all the tests.

The undisturbed soil of 45 m x 20 m, located at Taman Pertanian Universiti (TPU-
University Agricultural Park), was first ploughed and after 48 hours, the rotavator was used to
break the large clods into smaller soil clods which were similar to soil bed preparation ready
for planting operation. The tests conducted afterwards used the soil moisture probe that was
attached to the Eijkelkamp (Netherlands) soil penetrologger series (series 06.15.SA) for in
situ moisture content measurement. The average soil moisture content was then calculated
and the range is as stated in Table 3. The field was re-prepared by using a rotavator to make

Fig.2: The Constructed Rigid Bicycle Wheel
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the soil surface even and loose to ensure uniform test conditions. The distance of tractor travel
during the test from the starting to the end point was set at 35 m for all the tests conducted on
the tilled surface.

A bottom-opened box of a size of 20 m x 0.6 m x 0.2 m was installed in the same tilled field.
The dimensions of the box, especially the width and the height, were chosen with reference to
the test tractor chassis (wheel base and the height). For the tests conducted on the wet surface,
the test distance was set at 20m, which is the length of the box. Prior to the test and in between
the test, the box was flooded with water and mixed with the soil so as to get the desired wet
surface condition. The average soil moisture contents recorded on the wet surface during the
test are as stated in Table 3.

Procedure for Data Acquisition

The tractor towing the test rig was prepared to be in a very good condition for the test. The
test rig was assembled (i.e. the test wheel was fixed to the test rig). The first level of an added
dynamic load (dead weight) of 98.1 N (10kg) was screwed to the load hanger and the tyre
inflation pressure of 414 kPa was maintained. The data acquisition system was put on to
facilitate real-time data transfer to the Dataplot software installed on the notebook PC for
data acquisition. The test distance (between the starting and ending points) was marked. The
tractor was allowed to attain a steady velocity of 4.44 km/h for all the tests, except for the
tests conducted to investigate the effects of towing velocities before the starting point, while
the start icon on the Dataplot environment was also initiated. The real-time data acquisition
to measure the towing force (N) against the time taken (seconds) in the form of Force —Time
graph was taken progressively until the end point, i.e. when the stop icon was also clicked to
stop the data transfer and the plot. The minimum, maximum and the average towing forces
(motion resistance) were obtained from the dataplot. Each of the treatments was replicated three
times and the average of at least 95% was taken of the measured data around the mean (p +29).

The Analytical Prediction Method (Semi-empirical Approach)

The mobility number models derived by Brixius (1987) were used for the prediction of the
motion resistance ratio, which was also derived by Brixius (1987). Equations 4 and 5 present
the Brixius (1987) models for mobility number and motion resistance ratio respectively.
However, Equation 5 had been modified (as presented in Equation 6) as the slip component of
that equation is zero (0) for the towed wheels (Gee-Clough et al., 1978; Naderi et al., 2008).

5
1+5°
Clbd
Bn=— ] [4]
1+32
1 0.5
M, =004+ —+— 5
RR 5T [5]
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My, =0.04+ Bi [6]

Equations 5 and 6 are dependent upon Equation 4; therefore, the mobility number was
determined from Equation 4, and the value substituted into Equation 6 to determine the motion
resistance ratio.

Procedure for Data Acquisition for the Semi-empirical Approach Method

These soil resistances to penetration were measured on the surfaces (path) where the motion
resistances were already measured experimentally using the cone penetrologger. Three readings
were taken as applicable to the empirical method and the average values were processed for
the prediction of the mobility number and the motion resistance ratio.

The procedure for the empirical measurement of the motion resistance on the wet surface
was similar to that of the tilled surface. The cone indices were also measured in a similar way
to those obtained for the tilled surface. However, the surface of the test wheel, which was in
contact with the test surface, was cleaned after every test to ensure similar tyre surface. The test
surface was regularly reconditioned to the original state by closing the rut formed during the
test and disturbing the test surface and making the surface moist to give uniform test condition.

The sectional width and the sectional height at 414 kPa tyre inflation pressure were
measured using the Mitutoyo (UK) vernier calliper (series 573) with an accuracy of 0.01cm.
The loaded and unloaded radii during the field tests were also measured using the meter rule.
The difference is a measure of the tyre deflection, according to Equation 7.

§=U,—L, (7]

Uy is the unloaded radius, while L, is the loaded radius, and ¢ is the tyre deflection. The rigid
wheel has a zero deflection.

RESULTS AND DISCUSSION

From the initial analysis of the experimental data, the analysis of variance showed that at
20kg (196.2 N) added dynamic load, there were significant differences between the mean of
the motion resistances measured at 414 kPa inflation pressure and at all levels of the dynamic
loads. On this basis, the overall wheel diameter of 660 mm was chosen for this study at 196.2
N added dynamic load and 414 kPa similar to the hard surface of the rigid wheel.

The tyre design parameters, the average soil resistance to penetration, the various dynamic
loads are recorded against the respective average moisture contents, as shown in Tables 4a
and b. These parameters were substituted into Equation 4 so as to obtain the mobility number
for each of the test combinations and these values were substituted into Equation 5 to get the
motion resistance ratios. The motion resistance ratio (measured by the empirical methods)
and the corresponding dynamic loads were also substituted into Equation 3 to determine the
motion resistance ratios. The motion resistance ratios obtained from the two approaches at a
constant towing velocity of 4.44 km/h and at varying dynamic loads are presented in Tables
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TABLE 4(a): Tyre parameters, soil parameters and dynamic loads on the tilled surface

Test Total dynamic Motion Tyre design parameters Average Average mc
Combinations load (N) resistance CI (MPa) (%wb)
™) d, mm | b, mm | h, mm | 8, mm
D,L, 321.768 28.2374 660 49.3 42.5 5.00 0.60 5.70
D,L, 419.868 46.5037 660 49.3 42.5 7.00 0.83 6.00
D,L; 616.068 64.1054 660 49.3 425 10.00 0.90 11.00
D,L, 812.268 90.6656 660 49.3 425 13.00 1.20 11.00
DL, 325.201 57.8055 580 49.5 4.0 0 1.23 14.00
DiL, 423.301 72.1290 580 49.5 4.0 0 1.43 12.00
DiLs 619.501 112.5968 580 49.5 4.0 0 1.10 7.00
DiL, 815.701 198.3133 580 49.5 4.0 0 0.90 14.00

*Dp-pneumatic wheel, Dg- rigid wheel, L, , —additional load (98.1N, 196.2 N, 392.4 N and 588.6N)

TABLE 4(b): Tyre parameters, soil parameters and dynamic loads on the wet surface

Test Total dynamic Motion Tyre design parameters Average Average mc
Combinations load (N) resistance CI (MPa) (%wb)
™) d, mm | b, mm | h, mm | 5, mm

D,L; 321.768 81.7383 660 49.3 425 5.00 1.0333 42
D,L, 419.868 94.4724 660 49.3 425 7.00 1.2000 44
D,L; 616.068 143.6779 660 49.3 425 10.00 1.3000 43.7
D,L, 812.268 157.9837 660 49.3 42.5 13.00 1.2667 423
DL, 325.201 103.4037 580 49.5 4.0 0 0.8000 37
DiL, 423.301 148.7016 580 49.5 4.0 0 0.9000 35.7
DiLs 619.501 161.3703 580 49.5 4.0 0 1.0333 413
DiL, 815.701 215.0599 580 49.5 4.0 0 1.3000 45

*Dp-pneumatic wheel, Dg- rigid wheel, L, , —additional load (98.1N, 196.2 N, 392.4 N and 588.6N)

S5a and 5b. Table 6 shows the motion resistances of the pneumatic and the rigid bicycle wheels,
with respect to dynamic loads.

The motion resistances measured on the tilled and wet surface revealed that the rigid wheel
had a higher motion resistance and motion resistance ratios than the pneumatic wheel. The
motion resistance of the rigid wheel on the tilled surface was about 50% greater than those of the
pneumatic wheel. However, on the wet surface, the motion resistances of the rigid wheel were
greater than those of the pneumatic wheel by 11-37%. The motion resistance ratios predicted
from the Brixius model were lower than those determined using the experimental approach
on both the test surfaces. This result is not at variance with the findings of Gee-Clough et al.
(1978), Perdok (1978), and Islam (1986). The motion resistances determined empirically for
both wheels were found to have increased with the increase in the dynamic load, whereas the
motion resistance ratios of both the wheels were shown to have decreased with the increase in
the dynamic load on wet surfaces, and increased with the increase in the dynamic loads on the
tilled surface. Nonetheless, the motion resistances ranged between good and fair according to
the Saarilahti (2003) classifications, with the exception of the rigid wheel at lower additional
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TABLE 5(a): Motion resistance ratios obtained from the empirical approach

Added Dynamic Tilled Surface Wet Surface
Load () Pneumatic Rigid Pneumatic Rigid
98.1 0.0878 0.1778 0.2540 0.3180
196.2 0.1108 0.1704 0.2250 0.3513
392.4 0.1041 0.1818 0.2332 0.2605
588.6 0.1116 0.2431 0.1945 0.2637

TABLE 5(b): Motion resistance ratios obtained from the analytical approach

Added Dynamic Tilled Surface Wet Surface
Load (N) Pneumatic Rigid Pneumatic Rigid
98.1 0.1091 0.1052 0.0903 0.1245
196.2 0.1014 0.1098 0.0897 0.1323
392.4 0.0977 0.1431 0.0934 0.1472
588.6 0.1002 0.1792 0.0984 0.1503

TABLE 6: Motion resistances of pneumatic and rigid wheels measured empirically

Added Dynamic Tilled Surface Wet Surface
Load (N)
Pneumatic Rigid Pneumatic Rigid
98.1 28.2374 57.8055 81.7383 103.4037
196.2 46.5073 72.1290 94.4724 148.7016
3924 64.1054 112.5968 143.6779 161.3703
588.6 90.6656 198.3133 157.9837 215.0599

dynamic loads which showed poor mobility.

From the semi-empirical approach, it is difficult to conclude the nature of the relationships
that existed between the motion resistance ratios and the dynamic loads. However, the motion
resistance ratios predicted were directly proportional to the added dynamic load for both the
wheels, except for the pneumatic wheel which exhibited an inverse relationship between the
motion resistance ratio and the added dynamic load. The motion resistance ratios under this
condition fell under a good mobility classification.

Fig.3 and Fig.4 show the graphical relationships between the motion resistance ratios
and the towing velocities of both the wheels on the tilled and wet surfaces, respectively,
based on the empirical data. The mathematical relationships between the motion resistance
ratio and their towing velocities are presented in Equations 8 to 11. On the tilled surface, the
motion resistance ratios of both the wheels had direct relationships with the towing velocity.
This could also be inferred from the equation having positive coefficient of towing velocity
(v). The pneumatic wheel also showed a similar relationship on the wet surface with a higher
coefficient of regression. As shown in Fig.4, when the towing velocities increased, the motion
resistance ratio of the rigid wheel would decrease. This can also be seen in Equation 11, where
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Fig.3: A Comparison of the Motion Resistance Ratio of Pneumatic and Rigid Wheels on the Tilled
Surface in terms of Towing Velocity
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Fig.4: A Comparison of the Motion Resistance Ratio of Pneumatic and Rigid Wheels on Wet Surface
in terms of Towing Velocity

the towing velocity, v, had a negative coefficient.

Fig.5 and Fig.6, as well as Equations 12 to 15, present the relationships between the
motion resistance ratios of both the wheels obtained from the semi-empirical approach on the
tilled and wet surfaces. The relationships between the motion resistance ratios and the towing
velocities from the two approaches were found to differ. In particular, the motion resistance
ratio of the pneumatic wheel is indirectly proportional to the towing speed at 0.8943 coefficient
of regression, while the rigid wheel shows a direct relationship at a very low coefficient of
regression on the tilled surface. However, the relationship on the wet surface is similar to that
obtained from the empirical method. The motion resistance ratio of the rigid wheel is indirectly
proportional to the towing velocity, while the pneumatic wheel has a direct relationship. From
these findings, it can be concluded that the rigid wheel is a better traction member on wet
surfaces.
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Fig.6: A Comparison of the Motion Resistance Ratio of Pneumatic and Rigid Wheels on Wet Surface in
terms of Towing Velocity: The Analytical Approach

The motion resistance ratios, measured by the empirical and the semi-empirical methods,
also differed. The motion resistance ratios predicted from the Brixius equation were found to
be lower than those measured experimentally, and the main reason for this could be attributed
to the size of the tyre used to derive the model. Therefore, a multiplying factor was used to
derive the new motion resistance ratio models for the pneumatic and rigid bicycle wheels on
two deformable terrains. The factors are stated in Tables 7 and 8, and the models are presented
in Equations 16 to 19.

From Brixius’ (1987) equation for bias-ply tractor tyres, the motion resistance ratio is as
stated in Equation 5. Therefore, for the 660 mm pneumatic bicycle wheels at 414 kPa inflation
pressure, the motion resistance ratio was derived, as follows:

MRR (Bicycle) = 2.0254. (0.04 + Bi)

n [16]
MRR (Bicycle) =0.0810+ 2.0254

n
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TABLE 7: Determination of the factors between motion resistance ratio of the pneumatic wheel obtained
by empirical and analytical methods at different dynamic loads and 414 kPa

Dynamic Load A: MRR (Empirical) B: MRR (Analytical) C: Factors (A/B)

(N) Tilled wet Tilled Wet Tilled Wet
98.1 0.0878 0.2540 0.0527 0.0474 1.6660 5.3586
196.2 0.1108 0.2250 0.0504 0.0472 2.1984 4.7669
392.4 0.1041 0.2332 0.0518 0.0482 2.0097 4.8382
588.6 0.1116 0.1945 0.0501 0.0495 2.2275 3.9293
Mean 2.0254 4.7233
Coefficient of variation 12.758% 12.52%

Inflation Pressure, P =414 kPa and Overall Wheel Diameter (metallic rim), D = 660mm.

Field Condition: Tilled Surface (Sandy-Clay-Loam Soil)
Added Dynamic Load range: 98.1 — 588.6 N

TABLE 8: Determination of the factors between motion resistance ratio of the rigid wheel obtained by
empirical and analytical methods at different dynamic loads

Dynamic Load A: MRR (Empirical) B: MRR (Analytical) C: Factors (A/B)

(N) Tilled wet Tilled Wet Tilled Wet
98.1 0.1778 0.3180 0.0515 0.0578 3.4524 5.5017
196.2 0.1704 0.3513 0.0529 0.0606 3.2212 5.7970
392.4 0.1818 0.2605 0.0646 0.0662 2.8142 3.9350
588.6 0.2431 0.2637 0.0797 0.0675 3.0502 3.9067
Mean 3.1345 4.7851
Coefficient of variation 8.60% 21%

Field Condition: Tilled Surface (Sandy-Clay-Loam Soil)
Added Dynamic Load range: 98.1 — 588.6 N

Field condition: Wet soil (sandy-clay-loam soil) surface
Added dynamic load range: 98.1 — 588.6 N

From Brixius’ (1987) equation for bias-ply tractor tyres, the motion resistance ratio is as
stated in Equation 5. Therefore, for the 660 mm pneumatic bicycle wheels at 414 kPa inflation
pressure, the motion resistance ratio was derived as follows:

MRR (Bicycle) = 4.7233 (0.04 + B})

’ [17]
MRR(Bicycle) =0.1889 + 4.7233

n

From Brixius’ (1987) equation for bias-ply tractor tyres, the motion resistance ratio is as
stated in Equation 5. For the rigid bicycle wheel on tilled surface, the motion resistance ratio
was therefore derived as follows:
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MRR (Bicycle) =3.1345. (0.04 + B%)

: [18]
MRR (Bicycle) =0.1254 + >3

n

Field condition: Wet soil (sandy-clay-loam soil) surface
Added dynamic load range: 98.1 — 588.6 N

From Brixius’ (1987) equation for bias-ply tractor tyres, the motion resistance ratio is as
stated in Equation 5. Therefore, for the rigid bicycle wheel, the motion resistance ratio was
derived as follows:

1
MRR (Bicycle) =4.7841. (0.04 JrB—)

n

4.7841 [19]

MRR (Bicycle) =0.1914+

n

CONCLUSION

In conclusion, the motion resistance and motion resistance ratios of 660 mm pneumatic and
the rigid bicycle wheels were determined both empirically and analytically on tilled and
wet surfaces. The motion resistances measured on the wet surface by both the wheels were
greater than those obtained on the tilled surface with the rigid wheel leading in all the cases.
The motion resistance ratios obtained through empirical methods were greater than those
of the semi-empirical ones. Hence, different relationships between motion resistance ratios,
the dynamic loads and the towing velocities exist on different surfaces with different wheel
types. The rigid wheel is a better traction member on the wet surface at any forward velocity
compared with its pneumatic counterpart. The semi-empirical approach under-predicted the
motion resistance ratios compared to the empirical method. Based on this, a new set of motion
resistance ratio models were derived for predicting motion resistance ratios of pneumatic and
rigid bicycle wheels on deformable surfaces (tilled and wet surfaces).
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ABSTRACT

In this study, a polluted site at Kg. Pasir Puteh was assessed for heavy metal pollution by using
transplanted caged mussel (Perna viridis) from a relatively clean population, Sg. Melayu; both are located
in the Strait of Johore. For control purposes, the P. viridis from Kg. Pasir Puteh were also simultaneously
transplanted in Sg. Melayu at the same time. It was found that Zn was the metal which got accumulated
fastest in the transplanted mussel while Cd was the slowest. This study indicated that the byssus of
Perna viridis was most effective for biomonitoring of Cd, Ni, Pb and Zn, while the shell could be used
for the biomonitoring of Cu, Ni and Pb and the total soft tissue for the biomonitoring of Ni since they
were able to accumulate and eliminate the respective metals well. By using mussel as a biomonitor, the
present study found that Kg. Pasir Puteh, which is located in the eastern part of the Strait of Johore, had
significantly higher contamination and bioavailabilities of Cd, Cu, Fe, Ni, Pb and Zn. Therefore, the
use of the transplanted caged mussels is very useful for heavy metal assessment purposes since it can
increase the validity of data interpretation by minimizing ecological factors.
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(Giarratano et al., 2010) by using mussels has been widely reported in the literature. However,
amore efficient and practical approach for assessing heavy metal pollution is needed. Recently,
to define the areas of metal pollution, caged or transplanted mussels have been employed in
many coastal waters such as Ushuaia Bay, Argentina (Giarratano et al., 2010), North West of
Mediterranean Sea (Faverney et al. 2010), Boston Harbour, United States (Hunt & Slone, 2010)
and New Caledonia Lagoon in the South Pacific of France (Hedouin ez al., 2011).

The Johore Strait is a narrow strait that separates the Malaysian state of Johore from
Singapore and it is separated into two distinct portions by a causeway which connects Peninsular
Malaysia and Singapore. It is an important area for fishing and aquaculture activities (Yap et
al., 2006; Zulkifli et al., 2010). Furthermore, the existence of mangrove, sea grass, coral and
mudflat ecosystems also make the Johor Straits an important strait (Zulkifli ez al., 2010). Oil
pollution has been identified as the major contributor to the pollution of the water in the Straits of
Johor (DOE, 1994; Moradi, 2001; Shahbazi et al., 2010). Shipping activities involving tankers
and other vessels can easily be found in the Strait of Malacca, while land-based industrial and
urban sources have been recognised as the sources of pollutants for the strait (Abdullah et
al. 1996). The eastern part of the straits is more polluted than the western part since marina,
petrochemical plants and port activities such as Pasir Gudang Port (ranked 82" in 2007 global
TEU), Tanjung Pelepas Port (ranked 18" in 2007 global TEU) and Tanjung Langsat Port (a
new petrochemical port) are located on the eastern coast (Bayen et al., 2003; Yap et al., 2004,
2006). Kg. Pasir Puteh, which is located in the eastern part, is reported as a highly polluted
site, where large shipyard repair and construction facilities, fossil fuel fired electrical power
plants and shipping dock activities can be found (Yap et al., 2003d, 2004; Zulkifli et al., 2010).
On the other hand, Kg. Sg. Melayu in the western part is considered as a site with low human
activities and the only activities which can be found there are fish and mussel aquaculture (Yap
et al., 2006). Owing to its strategic location and ecological importance, the Johore Strait has
become a hotspot for pollution studies (DOE, 2007; Shazili et al., 2006; Wood et al., 1997).

Francesco and Enzo (1994) noted that the accumulations of Pb, Fe and Mn in the mussels,
which were transplanted from a clean site to a heavy metal polluted environment, would reach
a steady state only after 2 weeks. The results showed that mussels could easily equilibrate
with polluted coastal waters. However, the time-integration capacity of mussels might vary for
different metals. In fact, many important biological processes associated with metal exposures
have generally been studied under laboratory conditions but not in field experiments (Regoli,
1992; Yap et al., 2003a). In this respect, mussel transplantation is a more practical approach
to be used in monitoring the metal accumulation of mussels at fixed sites.

Marine mussels are suitable for transplantation experiments because they are cost effective
and reliable (Farverney et al., 2010). In particular, P. viridis fulfils the necessary criteria which
are sedentary lifestyle, enough tissues for metal analysis, suspension feeder, tolerant of high
heavy metal concentrations (Yap et al. 2003a) and prone to bioaccumulate and magnify such
metals (Yap et al. 2004) and of relatively low genetic differentiation (Yap et al., 2002a,b).

The advantages of adopting transplantation are mainly due: (1) to the fact that the
monitoring sites may be chosen independently of the presence of natural populations (Hedouin
et al., 2011), (2) to access the status of bioaccumulation in hard-to-reach areas such as in
different strata of the water column (Hunt & Slone, 2010; Giarratano ef al., 2010), (3) it can
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be site-specific, (4) control exposure times, depth of transplantation, age, size, stage of sexual
maturity of mussels, which can interfere with and affect the accumulation rate (Alfonso et al.,
2010), and (5) usually with low genetic variation and in the same phase of the reproductive cycle
since they are abundant and easily available from commercial markets (Gorbi et al., 2007). The
use of transplanted mussels has been proven to be a useful strategy for biomonitoring marine
pollution (Nasci et al., 2002; Romeo et al., 2003; Regoli et al., 2004; Nigro et al., 2006).

By using transplanted mussels, the effects of external and internal factors such as seasonal
variations, size or age, which can cause bias in data comparison, are minimized (Regoli &
Orlando, 1994; Hedouin et al., 2011). Since there has been no study which reported on heavy
metals in transplanted mussels in Malaysia, the objective of this study was to assess the heavy
metal pollution in the Strait of Johore by using transplanted mussels.

MATERIALS AND METHODS

Transplantation of Mussel Populations

About 200 individuals of P. viridis were collected from a polluted site at Kg. Pasir Puteh and
transplanted to a relatively unpolluted site at Sg. Melayu, in the Strait of Johore on 28 November
2009. On the same day, the same amount of mussels were also collected from Sg. Melayu and
transplanted to Kg Pasir Puteh. After the mussels had been collected, the whole cluster was
rinsed 3 times using seawater to get rid of any visible sediment on the mussel shells. The mussels
were then divided randomly into sub-groups of 40 individuals and each sub-group was placed
in a polyethylene cage of 20 x 15 x 18 cm which permitted water circulation through it. Four
cages were used per site and left suspended in the water column at an average depth of 1.5 m
using a rope which was modified from Faverney et al. (2010). The samples of mussels were
taken at the beginning of the experiment (t=0), at 2 (t=2), 6 (t=6) and 10 (t=10) weeks time of
the exposure. The collected mussels had been rinsed with seawater before they were transported
back to the laboratory in an ice compartment. However, at week 10, all the mussel samples
died and no soft tissues were found. Thus, only byssus and shells were analysed at week 10.

Seawater

The physico-chemical readings of the seawater from Sg. Melayu and Kg. Pasir Puteh at around
1.5 m depth were recorded in situ at the beginning of the experiment (t=0), at weeks 2 (t=2),
6 (t=6) and 10 (t=10) for temperature (°C), specific conductivity (ms/cm), salinity (ppt) and
dissolved oxygen (mg/L) during the transplantation experiment using YSI brand Physico-
chemical meter (PCM) model no. 556 MPS.

Pre-treatment of the Samples

Sediment samples at each site were also collected by using an Ekmen Grab (16 cm x 16 cm)
and these samples were stored in polyethylene bags and transported in an ice compartment
back to the laboratory. The samples were dried until constant weights at 105°C for at least 16
hours (Tanner et al., 2000). The samples were then sieved through 63um stainless steel aperture
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Fig.1: Map showing the transplantation sites for Perna viridis

Note: A- Sungai Melayu B- Kampung Pasir Puteh

and vigorously shaken to produce homogeneity. All individuals of P. viridis were dissected
into byssus, total soft tissue and shell. Half gram of the samples was digested in concentrated
nitric acid (AnalaR grade, BDH 69%) in a hot-block digestor first at a low temperature (40°C)
for 1 hour before the temperature was increased to 140°C for 3 hours. The digested samples
were later diluted in 40ml double distilled water (DDW). The sample was then filtered through
Whatman No. 1 filter paper and the filtrate was stored in an acid-washed pill box until metal
determination. For the analyses of the total heavy metal concentrations in sediment samples, the
open digestion method was used. About 1g of each dried sample was digested in a combination
of concentrated nitric acid (AnalaR grade, BDH 69%) and perchloric acid (60%) in the ratio
of'4:1. On top of that, the geochemical fractions of Cd, Cu, Fe, Ni, Pb and Zn in the sediments
were obtained by using the modified Sequential extraction technique (SET), as described by
Yap et al. (2002). The first fraction was EFLE (Easily, freely, leacheable or exchangeable).
About 10g of the sample was continuously shaken for 3 hours with 50ml 1.0M ammonium
acetate (NH,CH;COO) at pH 7.0 at room temperature for this fraction. The second fraction
was ‘Acid-reducible’. The residue from fraction 1 was continuously shaken for 3 hours with
50ml 0.25M hydroxylammonium chloride (NH,OH.HCL) acidified to pH 2 with HCL at room
temperature, and this was followed by the third fraction which was ‘Oxidisable-organic’.
The residue from fraction 2 was first oxidized with 30% H,O, in a water bath at 90-95°C.
After cooling, the metal released from the organic complexes was continuously shaken for 3
hours with 1.0M ammonium acetate (NH,CH;COO) acidified to pH 2.0 with HCL at room
temperature. ‘Resistant’ was the last fraction where the residue from fraction 3 was digested
in a combination of concentrated nitric acid (AnalaR grade, BDH 69%) and perchloric acid
(AnalaR grade, BDH 60%), as performed in the open digestion method.
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Assessment of Heavy Metal Pollution in the Straits of Johore by Using Transplanted Caged Mussel, Perna viridis

Metal Analysis

After filtration, the samples were analysed for Cd, Cu, Fe, Ni, Pb and Zn using an air-acetylene
flame atomic absorption spectrophotometer (AAS), Perkin-Elmer Model AAnalyst 800. The
data are presented in pg.g"' dry weight. To avoid possible contamination, all the glassware and
equipment used were acid-washed and the accuracy of the analysis was checked against blanks.
For data validation, Certified Reference Material (CRM) was checked with the samples for
dogfish liver (DOLT-3, National Research Council Canada) and Soil China (NSC DC73319,
China National Analysis Centre), as shown in Tables 3 and 4.

Condition Index

To examine the individual Condition Index (CI) of mussels, 5 specimens were taken at each
exposure time to obtain an estimate of the ratio of weight of the soft parts to shell volume. Soft
tissues were separated from the shell and dried at 60°C until constant weight was achieved.
Condition index (g/cm?®) of each mussel was calculated according to Lares and Orians (1997):

dry tissue weight (g) <
shell length (cm) x shell width (cm) x shell height (cm)

Condition index = 1000

Data Analysis

The concentration factor (CF) was calculated according to Yap et al. (2003a).

— Metal levelend of metal accumulation
Metal level.

initial

CF

The elimination factor (EF) was also calculated according to Yap et al. (2003a).

— Metal levelend of metal elimination
Metal level.

initial

EF

The rate of metal accumulation was calculated according to a formula proposed by Yap ef al.
(2003a), as follows:

— Metal level.

initial

Metal level

exposed

Rate of metals accumulation =

Day(s) of metal exposure

Meanwhile, the rate of metal elimination was calculated according to the following formula
(Yap et al., 2003a):
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— Metal level.

initial

Metal level

Day(s) of metal elimination

exposed

Rate of metals elimination =

Note:  Metal level
Metal 1evelcnd of metal elimination

Metal level.

initial

= heavy metals value at week 6 or week 10.

end of metal accumulation

= heavy metals value at week 6 or week 10.
= heavy metals value at week 0.

Metal level = heavy metals value at weeks 2, 6 or 10.

exposed

Statistical Analysis

The statistical analyses were done by using STATISTICA version 8.0 for Windows. In addition,
analysis of variance (ANOVA) was applied to find the differences between the means of heavy
metal concentrations in the different parts of the mussels during the transplantation. Students-
Newman-Kuel was applied to compare the mean values of heavy metal concentrations between
the different parts of the mussels. T-test was carried out to test between the means of the end of
the metal exposures and the initial metal exposures. The mean differences between Kg. Pasir
Puteh and Sg. Melayu were tested using the Mann-Whitney test (Zar, 1996).

RESULTS AND DISCUSSION

Physico-chemical Parameters and Sediment Data

The physico-chemical parameters from Kg. Pasir Puteh and Sg. Melayu were found to be
similar during the 10-week transplantation (see Tables 1 and 2), with ranges of 29.06-30.61°C
for temperature, 38.61-46.78 ms/cm for specific conductivity, 24.42-30.24 ppt for salinity,
3.14-13.82 mg/L for dissolved oxygen and 7.03-7.68 for pH. As for sediment, heavy metal
concentrations in both the studies sites are presented in Table 5. For Kg Pasir Puteh, the
concentrations (png/g dry weight) for the sediment data ranged from Cd (2.73-3.24), Cu (105.71-
112.71), Fe (1.83-2.00%), Ni (45.20-52.46), Pb (61.90-73.47) and Zn (225.83-289.61). On the
other hand, the concentration ranges obtained from Sg. Melayu, (ng/g) for the sediment data
were Cd (1.42-1.80), Cu (31.39-60.20), Fe (1.74-1.80%), Ni (26.27-37.19), Pb (31.97-42.21)
and Zn (83.21-95.18).

The sediment data obtained from Kg. Pasir Puteh in this study were generally higher,
although not significantly, as compared to the sediment data reported by Yap et al. (2002) for
Cd (1.45 pg/g), Cu (104 pg/g), Pb (70 pg/g) and Zn (170 pg/g) from the same sampling site
of the sediments collected in 2002. All the metal concentrations (except for Fe) in Kg Pasir
Puteh were significantly (Mann-Whitney Test, p< 0.05) higher than those of Sg. Melayu. This
indicated that Kg. Pasir Puteh was more contaminated by metals than Sg. Melayu. The cause
of the high availability of metals, especially Cu, Pb, Zn at Kg. Pasir Puteh, was probably due
to the presence of shipyards which used biofouling paints (Bayen et al., 2003).
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Metal Accumulation in the Mussels

During the 10-week duration of transplantation from Sg. Melayu to the sampling site at Kg.
Pasir Puteh, all the metal concentrations were generally found to have increased from 1.49
to 6.93 ng/g for Cd, 7.31 to 25.63 png/g for Cu, 29.27 to 3150.06 pg/g for Fe, 17.13 to 33.98
ng/g for Ni, 6.13 to 43.59 pg/g for Pb and 8.19 to 184.73 pg/g for Zn (see Fig.2 to Fig.7). In
specific, the heavy metal concentrations for all the metals in Kg. Pasir Puteh were significantly
higher than those in Sg. Melayu (independent t-test, p<0.05). Meanwhile, Fe accumulated the
highest in the byssus and the total soft tissue while Pb accumulated the highest in the shells
of the mussels transplanted from Sg. Melayu to Kg. Pasir Puteh.

As for Cd, significant differences (one-way ANOVA, SNK, p< 0.05) were registered
between the tissues for the mussels transplanted from Sg. Melayu to Kg. Pasir Puteh for T, and
T, However, starting from T the total soft tissue and byssus were significantly different from
the shell. For Cu, the shell and byssus were significantly different from the total soft tissues
during the transplant period, i.e. from T, to T,,. Meanwhile, significant differences were found
between byssus, shell and total soft tissues for Fe concentrations. The Ni concentrations did
not register any significant difference between TST, byssus and shell. For both sites, significant
differences (one-way ANOVA, SNK, p< 0.05) were registered between the shell and byssus
from the total soft tissues for Pb concentrations from T, to T, On the other hand, the Zn levels
of byssus and total soft tissue were significantly different (one-way ANOVA, SNK, p< 0.05)
from the shell in both the transplanted mussels.

Table 6 shows the rate of accumulation for all the metals in the different parts of the mussels
transplanted from Sg. Melayu to Kg. Pasir Puteh according to weeks. The rates of the metal
accumulation were fastest in all the mussel parts in week 2 (T=2) but these became slower in
the following weeks and up to week 10 (T=10). During the first 6 weeks of transplantation, the
total soft tissues showed the highest concentration factors (CF) in Cd (2.06), Cu (1.81) and Fe
(2.04) but the lowest CF in Ni (1.11). Meanwhile, byssus showed the highest CF in Pb (2.28)
and Zn (2.28), and the shell showed the highest CF in Ni (1.80). For the period of 10-week
transplantation, the total soft tissues showed the highest concentration factorss (CF) in Cd
(2.06), Cu (1.81) and Fe (2.22). Byssus showed the highest CF in Pb (3.17) and Zn (3.30), while
the shell showed the highest CF in Ni (1.98). These indicated that TST accumulated the highest
Cd and Cu concentrations, while byssus accumulated the highest Pb and Zn concentrations
and the shell accumulated the highest Ni concentration.

The concentrations of Cd in the shell and Ni in TST in the transplanted P. viridis at week
10 reached the values similar to those measured in the initial P, viridis (T,). Similar findings
had previously been reported for Cu and Zn in the soft tissues of the mussel Mytilus edulis
transplanted to a temperate polluted bay (Roesijadi et al., 1984) and Cr and Cu in Isognomon
isognomon and Co, Ni and Zn in Gafrarium tumidum transplanted from a polluted site to a
clean site in a New Caledonia lagoon (Hedouin et al.,2011). As for Ni in byssus, Fe in TST, Pb
in byssus and shell and Zn in TST from the transplanted mussels (T),), the levels significantly
increased during the transplantation period but did not reach the values measured in the initial
P, viridis (T,). This could be due to the transplantation period being not long enough for the
transplanted mussels to accumulate the metals completely. Comparable results had been
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TABLE 6: Concentration factor (CF), rates of accumulation (ng/g per day) of Cd, Cu, Fe, Ni, Pb and
Zn in byssus, total soft tissue and shell of transplanted P. viridis from Sg. Melayu to Kg. Pasir Puteh

Week

CF Rate of accumulation

Parts 6 10 2 6 10

Cd  Byssus 1.114 1.134 0.010 0.009 0.006
TST 1.815 2.060 0.033 0.029 0.023
Shell 1.061 1.098 0.011 0.009 0.009

Cu  Byssus 1.443 1.498 0.161 0.090 0.061
TST 1.666 1.807 0.316 0.225 0.164
Shell 1.490 1.720 0.145 0.085 0.075

Fe  Byssus 1.742 1.898 48.662  29.330 21.286
TST 2.041 2218 17.309  13.826 9.706
Shell 1.295 1.535 0.379 0.205 0.224

Ni  Byssus 1.322 1.460 0.378 0.157 0.134
TST 1.081 1.109 0.149 0.059 0.048
Shell 1.802 1.984 0.774 0.327 0.241

Pb  Byssus 2.279 3.172 0.231 0.419 0.426
TST 1.736 1.862 0.232 0.108 0.076
Shell 1.187 1.345 0.196 0.120 0.133

Zn  Byssus 2.756 3.299 2.642 2.342 1.839
TST 1.918 2.270 2.653 1.388 1.153
Shell 1.518 1.867 0.134 0.101 0.102

previously reported for the oyster Crassostrea rhizophorae (Wallner-Kersanach et al., 2000),
as well as oyster Isognomon isognomon and clam Gafrarium tumidum from the New Caledonia
lagoon (Hedouin et al., 2011). However, Cd in byssus did not show any significant increase
during the transplantation from Sg. Melayu to Kg. Pasir Puteh. This corresponded with similar
observations for the Cd and Zn concentrations in Crenomytilus grayanus after two months
of transplantation (Shulkin et a/., 2003). The lack of Cd accumulation in the transplanted P,
viridis, as observed in the current study, suggested that this particular element was rather poorly
bioavailable for them or that P. viridis had efficient regulation mechanisms preventing these
metals from being accumulated (Hedouin ez al., 2011).

For the mussels transplanted from Sg. Melayu to Kg. Pasir Puteh, the metal levels in all
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the parts had decreased. The high CF values in the metals (Table 6) showed that P. viridis was
capable of accumulating these metals. In particular, TST was highly capable of accumulating
Cd and Cu while the byssus was capable of accumulating Pb and Zn and the shell accumulated
the highest Ni concentration. The total soft tissues of P. viridis showed the highest CF values
for most of the metals, and this indicated that it is useful for monitoring metal contamination in
coastal waters. The results obtained in the present study are also comparable to those of Yap et
al. (2003a, 2004) which showed that P, viridis is a good accumulator for Cd, Pb and Zn. This
test revealed the ability of P. viridis to accumulate and eliminate metals in short periods of
time. Among the CF values for week 6 and week 10, Zn was the one which was accumulated
the fastest while Cd was the slowest.

Metal Elimination in Mussels

Fig.2 to 7 show that all the metal concentrations in the mussels transplanted from Kg. Pasir
Puteh to Sg. Melayu had decreased starting from T, to T, The Cd level decreased from 6.55
to 2.3 pg/g, Cu from 37.81 to 2.84 ng/g, Fe from 2909.69 to 14.98 pg/g, Ni from 55.06 to
13.64, Pb from 46.43 to 16.01 pg/g and Zn from 176.24 to 7.05 pg/g. Similar findings were
also reported by Gabr and Gab-Alla (2008) for clams (Ruditapes decussatus and Venerupis
pullastra) transplanted from a polluted site to a clean site.

As for the mussels transplanted from Kg. Pasir Puteh to Sg. Melayu, there was no
significant difference (one-way ANOVA, SNK, p< 0.05) observed for all the tissues in the
Cd concentrations for T,, starting from T,, however, the shell was found to be significantly
different from the total soft tissue and byssus. As for Cu, the total soft tissue and byssus were
significantly different from the shell from T, to T},. On the other hand, the total soft tissue
and byssus were significantly different from the shell for the Fe concentration from T, to T\,.

The rate of elimination (Table 7) for all the metals in the different parts of the transplanted
mussels from Kg. Pasir Puteh to Sg. Melayu was the fastest in all the mussel parts in week
2 (T=2) and this became slower in the subsequent weeks until week 10 (T=10). For byssus,
the rate of elimination was 0.23(T=2), 0.084 (T=6) and 0.033 (T=10) in Cd. During the first 6
weeks of transplantation, the elimination factor (EF) in byssus was the fastest for Cd (0.42) and
Ni (0.49). Meanwhile, the EF in shell was the fastest in Cu (0.22) and Pb (0.35) and slowest
in Cd (0.80). The EF in TST was the fastest for Cu (0.69), Fe (0.65), Pb (0.72) and Zn (0.74).
During the 10-week transplantation, the elimination factor (EF) in byssus was the fastest for Cd
(0.38), Ni(0.25) and Zn (0.37). Meanwhile, the EF in shell was fastest for Cu (0.19), Fe (0.42)
and Pb (0.34) and the slowest for Cd (0.80). These results indicated that byssus eliminated Cd,
Ni concentrations the fastest while shell eliminated Cu and Pb the fastest.

At week 6, the concentrations of Cd in TST, Cu in byssus and TST, Ni in byssus and shell,
Fe in byssus and TST, Pb in byssus and TST and Zn in byssus and TST were far from reaching
the concentrations measured in the initial population (T,). At week 10, only Cu, Fe, Pb and
Zn in byssus and Ni in shell were far from reaching the concentrations measured in the initial
population (T,). Such findings had also been reported by several authors when organisms from
polluted areas were transplanted to clean areas such as Zn in the mussel M. edulis (Roseijadi et
al., 1984; Simpson, 1979), Cd and Cu in the oyster Crassostrea gigas (Geffard et al., 2002), Cr,
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TABLE 7: Elimination factor (EF), rates of elimination (ng/g per day) of Cd, Cu, Fe, Ni, Pb and Zn in
byssus, total soft tissue and shell of transplanted P. viridis from Kg. Pasir Puteh to Sg. Melayu

Rate of elimination

Parts 6 10 2 6 10
Cd  Byssus 0.4177 0.383 0.2298 0.084 0.0331
TST 0.7954 NC 0.0307 0.0231 NC
Shell 0.7969 0.8 0.0843 0.0317 0.0749
Cu  Byssus 0.4612 0.3663 1.0724 0.4851 0.1979
TST 0.69 NC 0.1779 0.2374 NC
Shell 0.217 0.192 0.7303 0.2758 0.0406
Fe  Byssus 0.6417 0.5844 28.6902 24.8251 24.2906
TST 0.6531 NC 23.1779 15.4255 NC
Shell 0.4868 0.4235 0.4982 0.4323 0.214
Ni  Byssus 0.4931 0.2477 1.4939 0.6646 0.1949
TST 0.868 NC 0.1629 0.1124 NC
Shell 0.9275 0.7044 0.1141 0.0818 0.4771
Pb  Byssus 0.4558 0.4118 1.4579 0.5843 0.2653
TST 0.7202 NC 0.1036 0.1007 NC
Shell 0.3519 0.3448 1.4182 0.7165 0.2287
Zn  Byssus 0.6309 0.3653 2.8325 1.5489 0.9196
TST 0.736 NC 1.5321 1.0367 NC
Shell 0.4846 0.4543 0.4734 0.1904 0.1007

Note: TST = total soft tissue, NA = reading is not available because mussels samples had died.

Cu and Zn in the clam Mercenaria mercenaria (Behrens & Duedall, 1981), Ag, Co and Ni in the
oyster Isognomon isognomon (Hedouin et al., 2011). When a comparison was made between
weeks 6 and 10, more metals in week 6 were far from reaching the concentrations measured
in the initial population (T,) due to the accumulation being dependent on the transplantation
period (Hedouin ef al., 2011). This indicated that the eliminations of the metals were not
complete throughout the 10-week period of transplantation for P. viridis. Other studies (e.g.,
Andres et al., 1999; Hickey et al., 1995; Martincic et al., 1992; Wallner-Kersanach et al., 2000)
found that the equilibration of the trace metals in bivalves with their environment could range
between 30 days to 77 days and even longer for some other species. Such a wide range in the
equilibration times among the species could be due to previous exposure histories, different
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life stages of bivalve, associated metabolic activities with adjustments to a new environment,
temperature changes, and food availability (Burt et al., 2007).

On the other hand, for the mussels transplanted from Kg. Pasir Puteh to Sg. Melayu, the
metal levels in all the parts showed decreases in heavy metal levels. During the transplantation,
the accumulation rate and the elimination rate were the highest at T,, which later decreased
from T, to T\,. According to Yap et al. (2003a), the rates of accumulation and elimination were
higher during the initial period due to detoxification process. After that, the mussels had slower
rates of accumulation and elimination after 2 weeks, which could be caused by some tightly
bound compartments, such as metallothionein and lysosomes for Pb. According to Amiard
et al. (2006), Marigobmez et al. (2002) and Viarengo et al. (2003), metallothionein plays an
important role in the elimination of metals in mussels. The high rates of accumulation and
elimination were also found in byssus at both sites, indicating that this organ could act as an
excretion route for Pb, as reported by Yap et al. (2003b,c). The low EF value in the metals
(Table 7) showed that P. viridis was capable of eliminating these metals. The EF for 6 weeks
and 10 weeks showed that byssus was good at eliminating Cd and Ni, while shell was capable
of eliminating Cu and Pb in the shortest time. The EF value indicated that Ni was the metal
which was eliminated the fastest at week 6, while Cd was eliminated the fastest in week 10.
However, Cu was eliminated the slowest in both week 6 and week 10.

Levels of Metals in the Different Parts of P. viridis after the Transplantation

Similar patterns of accumulation and elimination of metals found in both total soft tissue and
byssus suggested that the metal levels in these parts of P. viridis were mainly due to metabolic
pathways rather than the direct contact with the surrounding seawater. This finding is on par
with the results reported by Ikuta (1986a), Szefer (1999) and Yap et al. (2003b) for the byssus
of M. edulis and P. viridis, especially the high EF values in Fe and Zn for byssus. When the
heavy metal levels in the soft tissue were high, these metals would be transferred metabolically
to the byssus (Ikuta, 1986b; Yap et al., 2003b) due to the metal level regulation in the soft
tissue. Regulation and sequestration are important mechanisms (Phillips & Rainbow, 1989;
Rainbow, 1997; Phillips, 1995) to minimize the harmful effects of high levels of these metals.
The high metal accumulation found in the byssus could also be due to the material for byssus
formation. The byssus was secreted from a byssal gland in the foot and is composed of a
protein component, collagen. These protein components contain some potential metal binding
sites, largely composed of glycine and proline amino acid residues (Szefer et al., 1999; Yap
et al., 2003b).

The highest level of Pb was accumulated in the transplanted mussel shell. This result is
comparable with those of Yap et al. (2003a) and it could be due to the chemical composition
of the shells. The present study revealed that the shells of bivalves were accumulative of non-
essential metals such as Cd, Ni and Pb. The results obtained by Yap et al. (2004) showed that
the metals found in the shells of gastropod could be due to the substitution of the calcium ions
in the crystalline phase of the shell or were associated with the organic matrix of the shell. In
particular, shells accumulated higher concentrations of metals initially due to surface adsorption.
According to Wang (2010), uptake of perfluorinated compounds by shell starts with adsorption
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or passive deposition of the target chemicals to the shell organic matrix, and this is followed
by a biomineralisation process. Therefore, the contaminants bound to the organic matrix in
the shell microstructure were sequestrated and hard to release. Meanwhile, the high levels of
metals accumulated in the total soft tissue could also be due to the synthesis of metallothionein
(Yap et al., 2004). This is the reason why the mussels eaten could be a source of metals and
why mussels can survive and accumulate high level of metals in their soft tissues in highly
contaminate sites.

High levels of Cu and Zn accumulations were found in the TST of the transplanted mussels.
These results are similar with those of Yap ez al. (2011) for Anadara granosa. The soft tissues of
bivalves were found to be able to induce metallothionein-like protein production at high metal
concentrations (Chan et al., 2002). The secretion of metallothionein was to counteract metal
toxicity at high metal concentrations (Phillips & Rainbow, 1993). MT is generally accepted
to be involved in the regulation of essential metals such as Cu and Zn for cell growth and
development, although their functions are still not fully understood (Mackay et al., 1993). On
the other hand, Cu and Zn are also known as essential metals for metabolic functions (Mackay
et al., 1993) and they can be regulated in bivalves (Yap et al., 2003a). This could explain why
the concentrations of Cu and Zn were high in the TST.

CONCLUSION

The data reported in this paper clearly demonstrated that Kg. Pasir Puteh was a more polluted
site than Sg. Melayu based on the sediment and P, viridis samples for all the six metals. Among
the six metals, Zn was the one which was accumulated at the fastest rate, while Cd was the
slowest. As for elimination, Ni was the fastest at week 6, while Cd was the fastest at week 10
and Cu was the one with the slowest elimination rate at both weeks 6 and 10. The byssus of
P, viridis could be used as a good monitor for Cd, Ni, Pb and Zn, while shell could be used
to monitor Cu, Ni and Pb. However, to get more accurate levels of heavy metal pollutions in
coastal waters, studies with longer transplantation periods should be carried out since some of
the metals needed longer time periods for elimination and to reach equilibrium levels.
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ABSTRACT

Bismuth chromium solid solutions, with a general formula Bi ,Cr,Oj;, where -1 <x <2, were successfully
synthesized via the conventional solid state method. The phases of the synthesized samples were
determined by X-ray diffraction (XRD) analysis. The properties of single-phase compounds were
characterized by using differential thermal analysis (DTA), thermal gravimetric analysis (TGA), AC
impedance spectroscopy, and inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The
occurrence of phase transitions was confirmed by DTA and TGA, where a thermal event was observed
by DTA at around 800°C. In addition, TGA studies also showed that there was a weight loss at around
800°C. Elemental analysis of BisCr,O,s and its solid solutions by ICP-AES showed a good agreement
between the expected value and the experimental value on the compositions, with no evidence of any
systematic deviation from stoichiometric. Electrical properties of BisCr,0,5 and its solid solutions were
investigated by using AC impedance spectroscopy from 300°C to 650°C. Ionic conductivity increased
with the increasing temperature and bismuth content, and the best ionic conductivity was observed for
Bi,Cr,0,45. The activation energy (E,) of BisCr,O,s and its solid solutions were in the range of 1.22-
1.32eV.

Keywords: Bismuth oxide, Chromium oxide, Impedance spectroscopy

INTRODUCTION

Magneto-electric materials, in which magnetic
and ferroelectric orders coexist, are currently
attracting more and more attention owing to
their potential applications and intriguing
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physics. Bi-based 3d-transition metal oxides
with distorted perovskite structures, such as
BiMnO; and BiFeO;, are important magneto-
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electric materials (Chi et al., 2007; Li et al., 2006; Selbach et al., 2010; Yang et al., 2007). It is
believed that the lone-pair electrons of Bi play a crucial role in ferroelectricity. The Bi,0,—Cr,0;
system was investigated to explore novel magneto-electric compounds.

The phase diagram of the Bi,0;-Cr,0O; system consisted of three compounds which were
synthesized by solid-state reactions: Bi;sCrOs, (tetragonal,a=b=7.74 A, ¢ =5.72 A), BisCr,O5
(orthorhombic,a=5.55A,b=5.76 A, ¢ =5.50 A), and BiCrO, (orthorhombic, a=10.52 A, b=
17.63 A, c=9.995 A) (Liu et al., 2008). Later, the phase diagram of the pseudo-binary system
Bi,0;-Cr,0; was reconstructed based on the x-ray diffraction measurement and differential
thermal analysis by Liu ez al. (2008). Four intermediate phases were determined in this system,
namely, Bi,,CrO,4-based solid solutions (space group 14Im), Bi,;,Cr,0,,-based high temperature
solid solutions (orthorhombic symmetry), a new compound Bi,CrO4 (monoclinic symmetry)
and the stoichiometric compound BisCr,O, s (orthorhombic symmetry, with unit cell parameters,
a=12.3018 A,b=19.8749 A, and c = 5.8816 A and space group Ccc2) (Liu et al., 2008).

In term of ionic conductivity, the compound BisCr,O,5 could be expected to be a good
oxygen ion conductor, in view of its structural similarity to the solid solution Bi(Bi,,..Te,O,4)
Mo, V405 (0 < x < 2.5), which exhibits a conductivity as high as 6 = 8.0 x 10~ (Q cm)™' at
750°C (x = 1) with an activation energy, E, = 0.84 eV. It is, however, found to be considerably
modest oxygen ion conductor. It is speculative to attribute this to any structural difference
between the phases, but it seems to imply that the high oxygen ion mobility in the column
phases is not provided solely by the presence of the column, but also significantly depends on
the atoms and the arrangement between the columns (Grins et al., 2002).

Previously, the thermogravimetric analyses done by Esmacilzadeh et. al. (2001) showed
that upon heating mixtures of Bi,0; and Cr,0; in air, an irreversible increase in weight began
at 450-500 °C and reached, depending on the Cr concentration, a plateau at 650 to 900°C. The
weight increase corresponded well to that of a complete oxidation of Cr** to Cr®". This oxidative
behaviour is quite unusual for Cr-containing materials in air, at normal pressure, and these
high temperatures. Magnetic susceptibility measurements confirmed an oxidation state of +6
for Cr, as no or only very weak paramagnetic signals were observed (Colmont et al., 2010).

In this work, the focus was placed on synthesizing BisCr,O,5 and its solid solutions, as
well as investigating their physico-chemical and electrical properties.

EXPERIMENTAL

Powder sample of bismuth chromate (BisCr,0O,s) and its solid solutions were prepared via solid
state reactions using Bi,0; (Aldrich, 99.999%) and Cr,0; [Johnson Matthey (JM), 99.999%] as
starting materials. The samples were heat-treated at 600°C for 48-72 hours with intermediate
grindings. The phase identity and purity of the synthesized samples were determined by X-ray
diffraction (XRD) analysis (Shimadzu diffractometer XRD-6000), which was equipped with
a diffracted-beam graphite monochromator using CuKa radiation. The morphology of the
samples was studied using scanning electron microscopy (LEO 1455 VP SEM).

The thermal properties of the samples were determined by using the differential thermal
analysis, DTA (Perkin-Elmer instrument, model DTA 7) and thermal gravimetric analysis, TGA
(Mettler Toledo Star SW 7.01). Inductively coupled plasma-atomic emission spectroscopy (ICP-
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AES) (Perkin-Elmer P1000) was used to carry out the elemental analysis. Fourier-transform
infrared (FT-IR) spectrometer (Perkin-Elmer model 1725x), with the wavenumber range in
the region of 4000 and 400 cm™!, was used for the structural analysis. The electrical properties
of the pelleted samples were studied by using AC impedance analyzer (Hewlett-Packard
Impedance Analyzer HP 4192A). The frequency range of 5 Hz to 13 MHz with an applied
voltage of 100 mV was used. The measurements were made between 300°C and 650°C by
increment steps of 50°C with 30 minutes stabilization time. The measurements were carried
out on heat-cool thermal cycles.

RESULTS AND DISCUSSION

XRD and SEM Results

Fig.1 shows the XRD pattern of BisCr,0O,s and its solid solutions prepared via conventional
solid state method. Bi,Cr,0;s and its solid solutions were indexed using the orthorhombic
system with lattice parameters: a = 12.30184 A, b=19.87492 A, ¢ = 5.88162 A, and in space
group of Ccc2 (Grins et al., 2002; Liu et al., 2008). From the results obtained, the limit of
the solid solutions in Bi,0;-Cr,0; system was in the range 4 to 7. The four single phase solid
solutions that crystallized in orthorhombic system were Bi,Cr,0,,, BisCr,O35, BisCr,015
and Bi,Cr,0,45. As for Bi;Cr,0 s, tWo extra peaks were observed at 24.5 © and 33.6°. These
two peaks were due to the formation of chromium oxide (ICDD card number, 01-070-
3765). Meanwhile, there were seven extra peaks observed in BigCr,Oyg, in the positions of
31.0778°,32.6381°,45.4703 °, 46.5948 °, 53.2193 °, 54.6160 °, and 55.2515 °. All these peaks
were attributed to the formation of d-bismuth oxide (6-Bi,O;) (ICDD card number: 01-074-
1633, 00-027-0052, 00-051-1161).

As the composition varies, the solid solutions may undergo a small contraction or
expansion. According to Vegard’s law, unit-cell parameters should change linearly with the
composition. The evolution of the unit-cell parameters versus composition was plotted and is
shown in Fig.2 to Fig.4. All the parameters a, b and ¢ underwent a regular increase from x =
4 to x = 7. This general increase of all unit-cell parameters can be expected, since a smaller
cation, Cr (ionic radius = 0.51 A), is being substituted for by a larger Bi (ionic radius = 1.20
A) (Bégué et al., 2002).

Fig.5(a), (b), (c), and (d) show the scanning electron microscopy (SEM) images of the
samples. All the samples have displayed a similar morphology where the microstructures were
homogeneously distributed in the lattice. No secondary phase was observed in the structure,
and therefore, the samples synthesized were in the single phase. Some pores were also observed
in the inter-granular area, indicating a moderate connection between the grains.

Structural Analysis

The IR absorption spectra of the single-phase orthorhombic structure compounds, Bi,Cr,0Os, 4
<x <7, have similar patterns as shown in Fig.6. A broad, diffuse band was observed at ~850
cm'and ~792 cm™! in the IR spectra of all the compounds. This may be due to the Cr-O-Cr
bond vibration and Cr-O stretching (Brown et al., 1967; Jezowska-Trzebiatowska et al., 1968).
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Fig.1: The XRD patterns of (a) Bi;Cr,0,45, (b)Bi,Cr,0)5, (¢) BisCr,0135, (d) BigCr,Oys, () Bi;Cr,0445,
and (f) BigCr,0 5 prepared at 600°C
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