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Abstract

The worldwide increase in production of water treatment
sludge together with the overwhelming disposal cost has
fuelled research into the development of economic re-use
alternatives. This study investigated the shear behaviour of
unmodified and modified clay to determine the potential of
using lime-iron sludge as a soil modifier. The effects of lime-
iron sludge concentration, moisture content and vertical
normal stresses were examined.

The optimum dose of lime-iron sludge was found to be 3%
with an accompanying optimum moisture content of 20%.
An improvement of 20% increase in shear stress together
with a rise in cohesion of 155% was observed. However, the
inclusion of lime-iron sludge in soil specimens had no
significant effect on the internal friction angle.

Experimental results were successfully used to illustrate the
positive effect of lime-iron sludge inclusion on the shear
behaviour of soil. Additionally, experimental data was
successful in correlating shear variables and optimizing soil
parameters to aid in the eventual development of full-scale
design.
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Introduction

Increasing quantities of Water Treatment Sludge (WTS)
are being produced worldwide due to increased water
demand, more stringent controls over the quality of
produced water and lack of suitable reuse for
residuals.

WTS often defines the residual produced from water
softening, chemical coagulation, flocculation, and
settling processes used in the treatment of potable
water (Twort et al. 2000). Added coagulants cause the
impurities to aggregate into flocs that can be separated
from the water, removing not only the impurities but
also the chemical additives.

A popular approach to WTS disposal is to discharge
into an excavated lagoon where it is left indefinitely.
This is not a long-term solution as lagoons have a
finite capacity and landfills occupy significant land
space. Further, such solutions are a major financial
burden to the water treatment plant due to cost of
drying, loading, and transporting the sludge.

According to Moldan (1990) most environmental
protection regulations require that the quantity of
waste produced is minimized. If possible, the wastes
should be re-used or processed as secondary raw
materials as much as possible. Otherwise, the solid
wastes should be put back in the environment where
the space occupied should be as little as possible and
minimum costs should be achieved.

Reported methods of soil modification include
physical processes such as soil densification, blends
with other material, use of reinforcements (Geogrids),
and chemical processes such as mixing with cement,
bituminous emulsions, fly ash, lime, lime by-products
and blends of any one of these materials. (Soil
Stabilization in Pavement Structures, 1979). Improved
soil properties such as strength,
compressibility, deformation, hydraulic conductivity,

plasticity,

workability, durability, swelling potential, and volume
change tendencies have been reported.

Water treatment sludge may be classified as either
lime sludge or lime-iron sludge. According to
Benesova (2004), the typical average iron content of
iron sludge is 19.5% while the typical average iron
content of lime sludge is 1.88%. While numerous
studies have been reported in the literature on the
reuse of lime-sludge as a soil modifier, little has been
reported on lime-iron sludge. Yu, Zhang and
Cartweight (2010) conducted a pilot investigation on
the beneficial utilization of lime-sludge for subgrade
stabilization. The results of the investigation indicated

little improvement in unconfined soil strength.
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However the modification demonstrated positive
effects in reducing the plasticity of soil and increasing
its durability and deformation.

Watt and Angelbeck (1977), in a study of the effects of
adding lime-sludge to a road sub-base aggregate,
found that addition of 0.5 to 1.0% sludge produced
maximum improvement to the seven-day cure and
freeze/thaw unconfined compressive strengths. The
mix design was 86% aggregate, 11% fly ash, 3% lime,
and 0 to 3% sludge solids.

According to Baker et al. (2005) the use of lime-sludge
as a soil modifier holds promises from both
performance and economic aspects. The large amount
of sludge available and the fact that it is inexpensive
(essentially free) is very attractive if it can be used for
soil modification in transportation constructions.

In this investigation the effect of lime-iron sludge as a
soil modifier is reported. The characteristics of lime-
iron sludge are determined using the Atterburg’s
limits, and direct shear testing. Experimental data was
analysed in an attempt to explicate the correlation of
optimum
parameters to aid in the eventual development of full-
scale design.

shear variables and determine the

Test Program

Materials Used for Testing

Experimental studies were carried out using lime-iron
sludge obtained from a water treatment plant located
in central Trinidad. The material, which is not
currently re-used, was produced from water treatment
processes used for the removal of iron from ground
water. Lime-iron sludge specimens were subsequently
classified as inorganic silt of low plasticity according
to the Unified Soil Classification System. This lime-
iron sludge was tested as a modifier using a soil
obtained from the Northern Range of Trinidad. The
soil was classified as inorganic clay of medium
plasticity according to the Unified Soil Classification
System.

Methodology

This study examined the shear behaviour of
unmodified and modified soil specimens. The main
variables considered in the tests are as follows:

* Lime-iron sludge concentration
e Moisture content

e Vertical normal stress
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Samples of soil and/or lime-iron sludge were classified
using the multipoint liquid limit method of the
Standard Test Methods (ASTM D4318).

The Standard Test Method for Direct Shear Test of
Soils under Consolidated Shear Condition, (ASTM
D3080) was performed using a direct shear machine
(ELE International T206) to characterize the shear
parameters presented in this paper. The tests were
conducted in a shear box 5.0 cm by 5.0 cm in plane and
42 cm in depth. The shearing rate was 0.001 cm/s.
Shear stresses were recorded up to a horizontal
displacement of 1.2 cm in order to observe the post-
failure behaviour.

Prior to definition of the effects of the shear
parameters, all specimens were compacted with the
same compactive effort according to ASTM D698
standard using a 10.0 cm diameter by 15.0cm wide
mould. The moisture content was determined by oven
(ELE 13578) drying.

Sample Preparation

Prior to laboratory testing the lime-iron sludge and
soil were dried at 105°C and then pulverized in a
mortar and pestle. The specimens were left in the
laboratory for 24 hours to attain equilibrium moisture
content, which was found to approximate 12%. The
moisture content was verified periodically.

Results and Discussion

The Effect of Lime-iron Sludge on the Index Properties
of Inorganic Clay

The index properties of the soil and lime-iron sludge
determined according to ASTM D4318 are
summarized in Tables 1 and 2 respectively.

TABLE 1 INDEX PROPERTIES OF SOIL

Characteristics
Soil Type Inorganic clay of medium plasticity
Liquid Limit 41.40
Plastic Limit 28.24
Plasticity Index 13.16

TABLE 2 INDEX PROPERTIES OF LIME-IRON SLUDGE

Characteristics
Soil Type Inorganic silt of low plasticity
Liquid Limit 66.00
Plastic Limit 53.00
Plasticity Index 13.00

Modified specimens were prepared using soil and 3%
lime-iron sludge. The index properties of modified
specimens determined according to ASTM4318 are
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summarized in Table 3. Experimental data indicated
that inclusion of lime-iron sludge had a significant
effect on liquid limit and plasticity. An increase of 17%
in liquid limit together with an increase in plasticity of
43% was obtained. This change in properties may
increase the degree to which the material can be
permanent
deformation before rupture. A marginal 4% increase in
plastic limit was obtained indicating that inclusion of
lime-iron sludge has little effect on the dryness of the
material.

moulded or reworked to cause

TABLE 3 INDEX PROPERTIES OF MODIFIED SPECIMENS

Characteristics
Soil Type Inorganic clay of medium plasticity
Liquid Limit 48.25
Plastic Limit 29.37
Plasticity Index 18.88

The Effect of Moisture Content on the Shear Stress of
Modified soil

The optimum moisture content, that is, the moisture
content that leads to the maximum soil density under
the particular test conditions was determined by
varying the moisture content as well as the percentage
addition of lime-iron sludge. The percentage lime-iron
sludge was varied between 0% and 10% at a normal
stress of 6.38 kN/mz2. Figure 1 shows the shear stress
values obtained when the moisture content was varied
between 10% and 30% of the dry weight of modified
and unmodified specimens. The results indicated that
the increment in the concentration of lime-iron sludge
in the soil matrix increased both the shear stress and
optimum moisture content.

For unmodified specimens the optimum moisture
content was found to be 18%. Modified specimens
prepared with 3% lime-iron sludge produced an
optimum moisture content of 20%. From Figure 1 it is
also observed that a 5% change in moisture content
above or below the optimum value results in a
significant change in shear stress. At low moisture
content a reduced value of shear stress was recorded
which may have been due to a decrease in density and
thus the need for an increased compactive effort. On
the other hand, excessive volumes of water within the
soil matrix may have resulted in reduced interlocking
and bonding of particles. Hence the soil expanded its
volume and the density of the soil particles as well as
the shear stress decreased.

By connecting the peak on each curve, a line of
optimum moisture content is drawn which enables the
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determination of optimum moisture content for any
lime-iron sludge concentration between 0 and 10%.
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FIG. 1 EFFECT OF MOISTURE CONTENT ON THE SHEAR
STRESS OF INORGANIC CLAY FOR DIFFERENT LIME-IRON
SLUDGE CONCENTRATIONS

The Effect of Lime-iron Sludge Addition on the Stress-
strain Curves of Modified Soil

Figure 2 shows the stress-strain curves obtained when
the added amount of lime-iron sludge was varied
between 0% and 15% at a normal stress of 6.38 KN/m?2.

The effect of lime-iron sludge addition at constant
compaction showed that the shape of the stress-strain
curves differed significantly to that of unmodified
specimens. Unmodified soil showed a well defined
curve with increasing shear resistance with shear
displacement until a constant value was reached. No
peak shear stress was obtained over the range of
displacement tested. A peak stress was obtained for
each sample containing lime-iron sludge, which
reduced with continued shearing until the residual
stress was reached. A ductile shear interface in which
the specimens continue to deform after reaching its
peak stress was observed.

Rise in lime-iron sludge concentration between 0%
and 10% resulted in an increase in stiffness (i.e., the
rate of mobilization of strength with displacement),
peak stress and residual stress. As shown in figure 2
the shear stress of the unmodified soil specimens was
25.675 kNm-3. Addition of 3% lime-iron sludge
resulted in the formation of a peak stress, 20% beyond
unmodified soil stress. The residual stress was 8%
beyond that of the unmodified soil. A maximum of
40% increase in peak stress was obtained for modified
specimens containing 10% lime-iron sludge.

At 15% lime-iron sludge addition the stress-strain
curve initially fell below that of unmodified soil
indicating a possible reduction in stiffness. However
this modified sample subsequently displayed a
gradual increase in residual stress over that of the
other specimens tested. This increase may be the result
of particle reorientation at the failure surface or
changes in the volume of material within the shear
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FIG. 2 EFFECT OF VARYING LIME-IRON SLUDGE
CONCENTRATIONS ON THE STRESS-STRAIN CURVES AT
OPTIMUM MOISTURE CONTENT

The Effect of Lime-iron Sludge on the Failure
Envelopes Modified Soil

The Mohr-Coulomb failure envelopes for unmodified
and modified specimens at varying normal stresses
are presented in Figure 3. Modified specimens were
prepared by varying the addition of lime-iron sludge
between 0% and 10% and blending at the respective
optimum moisture content. As shown in Figure 3, the
shear stress increased linearly as the normal load was
increased for both modified and unmodified
specimens. Under increasing normal stress, soil
particles tend to become denser and closer to lime-iron
sludge particles thus resulting in greater shear
resistance. The failure envelop appears to be linear for
normal stresses of 5.10 kN/m?, 6.38 kN/m? and 7.66
kN/m?2.

The results as presented in Figure 3 also indicated that
inclusion of lime-iron sludge in soil specimens had
minimal effect on its friction angle, which is indicated
by the relatively parallel relationship of modified
specimens. The friction angles were maintained at 59-
for increasing concentrations of lime-iron sludge with
the exception of specimens containing 2% lime-iron
sludge. This specimen was deviated slightly
producing a friction angle of 56°. The variation
however may have been due to experimental error.

The inclusion of lime-iron sludge in soil specimens
had a significant influence on the development of
cohesion (Figure 4). The addition of 2% lime-iron
sludge resulted in a 61% increase in both shear stress
and cohesion. While the addition of 3% lime-iron
sludge increased the cohesion and shear stress by
155%. Increasing the lime-iron sludge concentration
beyond 3% resulted in only a marginal increment in
cohesion. Thus, 3% lime-iron sludge was selected as
the optimum dosage. This observed improvement in
the cohesion intercept may have resulted from the
developed anchorage forces and interlocking of soil
particles.
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FIG. 4 EFFECT OF LIME-IRON SLUDGE ON THE SHEAR STRESS
AND COHESION OF AN INORGANIC CLAY

The Effect of Normal Stress on the Shear Stress of
Modified Soil

The effect of normal stress was investigated using
specimens prepared at an optimum lime-iron sludge
concentration of 3% and an optimum moisture content
of 20%. The normal stresses were 5.10 kN/m2, 6.38
kN/m?and 7.66 kN/m?2. The shear stress vs. horizontal
displacement curves obtained for unmodified and
modified specimens are presented in Figure 5.

A significant increase in initial steepness of curves was
observed for all modified specimens when compared
to unmodified specimens. This increase indicated that
the inclusion of lime-iron sludge resulted in rise in the
sample stiffness regardless of the normal stress
applied. Mobilized strength increased gradually with
increasing normal stress for both modified and
unmodified specimens. This was illustrated by the
leftward shift of the curves as the normal stress was
increased.

There was no observed peak stress over the range of
normal stress tested for unmodified specimens. A
clear peak stress was obtained for each sample
containing 3% lime-iron sludge, which reduced with
continued shearing until the residual stress was
reached. An increase in both peak stress and residual
stress was obtained as the normal stress was increased.
There was an approximate 10% increment in peak
stress as the normal stress was increased from 5.10
kN/m? to 6.38 kN/m? and from 6.38 kN/m? to 7.66
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kN/m?, resulting in 20% increase in residual stress and
an approximate 10% increase in residual stress,
respectively. This change in peak stress and residual
stress may have resulted due to an increase in the
number of contact points between particles and a
subsequent increase in particle resistance.
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FIG. 5 STRESS VS. HORIZONTAL DISPLACEMENT CURVES FOR
UNMODIFIED AND MODIFIED SOIL WITH 3% LIME-IRON
SLUDGE AT VARYING NORMAL LOADS

Conclusions

This study was undertaken to investigate the shear
behaviour of modified and unmodified clay to
determine the potential of using lime-iron sludge as a
soil modifier. The effects of lime-iron sludge
concentration, moisture content and vertical normal
stresses were examined. Based on the output of the
research the following conclusions may be drawn:

e Compared to unmodified soil, modified
specimens showed increment in shear stress
with increasing concentration of lime-iron
sludge within the range from 2 to 15%.

e The optimum lime-iron sludge concentration
was found to be 3% with a corresponding
optimum moisture content of 20%.

e The inclusion of 3% lime-iron sludge resulted
in an 8% increase in residual stress over that of
unmodified specimens. Further, modified
specimens exhibited the development of a peak
stress for all values of applied normal load.
Addition of 3% lime-iron sludge resulted in the
formation of a peak stress, approximately 20%
beyond unmodified soil stress.

e The inclusion of lime-iron sludge as a soil
modifier resulted in a significant improvement
on the cohesion intercept. At optimum lime-
iron sludge concentration 3% there was 155%
increase in cohesion. However no noticeable
change was observed with regard to the
friction angles of modified specimens.
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Abstract

Cu-Sn composite coatings were deposited using various Cu
feedstock powders with different sizes and shapes, and the
formation of intermetallic compounds (IMCs) in the coatings
was investigated. IMC formation by post-annealing of
composite coatings could be affected. In addition, when Cu-
Sn composite particles were employed, not only the Cu-Sn
composites but also Cu-Sn IMCs (CusSns and CusSn) were
observed at the interfaces between Cu and Sn particles in the
as-sprayed state. In the case of the annealed Cu-Sn coatings,
the CusSns formed in the as-coated coatings was transformed
into the CusSn phase, and the embedded Sn particles were
fully changed into the CusSn phase. However, the
intermetallic compound formation of CusSn was different,
depending on the shape and size of the Cu feedstock.
Therefore, the deposition of Cu-Sn composite coatings using
different Cu particles could have an influence on the
formation of IMCs.

Keywords

Cold Spray; Cu-Sn; Composites; Intermetallic; Coatings

Introduction

In the thermal spray process, metallic and ceramic
powders are melted by jets emitting hot gas with very
high temperatures, after which coatings are formed
through the solidification of the melted powders on the
substrates. In the cold spray process, however, metallic
powders are injected into a de Laval-type nozzle where
they are accelerated to high velocities by a supersonic
gas stream. When the metallic powders are impinged
onto the substrate, their kinetic energy enables the
production of coatings with severe deformation.
Because the particles are deformed by collision with
the substrate, ductile metallic powders must be chosen
for the feedstock materials. Also, ceramic powders are
unsuitable for feedstock materials in the cold spray
process owing to the brittleness. However, in the case
of metal (Al)/metal composites coated by the cold
spray process, it is very easy to obtain high quality

composite coatings because of the deformation
behavior. In addition, intermetallic compounds (IMCs)
in the coatings are easily obtained by post-annealing,
as reported by many researchers. Wang et al. reported
the characteristics and influence of heat treatment in
Al/Fe composite coatings. Novoselova et al. reported
the morphology, porosity, and hardness of Al/Ti
composite coatings. Lee et al. investigated the
formation of IMCs by post-annealing on cold sprayed
Al/Ni and Al/Ti composites. case,
intermetallic formation was realized by the interaction
between the cold sprayed coatings and the substrates.
H. Lee et al. reported the Al/Ni interface interaction for
intermetallic compound formation produced by cold
spraying and post-annealing. H. Bu et al. and K.
Spencer et al. investigated the post treatments of Al
coating/Mg substrate couples by cold spraying. In the
case of Cu/metal composite coatings, few reports were
available concerning Cu composite coatings by means
of the cold spray process and their IMC formation by
means of post-annealing. In this study, Cu-Sn
composite coatings were deposited by cold spray on Al
substrates, using various types of Cu powders, and

In another

annealing studies were carried out to transform the
composite coatings into intermetallic compounds.
Further, the properties of as-coated and annealed
coatings were investigated. The results of these Cu-5n
coatings in the course of the cold spray will be applied
in lead-free solders for flip chip connections and the
anode electrodes for secondary batteries (Li ion
batteries).

Experimental

A home-installed cold spray system was used in this
work. The particles were accelerated through a
converging—diverging de Laval-type nozzle with a
throat diameter of 1 mm (inlet diameter, 7 mm). Pure
air, instead of the usual helium and nitrogen, has been
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used as both accelerating gas and powder feeding gas.
The pressure before entering the gas heater was fixed
at 2.0 MPa and the temperature of the gas passing
through the nozzle ranged from 200 to 450°Cwhich
was measured in the nozzle beside the feedstock feed
entrance. The distance between the nozzle and the
substrate was 20 mm. The substrate and nozzle were
stationary during deposition, and therefore, the
deposit was formed in a mountain-like shape. The
particle sizes and shapes of as-purchased Sn and Cu
were confirmed by scanning electron microscopy
(SEM). The Cu-Sn composites were coated onto Al
substrates without sand-blasting. The deposition
efficiency of the Sn feedstock was higher than that of
the Cu feedstock. To produce Cu matrix coatings, a
Cu-5n composite must contain an overwhelming
composition of Cu. Therefore, the powder composition
ratio of Cu and Sn was 90:10 wt%. The coated samples
were annealed at 300°C under N2 atmosphere for 6
hours. The annealing heating rate was 5°C/min and
followed by furnace cooling. The structures of the Cu-
Sn composite and annealed coatings were analyzed by
X-ray powder diffractometry (XRD, Rigaku), and the
microstructures and compositions of the coatings were
measured by field emission-scanning
microscopy (FESEM) with energy dispersive
spectroscopy (EDS, Philips, XL 30 ESEM-FEG) and
optical microscopy (OM).

electron

Results and Discussion

Fig. 1 shows SEM images of the as-purchased Cu and
Sn powders used in these experiments. The smaller Cu
powders were under 10 um with spherical shape,
while the larger Cu powders were under 44 um with
dendritic shape (Figs. 1(a) and 1(b)). The micro-sized
Sn powders were sieved to —325 mesh (<44 pm) with
irregular shape (Fig. 1(c)). Fig. 2 shows XRD patterns of
cold sprayed Cu-Sn composite coatings using Cu
powders with different shapes and sizes. Peaks
corresponding to a newly formed phase were present,
suggesting significant chemical interactions among
Cu/Sn particles during coating, regardless of the Cu
particles’ properties. In particular, two types of Cu-Sn
intermetallic compounds, CusSns and CusSn, without
the oxides (SnO, CuO), were observed. In addition, the
Cu and Sn feedstock seemed to be neither molten nor
semi-molten (Sn melting point: 232°C) because their
flight/coating time was extremely short, so the
temperature of the coatings did not reach the melting
point of Sn even though the gas temperature was
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450°C. Empirically, when the coatings were exposed to
hot gas stream of 450°C for 10 seconds, the Sn
feedstock were melted on the substrate. If the Sn was
melted, the coatings would be destroyed (similar to the
morphology of thermal sprayed coatings). While
coating was made post-annealing, the CusSns phase
disappeared and only CusSn peaks were observed after
complete reaction of the embedded Sn. The Gibbs free
energies of the CusSn and CusSns phases were negative
values, and the Gibb’s free energy of the CusSn phase
was lower than that of the CusSns phase. Fig. 3 shows
the OM images of the as-coated Cu-Sn composite
coatings by cold spray under different conditions.
Similar to the cases of other composite coatings by cold
spray, such as Al-metal and Al-ceramic coatings, the
“embedded particles phenomena” of Sn particles were
observed, accompanied by severe plastic deformation
and possible inter-particle bonding between Cu and Sn
in the Cu matrix. In spite of the type of the Cu powder
and the gas temperature conditions, significant
differences in morphology were not observed. Only
the plastically deformed and embedded Sn particles
(without melting) were found in the Cu matrix despite
an increased gas temperature of 450°C. In addition, it is
likely that the embedded soft Sn particles which had
high strain energy could interact with the Cu matrix.
However, the annealed Cu-Sn composite coatings
seemed to differ with respect to Cu powder shape (Fig.
4). Tt was found that, in the as-coated state, the
embedded Sn particles, including the intermetallic
compounds (CusSns/CusSn) reacted with the Cu matrix
and grown in the Cu-5n coatings by using the smaller
(10 um).
intermetallic compounds (CusSn) were coarser than the
as-coated Sn/IMC particles (Sn/CusSns/CusSn). Despite
the changes in the gas temperature, these results

Cu powders Therefore, the annealed

seemed to be the same in all of the annealed Cu-Sn
coatings obtained using the smaller Cu powders. It
was assumed that the diffusion path of the embedded
Sn particles could be provided by the defects resulting
from the strain of the smaller Cu (10 pm)-Sn coating
systems. In contrast, in the larger Cu (44 pm)-Sn
coating systems, the coarsening effect of the embedded
Sn particles by post-annealing was less significant than
that of the embedded Sn particles in the smaller Cu (10
pm)-Sn coatings. From these results, it was considered
that the diffusion route of Sn particles into the Cu
matrix or the interaction between Sn and the Cu matrix
was very different according to the type of Cu powder.
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In order to clearly confirm the compositions and
phases of the as-coated and annealed Cu-Sn coatings,
coatings prepared under different conditions were
measured by the backscattered electron imaging and
EDS. Fig. 5 and Fig. 6 show the EDS and backscattered
images of the as-coated Cu-Sn coatings, in which the
intermetallic compounds were found at the interfaces
between Cu and Sn, regardless of gas temperature.
Most interestingly, the IMCs of CusSns/CusSn
(confirmed by XRD (Fig. 2)) were formed by the
diffusion of Cu particles that were impacted into the Sn
particles. Compared to the XRD data, it was also
confirmed that the mixed IMCs of Cu-5n
(CueSns/CusSn) were detected by EDS at the interfaces,
and residues of Sn were also observed. Fig. 7 and Fig. 8
show the EDS and backscattered images of the
annealed Cu-5n coatings. The results of the images and
EDS were in agreement with the OM and XRD data. To
prove that the smaller Cu powders (10 um) were more
severely deformed than the larger Cu powders (44 pum)
by the high velocity impact, pure Cu coatings were
deposited using both the finer and the coarser powders
under the same deposition conditions as the Cu-Sn
composite coatings (Fig. 9). As mentioned above, more
severe deformation occurred with the smaller Cu
particles than that with the larger Cu particles during
spraying. As a result of these phenomena, the pores in
the Cu coating prepared from the larger Cu powders
were easily identified by the lower extent of
deformation. Therefore, it was concluded that the more
severe deformation as a result of the high velocity of
the Cu particles could supply the energy for the
coarsening of the IMC (the faster diffusion).

Conclusions

It has been shown that the as-coated and annealed Cu-
Sn composites were prepared under different coating
conditions (such as the gas temperature and type of Cu
powder) on Al substrates by cold spray. In our study
of the as-coated Cu-Sn composites, regardless of the
type of Cu particles, both raw materials displayed
desirable mechanical energy capacities during the
high-velocity impact collision coating and could
accumulate enough potential energy to overcome the
activation barrier of in the course of compounding.
Thus, from these results, intermetallic compounds of
Cu-5n in the as-coated state could be obtained at the
interfaces between Cu and Sn by high velocity impact.
In addition, a greater coarsening of the embedded Sn
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particles by post-annealing was found for the smaller
Cu (10 um)-Sn composite coatings, which may be due
to the higher energy of the smaller Cu particles having
the capability to overcome the compounding activation
barrier by high velocity impact.
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FIG. 1 SEM IMAGES OF THE AS-PURCHASED CU AND SN POWDERS USED IN THE EXPERIMENT:
Cu (10 pm), (b) Cu (44 um), AND (c) Sn POWDERS (44 pum).
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FIG. 2 XRD PATTERNS OF CU-SN COMPOSITE COATINGS:
(a) AS-COATED Cu (10 pm)-Sn, (b) AS-COATED Cu (44 pm)-Sn, (c) ANNEALED Cu (10 pm)-Sn, AND (d) ANNEALED Cu (44 pm)-Sn.
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(d) (@) ®)

FIG. 3 POLISHED CROSS-SECTION IMAGES (OM) OF AS-COATED CU-SN COMPOSITE COATINGS WITH RESPECT TO TYPE OF CU
POWDER AND GAS TEMPERATURE CONDITIONS:

(a) Cu (10 um)-Sn, 200°C, (b) Cu (10 pum)-Sn, 350°C, (c) Cu (10 pm)-Sn, 450°C, (d) Cu (44 um)-Sn, 200°C, (e) Cu (44 um)-Sn, 350°C, AND (f) Cu
(44 um)-Sn, 450°C.

(d © (®)
FIG. 4 POLISHED CROSS-SECTION IMAGES (OM) OF ANNEALED CU-SN COMPOSITE COATINGS WITH RESPECT TO TYPE OF CU
POWDER AND GAS TEMPERATURE CONDITIONS:

(a) Cu (10 um)-Sn, 200°C, (b) Cu (10 pm)-Sn, 350°C, (c) Cu (10 um)-Sn, 450°C, (d) Cu (44 um)-Sn, 200°C, (¢) Cu (44 um)-Sn, 350°C, AND (f) Cu
(44 um)-Sn, 450°C.
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FIG. 5 THE BACKSCATTERED ELECTRON IMAGES OF AS-COATED CU (10 MM)-SN COMPOSITE COATINGS USING FESEM WITH EDS:
AT A GAS TEMPERATURE OF (a) 200°C, (b) 300°C, OR (c) 450°C.

TiLm Dlectwor Image 1

T0Lm Clectror Image 1

10um Eleclren Imags 1

SnK | CuK SnK | CuK snK | Cuk
(AL%) | (AL%) phasc (ALa) | (ALva) phase Ao | (ars) phase
Spectrum 1 100 0 sn Spectrum 1 100 0 sn Spectrum 1 100 0 sn
Spectrnm 2 | 393 60.7 Cu6Sns+Cu3sn Spectrum 2 41.5 385 Cussns+Cuisn Spectrum2 | 418 | 583 | Cu6Sn5+CudsSn
Spectrum 3 0 100 Cu Specirum 3 1} 100 Cu Spectrum 3 0 100 Cu
(@ (b) (©

FIG. 6 THE BACKSCATTERED ELECTRON IMAGES OF AS-COATED CU (44 MM)-SN COMPOSITE COATINGS USING FESEM WITH EDS:
AT A GAS TEMPERATURE OF (a) 200°C, (b) 300°C, (c) 450°C.
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FIG. 7 THE BACKSCATTERED ELECTRON IMAGES OF ANNEALED CU (10 MM)-SN COMPOSITE COATINGS USING FESEM WITH EDS:
AT A GAS TEMPERATURE OF (a) 200°C, (b) 300°C, OR (c) 450°C.
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FIG. 8 THE BACKSCATTERED ELECTRON IMAGES OF ANNEALED CU (44 MM)-SN COMPOSITE COATINGS USING FESEM WITH EDS:
AT A GAS TEMPERATURE OF (a) 200°C, (b) 300°C, OR (c) 450°C.
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FIG. 9 CROSS-SECTION IMAGES (SEM) OF PURE CU COATINGS USING DIFFERENT CU POWDERS:
(a) 10 pm, (b) 44 pm.
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Abstract

Films of Polyethylene (PE), Poly (3-hydroxybutyrate-co-
hydroxyvalerate) (PHBV, 18% HV) and PE/PHBV blends
containing 10 and 30% of PHBV were buried in soil for 180
days to evaluate their biodegradability through the
respirometry test. The biodegradation of the films was
investigated by Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD) and scanning electron
microscopy (SEM). The biodegradation rate was found to be
increased in blends containing larger proportions of
biodegradable polymer, due to increasing interphase
(intermediate regions) between the two polymers. Therefore,
the biodegradation rate was proportional to the amount of

biodegradable polymer phase (PHBV) in contact with the PE.

Keywords
Biodegradation; PE; PHBV

Introduction

The extensive and increasing use of polymer materials
with their wide range of applications in various areas
has created a significant rise in plastic waste discarded
in the environment, encouraging the scientific
community to investigate new polymer materials,
such as blends between degradable and synthetic
polymers [Rosa 2009, Gongalves 2009, Santana 2012,
Campos 2010, Shah 2008, Luckachan 2011].

Polyethylene (PE) is a synthetic polymer widely used
on a commercial scale, especially in the packaging
industry due to its easy production, excellent chemical
resistance and processability [Kyrikou 2011]. After
used up, PE materials are discarded into different
ecosystems, where they cause numerous problems
associated with the accumulation of solid waste due to
their inertia and resistance to microorganisms.

One option to reduce the accumulation of solid waste
is the use of biodegradable polymers that are
accessible to microbial assimilation.
Polyhydroxyalkanoates (PHAs), whose mechanical

and thermal properties are similar to those of
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conventional thermoplastics, are polyesters produced
in nature by bacteria. A representative the family of
PHAs is Poly (3-hydroxybutyrate-co-hydroxyvalerate)
(PHBYV), whose desirable mechanical performance and
rapid  biodegradation in  different  natural
environments make it an attractive material [Hermida
2009].

The biodegradation of polymers is influenced by their
chemical structure, especially the presence of
functional groups, their hydrophobic-hydrophilic
balance, the presence of highly ordered structures
such as crystallinity and orientation, and other
morphological properties [Oldak 2005, Gu 2003]. Most
of the tests employed to monitor polymer
biodegradation are based on the determination of CO:
produced by microbial respiration [Calmon 2000,
Krzan 2006, Bastioli 2005], combined with measures of
structural changes (FTIR) and morphology (XRD) of
polymers [Starka 2004, Furukawa 2007, Conti 2006,
Kunioka 1989].

The polymer blends obtained by mixing synthetic and
biodegradable polymers can allow for good
interaction with microorganisms in the environment.
This study investigated the biodegradation of
PE/PHBV blends containing 10 and 30% PHBV, based
on respirometric tests, FTIR, XRD and SEM.

Materials and Methods

The polymers used in this study were LDPE with a
density of 0.922 g/cm?® and MFI (melt flow index) of 3.8
g/10 min (Braskem PE BP-681/59) and PHBV (Mw =
237,500, 18 mol% HV content).

The polymers and blends were mixed for 15 min in a
Thermo Haake rheometer operated at 170°C and 60
rpm. The polymer films were compression-molded for
3 min at 170°C between two aluminum sheets in a hot
hydraulic press, under a pressure of 8.7 MPa to obtain
100 pum thick films. The films were then allowed to
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cool to ambient temperature (25-26°C).

The polymer films were subjected to respirometry
testing to quantify the production of carbon dioxide
released by microbial respiration and to evaluate their
biodegradation, according to the ISO 14855 standard
[Weng 2011]. Biometer flasks used as originally
suggested by Bartha and Pramer [Bartha 1965], each
containing 50 g of soil + polymer sample (duplicate)
were incubated at 28°C + 2°C for 180 days. CO:
production was measured volumetrically at intervals
of approximately 24 h.

Infrared spectra of the blend and pure films were
recorded in a Shimadzu Prestige-21 FTIR spectrometer
operated at a spectral resolution of 4 cm for all the
samples, with scanning performed at room

temperature before and after the respirometric test.

X-ray diffraction (XRD) measurements were taken
using a RIGAKU RU-200B diffractometer (belonging
to IFSC/USP, Sao Carlos, SP, Brazil) operated at 50 kV
and 100 mA using a CuKa radiation wavelength of
1.54 A as the X-ray source. Diffraction patterns were
recorded in the range of 20 = 10-35° at a scan speed of
0.36°/min at room temperature.

The changes occurring on the surface of the polymer
films were analyzed under a Zeiss DSM 940-A
scanning electron microscope, using an acceleration
voltage of 4 keV.

Results

A respirometer is used to measure the volume of CO:
produced by the respiration of microorganisms during
aerobic biodegradation [Kijchavengkul 2006]. The
evolution of CO, a direct parameter to verify polymer
mineralization, is therefore a useful way to determine
the biodegradability of polymer material [Calmon
2000, Bastioli 2005, Solaro 1998].

Fig. 1 shows the percentage of biodegradation of
polymer films based on CO: production. PHBV films
incubated for 6 months presented the highest
biodegradation rate, which was evidenced by the
impossibility to detect the films in the soil after this
experimental period due their complete disintegration.
The PHBV films became mineralized by the action of
the microorganisms in the soil. This was demonstrated
earlier by Weng et al. [Weng 2011] who studied the
biodegradation of PHAs (PHB, PHBV (40, 20 and 3
mol% HV) and P(3HB, 4HB) (10% mol 4HB) under
controlled composting conditions, and found that 50%
of the films were undetectable after 20 days due to
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their biodegradation by enzyme catalyzed erosion
occurring from the surface toward the core of the films.

—i— PHBV

—e—PE
120 4 _a— PE/PHBY (90/10)
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100

80
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% biodegradation
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FIG. 1 PERCENTAGE OF FILMS BIODEGRADATION FROM
RESPIROMETRY ANALYSIS, WITH AVERAGE STANDARD
DEVIATION.

In this work, the PE films started to biodegrade after
120 days, keeping about 3.5% of biodegradation at the
end of the experiment. The long period of latency is
attributed to the properties of the material, such as
hydrophobicity and degree of crystallinity [Roy 2008]
which are important factors in biodegradation due to
the effect of water and enzyme accessibility [Vilaplana
2010]. Corti et al. [2010] found that the production of
CO: in preoxidized PE samples containing prooxidant
additives was greater than that in films without these
additives. This finding was explained by the ability of
fungi to use the products of oxidation as sources of

carbon.

The PE/PHBV 90/10 and 70/30 blends showed 7 and
12% biodegradation, respectively, in the same period,
with greater biodegradation of the blend containing
the higher proportion of biodegradable polymer
(70/30).

CO2 evolution, an efficient method to assess the
biodegradation of polymer films, is directly related
with the morphology of biodegraded polymer films,
as illustrated in the following FTIR, XRD and SEM
images.

Infrared spectroscopy is a versatile technique to
determine  compositions and  macromolecular
configurations, and to compare morphologies against
parameters such as crystallinity (crystallinity index)
and phase segregation of polymer systems [Gulmine
2002, Sato 2011]. However, the crystallinity index does
not represent an absolute degree of crystallinity
[Bloembergen 1986].

Fig. 2 shows FTIR spectra of the untreated PHBV and
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biotreated films. The spectra were normalized using
the band at 1380 c¢m! as internal standard, which is
assigned to CHs symmetric deformation, independent
of crystallinity [Singh 2008]. The spectra of the PE and
blend films after 180 days of biotreatment were
normalized in relation to the band at 1465 cm (CH>)
[Sudhakar 2008].

After the respirometric test, the PE showed 8%
increase in the intensity of the band at 1377 cm,
which was attributed to the percentage of short chain
branching (methyl, butyl and hexyl) of the PE bonds,
indicating breaks in these chains [Quental 2005].

After the respirometric test on the PHBV and blends,
several changes were detected in the bands at 1278
and 1184 cm? which were attributed, respectively, to
CH: vibrations and C-O-C
amorphous phase, emphasizing that these bands are
sensitive to the crystallinity of PHB [Furukawa 2007,
Bloembergen 1986, Bayari 2005]. In addition, the
intensity of the band at 1722 cm? was found to
increase (C=O in crystalline phase). Before the
respirometry test, the 90/10 blend showed a band at
1735 cm, which was assigned to C=O in a less
organized crystalline phase [Conti 2006, Padermshoke
2005]. This phase underwent changes after the
biotreatment, suggesting hydrolytic breaks of ester
groups of the PHB fraction and some chain
rearrangements. In the biotreated 70/30 blend, the
band at 1742 cm! (C=0 amorphous phase) was found

stretching in the

to be absent, indicating consumption of carbonyl and
consequent chain rearrangements of PHBV in contact
with PE phase.

1742 400
\
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FIG. 2 FTIR OF THE FILMS BEFORE AND AFTER THE
RESPIROMETRIC ASSAY.

The degree of crystallinity (% Xc) and the crystallite
size (D) were calculated from XRD data extracted from
Fig. 3. Crystallinity was calculated based on the ratio
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of crystalline to amorphous peak areas. Crystallite size
was calculated using Scherrer’s equation [Munaro
2008], where B is the width at half height of the
highest peak, O is its angle position; k is a constant,
which depends on particle size (spherical shape = 0.9)
and A is the X-ray length (Table 1).

The principal reflection peaks in the PHBV were at 20
=13.30 and 16.68, corresponding to the (110) and (020)
planes, emphasizing that the PHB
(polyhydroxybutyrate) plane (110) also occurs at 20 ~
16.8°. The PE planes (110) and (200) are located at 20 =
21.36 and 23.62°, respectively.

After the biotreatment, the crystallite size (D) of the
blends underwent modifications in the 110 plane,
relative to the PHBV and PE fractions. In the PHBV
fraction, the crystallite size decreased by about 7.5% in
the 90/10 blend, due to the greater dispersion of PHBV
domains in the PE matrix. However, in the 70/30 blend,
the crystallite size of PHBV increased by 15%, because
of the greater coalescence of the PHBV domains. The
crystallite size in the PE fraction of the 90/10 and 70/30
blends increased by about 4.5% and 1.5%, respectively
(Table 1), suggesting that in the blend containing the
larger amount of synthetic polymer (PE), these chains
underwent new crystallization on pre-existing crystals
[Gongalves 2009, Guadagno 2001]. The crystallite size
in the biotreated PE showed a 2% decrease and the
PHBYV a 44% increase.

The degree of crystallinity (Xc) of PHBV decreased
significantly (22 %) after 28 days buried in the soil, but
increased by about 4% in PE after 180 days. The 90/10
blend showed an increase (8%) similar to that found in
the PE films. The biotreated 70/30 blend showed an 8%
decrease in Xc due to degradation of the PHBV
crystalline fraction, represented by the (110) peak,
which was assigned to HV chains.

The changes in the crystallite size of the PHBV and the
70/30 blend after the respirometric assay probably
occurred due to biodegradation of the HV (valerate)
chains, which caused the crystallite size to increase.
Following Yoshie et al.’s model [2001], which proposes
that PHBV is isodimorphigc, i.e., the long sequences of
HB (butyrate) units comprise the crystal core and the
HV units comprise edges of the lamella, where the
biodegradation process occurs. In the 70/30 blend, the
larger and less organized interphases composed of
flexible valerate units enable the biodegradation
reactions. This was confirmed by the FTIR results,
especially by the PHB bands sensitive to the degree of
crystallinity, which underwent changes.
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PE/PHBV (70/30)

PE/PHBV (90/10)

Intensity

FIG. 3 XRD OF THE FILMS BEFORE AND AFTER THE
RESPIROMETRIC ASSAY.

As shown in Fig. 2 (FTIR), branching PE presented a
band relative to the short chains (methyl, ethyl, butyl).
This PE underwent a break of the C-C and C-H bonds,
which was facilitated by tertiary carbon, producing
short chains after degradation [Corrales 2002]. In this
experiment, PE began to biodegrade at around 120
days  (respirometry  data), suggesting that
biodegradation started from the breaking of these
weak bonds around the tertiary carbon, mainly in the
amorphous phase, as reported in the literature [Volke-
Sepulveda 2002, Suresh 2011]. In the 90/10 blend,
which showed greater dispersion of PHBV in the PE
matrix and smaller domains of PHBV, the degree of
biodegradation was less (FTIR and XRD results).

TABLE 1- CRYSTALLITES SIZE (D) AND CRYSTALLINITY
DEGREE (%XC) TO THE FILMS BEFORE AND AFTER THE

RESPIROMETRIC ASSAY.
D (nm) D (nm) % X
(110) PHBV (110) PE ¢

samples

before after | before after | before | after

PHBV | 4.2845 | 6.1802 - - 60 47

PE - - 3.1373 | 3.0826 54 56

90/10 6.2920 | 5.8202 | 2.9977 | 3.1377 47 51

70/30 4.2851 | 4.9180 | 3.0369 | 3.0963 52 48

Fig. 4 shows micrographs of the films before and after
the respirometric assay. The original films showed
smooth surfaces (Fig. 4 a,c,egi). After 28 days, the
PHBV films showed craters and erosion on all the
surfaces (Fig. 4 b). After 180 days of biotreatment, the
PE films and blends displayed a few changes, such as
grooving and exfoliation of surface layers, mainly in
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the 70/30 blend.

FIG. 4 FILMS SEM (A) PHBV BEFORE THE RESPIROMETRIC
ASSAY; (B) PHBV AFTER 28 DAYS; (C) PE BEFORE; (D) PE AFTER
180 DAYS; (E) PE/PHBV 90/10 BEFORE; (F) PE/PHBV 90/10 AFTER;

(G) PE/PHBV 70/30 BEFORE; (H) PE/PHBV 70/30 AFTER 180 DAYS.

The results of the biodegradation of blends indicated
that the larger the proportion of biodegradable
polymer was, the higher the biodegradation rate was.
Thus, a large amount of PHBV results in a phase with
larger domains of PHBV (more clusters), similar to
what Oldak et al. [2005] found in their study who
studied photodegradation and biodegradation of
PE/cellulose blends, and concluded that blends with a
higher proportion of cellulose (30%) formed larger
domains, so that the interactions were not strong
enough to prevent their degradation. In the 5-15%
PE/cellulose blend, the cellulose disperses more
homogeneously, with short inclusions in the PE matrix,
facilitating  the

intermolecular interactions and
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hindering biodegradation. This effect was reported by
Borah & Chaki [2011] who used a blend of low density
polyethylene/methyl ethylene-co-acrylate and found
two phases, with the minor component (cellulose)
dispersed in the main continuous matrix (PE).

Thus, in the present study, the higher the proportion
of PHB in the blend was, the larger the interphase
between the polymers was, which was considered an
intermediate and less organized phase where
biodegradation occurred preferentially. The changes
observed in PHBV and PE/PHBV blends were
attributed to the action of microorganisms that
catalyzed hydrolytic reactions of PHBV ester groups at
the interface between crystalline and amorphous
phases (in PHBV) and in interphases (intermediate
regions between PE and PHBYV in the blend). Hence,
the larger the interphase was, the greater the
probability of the occurrence of biodegradation was
(as in the case of the 70/30 blend).

Conclusions

Blends containing higher proportions of PHBV
showed higher susceptibility to microbial degradation
in soil, due to the distribution of the larger phases
(PHBV) in contact with the PE matrix (interphase). The
samples biodegraded in the following sequence:
PHBV > PE/PHBYV 70/30 > PE/PHBV 90/10 > PE.

The microbial action occurred through the hydrolysis
of PHBV ester groups (at the interface between
amorphous and crystalline phases) and in interphases
in the blend (contact between the two different
polymers).

COz evolution (respirometry) is an efficient method to
assess the biodegradation of polymer films,
particularly when allied to FTIR, XRD and SEM
techniques.
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Abstract

The purpose of the paper is to analyse the damping of
sandwich composites made of foam core and laminated
skins. Damping parameters are investigated in the case of
the bending vibrations of clamped-free beams. Modelling of
the damping of the sandwich materials is established using a
finite element analysis formulated on the sandwich material
theory. Damping modelling is based on the evaluation of the
different energies dissipated in the material directions of the
core and the layers of the skins. The results obtained in the
case of the bending vibrations of beams show a good
agreement with the experimental results derived from an
experimental investigation. Next, a parametric study is
implemented to identify the effect of the characteristics of

the constituents on the damping of the sandwich composites.

Keywords

Sandwich Materials; Damping; Finite Element Analysis;
Vibration Testing

Introduction

Sandwich composite materials are increasingly being
used in a variety of industrial applications such as,
marine, aerospace, automobile industry etc. The use of
sandwich construction is the result of an increasing
demand for light and strong structures. Weight saving
is a dominant factor in the transport sectors such as
high speed trains, high speed boats, cars etc. The
sandwich concept takes advantages over single skin
laminated structures in terms of flexural properties
with a reduced weight. Flexural stiffness and strength
are just two of a variety of design criteria to be
considered.

The problem to dissipate energy in structures is an
important consideration in mechanical design of
structures. Sufficient damping is needed to reduce
damping of structures, further to avoid fatigue

fracture. Generally, the damping of metal structures is
low. For fibre reinforced materials, the damping is
higher and depends on the constituent properties. In
the vibrations of structures made of sandwich
materials, the damping depends on the constituent
properties and a high part of the energy is dissipated
by the transverse shear effects induced in the
sandwich core, which leads to increase the damping of
materials.

General considerations on the damping of composite
materials are developed in the review of Chandra et al
(Chandra, Singh, Gupta, 1999). Firstly, the review
considers the different damping processes induced in
fibre reinforced composites, resulting from the
viscoelastic behaviour of the matrix, the damping of
the fibre-matrix interphase, the damping due to
damage and the thermo-elastic damping. Next,
models for prediction of damping are analysed: the
which leads to the
introduction of the complex moduli, the stored energy

correspondence  principle
approach, the macro-mechanical description states
that the energy dissipated can be considered as the
superposition of the energies dissipated in
longitudinal, transverse and shear behaviour. At last,
the review considers the application of damping
models to obtain high damping of laminates
combining interleaving viscoelastic layers and fibre
arrangement in the different layers of the laminates.
Other works on the vibrations of sandwich materials
have been reported in the survey papers of Nakra
(Nakra, 1981 & 1984). Based on these works, great
contributions (Vaswani, Asnani, Nakra, 1988 & Moser,
Lumassegger, 1988 & He, Rao, 1992 & Rikards, 1993)
were made to the introduction of the concept of a
complex modulus, using the elastic-viscoelastic
correspondence principle. In this concept, the real part

61



WWW.ij-ms.org

of the complex modulus represents the elastic stiffness
and the imaginary part is associated with the energy
dissipation. More recently, the concept of complex
modulus was associated with a high-order shear
deformation theory by Meunier and Shenoi (Meunier,
Shenoi, 2001) to model the damping of sandwich
plates. Extensive analyses of the damping of
rectangular laminate plates were developed by
Berthelot and Sefrani (Berthelot, Sefrani, 2004 &
Berthelot, 2006) using the Ritz method that was then
extended (Berthelot, 2006 & Berthelot, Sefrani, 2006) to
the case of laminates with interleaved viscoelastic
layers. The Ritz method is restricted to the analysis of
rectangular plates. In the case of complex shape
structures, it is necessary to consider a finite element
analysis (El Mahi, Assarar, Sefrani, Berthelot, 2008). A
finite element was developed by Aratjo et al. (Aratjo,
Mota Soares, Mota Soares, 2010) for the analysis of
active sandwich plates with a viscoelastic core and
laminated
piezoelectric sensor and actuator layers. The elastic
layers were modelled with a first order shear
deformation theory, and viscoelastic core with a three
order shear deformation theory. The dynamic problem
is solved in the frequency domain with frequency
dependent properties for the core.
Identification of the frequency dependent properties of
viscoelastic core materials was considered in (Aratjo,
Mota Mota 2010).
Modelling of the damping of sandwich materials has
been investigated by Assarar et al. in (Assarar, El Mahi,
Berthelot, 2009) using a finite element analysis, and the
results derived from which are then applied to the
experimental evaluation of the damping parameters of

anisotropic face layers, as well as

material

Soares, Soares, Herskovits,

the sandwich materials.

The purpose of the present paper is to consider the
modelling of damping of sandwich materials using a
finite element analysis based on the sandwich material
theory. The results derived from this analysis are then
applied to the experimental evaluation of the damping
parameters of sandwich materials in the case of the
flexural vibrations of beam specimens. At last a
parametric study is implemented to identify the
influence of the characteristics of the constituents on
the damping of sandwich structures.

Modelling the Damping of Sandwich
Composite Materials and Structures

To describe the flexural behaviour of sandwich
material test specimens, laminate theory or sandwich
material theory (Berthelot, 1999 & 2012) can be used,
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which leads to similar results.

Therefore, the vibrations of the test specimens are
investigated in the paper using the QUADA4S finite
element type of PERMAS software. This finite element
analysis uses the classical sandwich material theory
for which the in-plane displacements of the core are
linear functions of the z coordinate through the foam
core thickness hc as well the in-plane displacements
are uniform through the thicknesses s of the skins of
the sandwich composite. Moreover, the transverse
displacement w is considered as independent of the z
coordinate. Thus, the strain ¢, is neglected in the

foam core and in the skins.

The finite element analysis gives (Fig. 1) the values of
the in-plane stresses oy, Oy, Oy, IN each layer k of

the skins of each finite element e of the structure under
consideration:

Oxxk s Oyyks Oxyk (1)
and the values of the stresses oy, oy, oy, Oy, Oy,

on the lower face (1) and the upper face (u) of core of
each finite element e of the structure (Fig. 1):

Oxxlc+ Oyylcs Oxyler Oxzlcs Oyzlcs @)

Oxxuc+ Oyyuc: Oxyucs Oxzuc: Oyzucs
with

Oxzuc = Oyzlc = Oyzc - 3)
Next, the evaluation of the damping is derived from
the energy method to perform the evaluation of the
different energies evaluated in the material directions
as follows.

Oxzuc = Oxzlc = Oxzc s

¢ In-Plane Strain Energy

The in-plane energy Ug§ stored in a given finite
element e can be expressed as a function of the in-
plane strain energies related to the material
directions as:

Ug:Uf+U§+Ug, (4)
z
| \ T
’ \ hsy
| |
Oxxuc » Oyyuc s Oxyuc s Fxauc» Fyzuc The/2
element e Lo
| Tmte: Tite: G G Ole || 12
| | L
\ @ Oxxk 1 Oyyk » Oxyk I n hy
\ 1 Tha
‘ i

FIG. 1 STRESSES DERIVED FROM FINITE ELEMENT ANALYSIS
IN THE LAYERS OF THE SKINS AND IN THE CORE



International Journal of Material Science (IJMSCI) Volume 3 Issue 2, June 2013

with
3 100f
Uy == o1& dXdde,
2.-. e
e l ' ol nd
Uz =— 09 &y dXdde, (5)
2JJJe
3 100
Ug =— og g5 dxdydz,
2000 e

where the integrations are extended over the
volume of the finite element e. g, & , & and

o1, 02 , 0 are respectively the in-plane strains

and stresses related to the material directions of the
layer k of the skins or the core of sandwich material.

® Transverse Shear Strain Energy

The transverse shear energy for a given finite
element ¢ can be expressed in the material
directions as:

Ug =Uls +Uss, (6)

Uds =1J.J.J. oy y4 dxdy dz,
2 e
e 1
Uss Z—J:U os 75 dxdy dz,
2 e

where the integrations are extended over the

with

?)

volume of the finite element e. o4 and y, are

respectively the transverse shear stress and strain
in plane (T, T’) of material in the layer k of the skins
or in the core of sandwich material. o5 and ys are
the transverse shear stress and strain in plane (L, T")
of the element.

Finally, the damping of the finite element assemblage
can be evaluated by extending the energy formulation
approach considered in (Berthelot, 2006). The total
strain energy stored in the laminated structure is given
by:
Ug =Usz +Uzp +2U15 +Ugg +U4gs +Uss, 8)
with
Uij; = Z Uij, )
elements
Where Uj; the strain energies stored in the finite

element assemblage is obtained by summation on the
element.

The energy dissipated by damping in the layer k of the
skins or in the core of the sandwich material of the
element e is derived from the strain energy stored in
the layer or in the core as:

WWW.ij-ms.org

AU =yiyUry +w52U 3o + 2p12 Ut +wésiUgel

+ yinUin +wssUss
These coefficients are related to the material directions
(L, T, T') of the layer k of the skins (I = k) or of the core

(10)

(I = ©): yiy and y3y are the damping coefficients in
traction-compression in the L direction and T direction

of the foam, respectively; w1 is the in-plane coupling
coefficient; ygg is the in-plane shear coefficient;

was and w5 are the transverse shear damping

coefficients in planes (T, T') and (L, T'), respectively.

The damping energy dissipated in the element e is
next obtained by summation on the core and on the
layers of the skins of element e as:

n
AU =AU¢ + D AUE. (11)
k=1
Finally, the damping of the finite element assemblage
is characterised with the damping coefficient i of the

assemblage derived from relation:

_ AU
v = m-
The in-plane strain energies U1, Uz, 2U12, Uss and the
transverse shear strain energies U, Uss related to the
material directions, can be expressed as functions of
both the in-plane stresses oy, oyy,0y and the

(12)

transverse shear stresses oy,, oy, related to the finite

element directions (x, y, z). The formulation of the
energies expressed in Eq. (5) and (7) as function of
mechanical characteristics of constituents (skins and
core) and stresses given by Expression (2) was detailed
in the modelling of damping developed Berthelot et
al.in (Berthelot, Assarar, Sefrani, E1 Mahi 2008) and by
Assarar et al. in (Assarar, El Mahi, Berthelot, 2009).
The approach described in this section as well as the
modelling of the damping developed in (Berthelot,
Assarar, Sefrani, E1 Mahi 2008 & Assarar, El Mabhi,
Berthelot, 2009) allow identifying the effect of
characteristics of the constituents particularly the
influence of skins on the damping of sandwich
structures.

Experimental Procedure

Determination of the Dynamic Properties of the Test
Specimens

The damping characteristics of the materials were
obtained by subjecting beams to flexural vibrations.
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The equipment used is shown in Fig. 2. The test
specimen is supported horizontally as a cantilever
beam in a clamping block. An impulse hammer, model
PCB086 B03, is used to induce the excitation of the
flexural vibrations of the beam. A force transducer
positioned on the hammer allows us to obtain the
excitation signal as a function of the time. The width of
the impulse and thus the frequency domain is
controlled by the stiffness of the head of the hammer.
The beam response is detected by using a laser
vibrometer Polytec (OFV 302 R optical head and OFV
3000 conditioner) which measures the velocity of the
transverse displacement. Then, the excitation and the
response signals are digitalized and processed by a
dynamic analyzer of signals developed by Siglab
Company. This analyzer associated with a PC
computer performs the acquisition of the signals,
controls the acquisition conditions (sensibility,
frequency range, trigger conditions, etc.), and further
operates the analysis of the signals acquired (Fourier
transform, frequency response, mode shapes, etc.). In
addition, the signals and the associated processings
can be saved for post-processing. The system allows
the simultaneous acquisition of two signals with a
maximum sampling frequency of 50 kHz with a
resolution of 13 bits for each channel. The analytical
bending response of a clamped-free beam submitted
to a concentrated loading has been established in
paper (Berthelot, Sefrani, 2004). This analytical
response can be applied using the viscous damping
modelling or the complex stiffness modelling. Thus,
the process of the determination of the dynamic
parameters of the test specimens was implemented by
fitting the experimental responses with the analytical
bending response. The curve fitting was obtained by a
least square method by means of the optimisation
toolbox of Matlab. The experimental and analytical
curve fitting allows us to derive the values of the
natural frequencies fi, and the modal damping
coefficient &i (case of damping using viscous damping
modelling) or the loss factor 7: (case of damping using
the complex stiffness model), related to the specific
damping capacity by the relation yi = 2n#i. The
specific damping capacity is wusually used to
characterise the ratio of the energy dissipated to the
energy stored in a structure or an element of structure.

Materials

Sandwich materials were constructed with glass fibre
laminates as skins and with PVC closed-cell foams as
core. The glass fibre laminates of the skins are cross-
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ply laminates composed of unidirectional layers of E-
glass fibres in an epoxy matrix, arranged in the
sequence [0°/90°/90°/0°]. The unidirectional layers
were fabricated with unidirectional fabrics of weight
300 gm2 with glass fibres aligned in a single direction.

Laser vibrometer
OFV 302R

‘l Beam ﬂ ]

[
2

F—

Impact hammer ICP
PCB 086B03

Clamping block

Signal conditioner OFV
3000

o

Dynamic analyser
SigLab 20-22

I
i

R
FIG. 2 EXPERIMENTAL EQUIPMENT FOR THE ANALYSIS OF
BEAM VIBRATIONS

The engineering constants of the unidirectional layers
referred to the material directions (L, T, T") or (1, 2, 3)
were measured in static tests as mean values of 10
tests for each constant. The values obtained are
reported in Table 1. The experimental damping
analysis of the laminates has been investigated in
(Berthelot, Sefrani, 2006 & Berthelot, Assarar, Sefrani,
El Mahi, 2008) and the values of the loss factors
derived from this analysis are reported in Fig. 2a. The
PVC closed-cell foams were supplied in panels with
thickness of 15 mm, and two foams considered
differing in their densities: 60 kg m= and 200 kg m-2.

Mechanical characteristics of the
measured in static tensile tests for the Young's

foams were

modulus and the Poisson’s ratio, and in static shear
tests for the shear modulus. The results obtained show
that the foams are isotropic and the modulus values
derived are reported in Table 2. The dynamics
properties of the core foam are deduced from the
experimental investigation and modelling analysis
according to the procedure described in (Assarar, El
Mahi, Berthelot, 2012). The values of the dynamics
properties deduced from this analysis are reported in
Figures 2b and 2c.

Sandwich materials were constructed both with these
foams and cross-ply glass-fibre laminates prepared by
hand lay-up process, which leads to a nominal
thickness of 1.2 mm for the sandwich skins.

TABLE 1. ENGINEERING CONSTANTS OF THE
UNIDIRECTIONAL GLASS FIBRE LAYERS.

E, (GPa) Er (GPa) Gyt (GPa) vir

29.9 7.5 22.5 0.24
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TABLE 2. CHARACTERISTICS OF PVC FOAMS DERIVED FROM

STATIC TESTS
h
Density of the  Young’s modulus L Shear
foam (kg m?) (MPa) Poisson’s ratio modulus
i (MPa)
60 59 0.42 22
200 240 0.45 80
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FIG. 3 DYNAMICS PARAMETERS OF THE CONSTITUENTS OF
THE SANDWICH MATERIALS AS A FUNCTION OF
FREQUENCY: (a) LOSS FACTORS IN THE MATERIAL
DIRECTIONS OF THE UNIDIRECTIONAL GLASS FIBRE LAYERS,
(b) SHEAR MODULUS OF FOAMS (c) DAMPING OF FOAMS
DEDUCED FROM EXPERIMENTAL INVESTIGATION AND
FINITE ELEMENT ANALYSIS.
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Characteristics Factors of the Damping of
THE Sandwich Materials

Analysis of the Damping of Sandwich Materials

Investigation of the damping has been implemented in
the case of sandwich materials considered in previous
Subsection B. The experimental investigation was
carried out in the case of the flexural vibrations of
clamped-free beams. An aluminium spacer was added
in the root section which was closely clamped in a
rigid fixture. The free length of the beams was equal to
250, 300, 350 and 400 mm, and the beam width was
equal to 40 mm.

The experimental results obtained have been
compared with the results deduced from the
modelling considered in Section II. This analysis takes
into account the variation of the damping of the
unidirectional layers of the skins (Fig. 3a), as well as
the variation of the shear modulus and damping of
foam core as functions of the frequency (Fig. 3b and
30).

Comparison has been made in Fig. 4 between the
results deduced from the experimental investigation
and from modelling for the sandwich materials, in the
case of core with foams of 60 and 200 kg m?, showing
a good agreement between the experimental results
and the results deduced from modelling. Furthermore,
it is observed that damping as a function of the
frequency is discontinuous from one mode to the other,
due to a change of the distribution of the strain
energies according to the mode. Indeed, the evolution
of the damping of the sandwich materials depends on
different factors as demonstrated in (Assarar, El Mabhi,
Berthelot, 2009).

Energies Dissipated in the Core and Skins

Fig. 5 reports the energies dissipated in the core and in
the skins for the first four modes of the bending
vibrations of the sandwich beams of lengths 250, 300,
350 and 400 mm, in the case of foam cores of density
60 and 200 kg m3, respectively. These results are
derived from a finite element analysis. For the
densities of the foam core equal to 60 kg m, the
energy dissipated in the foam core is clearly higher
than that in the skins. Likewise, it is observed an
increase of the energy dissipated in the foam core and
a decrease of the energy dissipated in the skins when
the frequency as well as the mode number increases
which can be attributed to the dominant effect of the
transverse shear in the foam core, resulting from the
low values of the shear modulus of the foam core and
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the increment with the mode because of the mode
shape. In contrast, for the density of 200 kg m- of the
foam core, the energy dissipated in the foam core
increases with the frequency and the mode number,
when the energy dissipated in the skins decreases.
Moreover, the energy dissipated in the foam core is
smaller for the modes 1 and 2 and higher for the mode
4. For this foam density the value of the shear
modulus is high, and the results observed can be
associated with two different elements: the
distribution of the energy in the core and skins
according to the modes, and the increase of the shear
modulus as a function of the frequency. For the modes
1 and 2, the transverse deformation of the foam core is
less pronounced than that for the mode 4, which yields,
with a high value of the shear modulus of the foam
core, a low energy dissipated in the foam core.

The preceding effect according to the mode shape is
also underlined when the evolution of the energies
dissipated is taken into consideration as a function of
the ratio of the core thickness to the skin thickness (Fig.
6). In this figure, the dissipated energies derived from
finite element analysis are reported for the first three
modes of the bending vibrations of sandwich beams of
350 mm length and a foam density of 60 kg m-3. Skins
of the beams are [0°/90°/90°/0°] cross-ply laminates. It
is observed that the energy dissipated in the core
increases with the thickness of the foam core. For the
first mode, the energy dissipated in the skins is higher
than that in the foam core for low values of core
thickness: values of core thickness smaller about four
times than the skin thicknesses. Additionally, the
energy dissipated in the foam core increases when the
mode number rises, which shows clearly that the part
of the transverse shear energy dissipated in the foam
core increases with the mode number. This effect is
induced by the shapes of the vibration mode.
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FIG. 4 COMPARISON BETWEEN THE RESULTS DEDUCED FROM
EXPERIMENT AND MODELLING FOR THE DAMPING OF
SANDWICH MATERIALS, IN THE CASE OF CORE WITH FOAMS
OF DENSITY 60 AND 200 kg m-
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Influence of the Shear Modulus of the Foam Core

For a given damping of the foam core, one of the
principal factors which govern the damping of
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sandwich materials is the shear modulus of the foam
core. Fig. 7 shows the results derived from a finite
element analysis for the damping of sandwich
materials as a function of the value of the shear
modulus of the foam core, in the case of the first two
modes of sandwich beams with lengths 250, 300, 350
and 340 mm. The results show clearly that an increase
of the shear modulus of the foam core yields a
significant decrease of the damping of sandwich
materials: when the shear modulus is multiplied by 8§,
the sandwich damping is divided by a factor about 4
for the first mode and about 3 for the second mode.
For a given mode and shear modulus of the foam core,
damping of sandwich materials decreases when the
frequency increases, then when the length of the
sandwich beams is increased. This result can be
associated with a decrease in the part of the transverse
shear strain energy stored in the foam core. The
variation of the damping from one mode to the other
is associated with the distribution of the strain
energies in the skins and the core. Elements on this
aspect are considered in the following subsections.
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FIG. 7 INFLUENCE OF THE SHEAR MODULUS OF THE FOAM
CORE ON THE DAMPING OF SANDWICH MATERIALS, FOR
THE FIRST TWO MODES OF SANDWICH BEAMS.

Loss factor 7, (%)

Effect of the Core Thickness on the Damping of
Sandwich Materials

Fig. 8 shows the evolution of the damping of the
sandwich materials as a function of the thickness of
the foam core, for a foam density of 60 kg m?. Two
different evolutions of the loss factors are observed a
function of the frequency according to the foam
thickness: for thicknesses of the foam core of 3.5, 5 and
7.5 mm, the loss factor increases as a function of the
frequency (Fig. 8a), when the loss factor decreases for
thicknesses of the core higher or equal to 10 mm (Fig.
8b). These two different behaviours can be associated
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with the evolution of the distribution of the energies
dissipated in the core and skins as a function of the
core thickness. For low values of the core thickness,
the effect of the damping of the skins is dominant and
the increase of the damping of the skin layers with
frequency (Fig. 3a) induces an increase of the resultant
damping of the sandwich materials. For high values of
the skin thicknesses, the effect of the damping of foam
core is dominant and the increase of the shear
modulus of the foam with the frequency (Fig. 3b) as
well as the decrease of the foam damping (Fig. 3c) lead
to a decline of the damping of the sandwich materials
as a function of the frequency.
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FIG. 8 EVALUATION OF THE DAMPING OF THE SANDWICH
MATERIALS FOR VARIOUS THICKNESSES OF THE FOAM CORE,
IN THE CASE OF [0°/90°/90°/0°] CROSS-PLY LAMINATE SKINS
AND A FOAM DENSITY OF 60 KG M-3: (a) THICKNESS CORE

SMALLER THAN 7.5 MM AND (b) THICKNESS CORE HIGHER
THAN 10 MM.

Effect of the Skin Thickness on the Damping of
Sandwich Materials

Fig. 9a shows the evolution of the damping of the
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sandwich materials as a function of the thickness of
the foam core, for a foam density of 60 kg m=, in the
case of the first two bending modes of sandwich
beams with lengths 250, 300, 350 and 400 mm. It is
observed that the loss factor decreases as a function of
the frequency for each thickness of skins, which results
from the evolution of the distribution of the energies
dissipated in the core and skins (Fig. 5 and 6). Indeed,
the effect of the damping of foam core is dominant as
well as the decrease of the foam damping (Fig. 3c),
which leads to a decrease of the damping of the
sandwich materials as a function of the frequency. Fig.
9b gives the evolution of damping according to the
ratio of the skin thicknesses to the core thickness. The
damping rises when the ratio of the thicknesses
increases with a maximum at about 7.5 which
corresponds to a thickness of 2 mm skins. In fact,
when the thickness of the skin varies from 1 to 2 mm,
the flexural stiffness of skins increases and imposes an
important transverse shear stress on the core and
consequently an increase of the energies dissipated,
leading to an increment of the damping of the
sandwich material. When the thickness of skins is
higher than 2 mm, flexural stiffness increases but the
effect of the thickness of skins on the damping
becomes significant. In this case, damping of sandwich
materials is dominated by the damping of the skins.

Effect of the Type of Skin on the Damping of Sandwich
Materials

Two materials sandwiches composed of skins with
various reinforcements and core foam with density of
60 kg m-3 and 15mm thickness have been considered.
The first one is a sandwich materials with
[0°/90°/90°/0°]s cross-ply laminates and the second one
is a sandwich materials with serge laminate. Fig. 10
compares the results obtained in the case of both
sandwich materials, for the first two bending modes.
The results show that the damping of serge sandwich
is clearly higher than that of cross-ply laminates
sandwich. In addition to the dominant effect of the
core foam on the damping of the sandwich materials,
these results show the effect of the reinforcement type
of the skins on the damping of the sandwich materials.

Effect of the Skins Orientations on the Damping of
Sandwich Materials

Sandwich materials made of unidirectional fibre skins
of 2 mm thickness and foams core of density 60 kg m-3
and 15 mm thick have been in consideration together
with various orientations of skins fibres: 0°, 15°, 30°,

68

International Journal of Material Science (IJMSCI) Volume 3 Issue 2, June 2013

45°, 60°, 75° and 90°. Fig. 11a shows the evolution of
the damping according to the frequency for the first
two bending modes of beams and for different skins
orientations. For a given orientation of the fibres, it is
observed that damping decreases when the frequency
is increased. Skins orientations slightly influence the
global damping of sandwich materials in the bending
modes. The variations of the damping with fibre
orientations for the first two modes are given in Fig.
11b. The results show that damping is maximum for
fibre orientation of about 0° for the first mode, when a
maximum of about 45° is observed in the case of the
second mode, which is attributed to the distribution of
the energies dissipated in the skins and the core of the
sandwich materials.
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decreases due to the decline of the shear strain in the
foam. In fact, when skins fibres are disoriented, the
flexural stiffness of the skins decreases, which reduces
the stress imposed by skins on the core. This process
induces a decrease of the shear energy of the core
foam. In the second mode, the variations of the
energies dissipated in skins and foam core are similar
to those observed in the first mode with a light
difference for an orientation of skins fibres of 40°. In
this orientation appears the coupling between bending
and twisting.
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CASE OF UNIDIRECTIONAL LAMINATE AND WITH FOAM
CORE OF 60 KG M-3: (A) AS A FUNCTION OF THE FREQUENCY,
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The relative variations of the energy dissipated in
skins and core are reported in Fig. 12. It is observed in
the case of the first mode that the energy dissipated in
skins increases according to the orientation of skins
fibres, while the energy dissipated in the foam core
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SKINS FOR DIFFERENT SKINS ORIENTATIONS, IN THE CASE
OF SANDWICH BEAMS OF LENGTHS 350 MM AS FUNCTIONS

OF THE ORIENTATION SKINS, (a) FIRST MODE, (b) SECOND
MODE.

Conclusions

Modelling of the damping properties of sandwich
materials was implemented considering the theory of
sandwich plates and using a finite element analysis.
The analysis derives the strain energies stored in the
material directions of the foam core and in the
material directions of the layers of the skins. Further,
the energy dissipated by damping in the structure can
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be obtained as a function of the strain energies and the
damping coefficients associated to the different
energies stored in the material directions of the core
and the layers of the skins. Next, a parametric study is
performed to identify the influence of the
characteristics of the constituents on the damping of
the sandwich materials. These results obtained show
that the main factors influencing the damping of the
sandwich materials are: the natural frequencies, the
shear modulus of foam, the thickness of the foam, the
distribution of the energies stored in the foam and in
the skins, the type of reinforcement and the thickness
of skins.
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Abstract

In this study gold nanoparticles with different size and
shaped were synthesized by different methods in order to
observe its capability to remove or adsorb mercury from the
prepared solution. The results have showed that various
sizes and shapes of gold nanoparticles were obtained using
direct synthesis microwave polyol method and seed-
mediated growth method. Small sized gold nanoparticles
with spherical shapes were obtained by adding NaCl to the
gold solution, whereas the seed-mediated growth method
produced different shapes of gold nanoparticles with larger
particle size. Using the same amount of mercury (20 ppm),
the highest mercury removal (13,159 mg/g of gold) was
acquired using spherical nanoparticles with particle size less
than 10 nm.

Keywords

Gold Nanoparticles; Size and Shape; Mercury; Removal

Introduction

Mercury, a natural occurring element, could be
present in various concentrations in natural gas. In
natural gas condensate, mercury presents in a variety
of forms (elemental, organometallic and inorganic salt),
depending on the origin of the condensates. Although
the concentrations of mercury in a given natural gas
may be considered very low, but the cause is
cumulative as it amalgamates. In the gas processing
plant, aggregation of mercury can cause severe attack
and failure of cryogenic aluminum heat exchangers
resulting in a mechanical failure and gas leakage
(Wilhem and Bloom, 2000). To provide a safe level of
mercury, several approaches have been developed for
the removal of mercury content in natural gas
processing plant.
adsorbents that widely used in gas purification,
solvent recovery, and waste water treatment. The basic
requirements for successful mercury removal are the
economics of the process and the capability to reduce
mercury concentrations to the acceptable level. The
medium must have high capacity for an active

Activated carbon is one of the

72

bonding to mercury so that they can retain the
mercury in a form that can be disposed. In addition,
mercury removal system must be effective at the
operational condition of the natural gas streams (El-
Ela et al., 2006).

In addition, a good mercury adsorbent can also be
used in monitoring the mercury level. The basic
requirement for a good mercury monitoring system is
that the sensor should be cost effective and suitable for
mobile usage. Schambach et al. (2002) have developed
mini mercury sensors that allow quick mobile analysis.
The thickness of the gold structures used was
approximately 40 nm and a total size of 2 mm x 2 mm
of four meander-shaped of gold structures on the
sensor chip. As mercury passes over the film, mercury
amalgamates with the gold and interaction between
gold and mercury leads to a change in the thin film
resistivity. The total resistance will change
continuously with increasing mercury concentrations
in gold. It is important to note that the gold layer must
be very thin to achieve a reasonable sensitivity
(Schambach et al., 2002). Mozzaloi et al. (2004) has also
reported that a micro fabricated physical sensor has
been used for elemental mercury (Hg°) detection in the
air, based on the technique of resistivity variation of a
gold thin film. In this sensor, adsorption process
occurs when gold thin film is exposed to air polluted
by mercury. After the measurement, the regeneration
takes place and makes this sensor reusable for the next
measurements. The duration of the regeneration
depend not only on the quantity of adsorbed mercury
but also the thickness of the gold layer. Thus, in
addition to gold thin film, nanosized gold particles
may offer a better adsorption characteristiscs that has
effective adsorption.

Generally, the preparation of gold nanoparticles
involves the chemical reduction of gold salt in solution.
However, high surface energy of gold nanoparticles
makes them extremely reactive, and the particles
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undergo aggregation in the absence of any surface
protection. Therefore, to produce gold nanoparticles, it
is very important to avoid the aggregation of the
particles.  Several studies shows that gold
nanoparticles have recently been synthesized under
MW heating (400-1100 W) (Tu and Liu, 2000; Jiang et
al., 2001; Pastoriza-Santos and Liz-Marzan, 2000; Liu et
al, 2003). When HAuCl+.3H.0 or HAuCls was
reduced in methanol (Tu and Liu, 2000), ethanol (Jiang
et al, 2001), N,N-dimethylformamide (Pastoriza-
Santos and Liz-Marzan, 2000), water or sodium citrate
(Liu et al., 2003), spherical nanoparticles with diameter
below 85 nm were obtained. Tsuji et al. (2004)
prepared a mixture of triangular, square, hexagonal,
and close to the spherical gold nanoparticles by
reduction of HAuCl+.4H>O in ethylene glycol in the
presence PVP under MW heating in continuous wave
(CW) or pulse mode.

This paper presents various shapes and sizes of gold
nanoparticles
microwave polyol method and seed-mediated growth
methods. The percentage of mercury removal using
gold nanoparticle has been measured. The amount of
mercury removed indicates the performance of gold
nanoparticles amalgamated with mercury.

produced wusing direct synthesis

Experimental

Microwave polyol method used was similar to that
reported by Tsuji et al. (2004). Hydrogen
tetrachloroaurate (III) hydrate (HAuCl4.3H20) was
used as a source of gold particles, polyvinylprrolidone
(PVP) as a protecting or capping agent, and ethylene
glycol (EG) as both solvent and reductant. To obtain
different sizes and shapes, gold nanoparticles was
prepared by 4 different method; (1) by varying PVP
concentration, (2) by adding NaCl to the gold solution,
and (3) by seed-mediated growth method in which
HAuCl:.3H20 (denoted as [Au]') was added to gold
seed (denoted as [Au]?) at different ratio. The solution
was then heated by microwave irradiation method to
the boiling point of EG (198°C) for 3 minutes. Another
method (4) is by seed-mediated method using cetyl
trimethylammonium bromide, (CTAB), sodium
borohydride (NaBH4), silver nitrate (AgNOs) and
ascorbic acid. The temperature of the growth medium
was kept constant at 27-30°C.

Product particles were characterized by using
transmission electron microscopy (JEOL JEM-2010
TEM). Before TEM analysis, PVP was separated from
Au nanoparticles by centrifugation. In this case, the
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solution was diluted with ethanol and centrifuged at
10,000 rpm. Based on TEM photograph, the shape and
size distribution of Au nanoparticles were calculated.

For the mercury adsorption, the precipitate (0.001 g)
was added in 10 ml mercury solution. The percentage
of mercury removed were determined by analyzing
the concentration of mercury solution before and after
the contacts with Au nanoparticles. The absorbance
measurements were carried out by the atomic
absorption spectrophotometer. (AAS, AAnalyst 400).

Result and Discussion

Gold Nanoparticles

Au nanoparticles were synthesized, characterized and
evaluated for mercury adsorption performance. In the
synthesis procedures, Au** salt is reduced to Au® to
form activated species, either in a single step or via a
Au+ intermediate followed by reduction to Au®. These
activated Au® species are thermodynamically unstable
and rapidly aggregate to form nuclei and eventually
formed the desired Au nanoparticle, as presented in
Fig. 1. Au’* salt is reduced to Au® to form activated
species, either in a single step or via a Au*
intermediate followed by reduction to Au’ The
definitions of shapes and sizes of gold nanoparticles
are shown in Fig. 2.

Nucleation

Reducing agent .Ligand association
HAWCl, ————» . _ .

Capping agent Controlled growth

FIG. 1 SCHEMATIC DIAGRAM OF AU NANOPARTICLES
GROWTH (Lamer and Dinegar, 1950)

A O O

(a) (b) (c) (d)

A€ O @O
T AR

(e)

FIG. 2 DEFINITION OF SIZE OF GOLD NANOPARTICLE (a)
TRIANGULAR (b) CUBIC (c) DECAHEDRAL (d) HEXAGONAL (e)
1 D PRODUCT (NANOROD) (Tsuji et al., 2004)
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1)  Effect of PVP Concentration

Gold nanoparticles were successfully prepared by
varying PVP concentration and rapidly heated to
198°C. The particles were then characterized using
transmission electron microscopy (TEM) to observe
the sizes and the shape of the particles. The effect
of PVP on the shape and size of gold nanoparticles
is shown in Fig. 3, in which the size of gold
nanoparticles decreases as PVP concentration
increases. Using PVP 1.9 mM, the average particle
size was 44 nm and then reduced to 6 nm when
22.2 mM of PVP was used. Similar average particle
size was obtained using 33.3 mm of PVP. These
particles have obtained sufficient protection by the
capping agent (PVP) to prevent aggregation. The
results also shows that a mixture of spherical,
triangular, hexagonal, octahedral, decahedral, and
icosahedral shapes were obtained using PVP
concentration of 1.9 mM. The quantity of spherical
shapes rises as the PVP concentration increases. By
means of PVP concentration of 22.2 mM and above,
the spherical shapes dominates (> 90%).

0 PYE = 1.9 mM Shape %  Shape %
70 Ave. particle size= 44 nm Spherical 4] Octahedral 21
- ¥ Triangular 7 Decahedral 3
D Cubic 0 lIeohedral 2
15 b | 4 1-D 0
. 5 2
10 20 30 40 RO S0 100
Pasticle aize (runy
10
o YR = 2.8 mh Shape 2o Shape %%
Ave. partiche size - 38nm Spherical T8 Crctahedral 11
Triangular 3 Decahedral 5

Cubic i} Ieohedral 1

0 %0 90 10

: I‘IE =HH[ l[—]' | Hexagonal 1 1-13 1
0 1020 30 W . 1
Paticle saze (ne

~ 0 FVP=11.1mM Shape %o Shape %o
£ T Awe. particle size = 16 nm Spherical 85 Octahedral 7
Triangular 4 Decahedral 2
Cubic i) Icohedral ]
20 1" Hexagonal 0 1-I3 2
10 mh
O 10 20 30 40 SO 60 7O BO 90 100
Paaticle size (nm)
PV = 22.2 mM Shape % Shape I
Ave. particle size - Gnm Spherical 96 Octahedral 3
Triangular (1] Drecahedral 1
Cubic 0 Icohedral a
f:: B Hexagonal 1 1-D 1]
o (|
w0 1 ) R0 1
Particle see (nand
PVP = 33.3mM Shape 9%  Shape a9
Ave. particle size = 6 nm Spherical a1 Octahedral 9
Triangular 4] Decahedral 0
| Cubic 0 Teohedral 0
;.' Hexagonal 1] 1-D 0
10

FIG. 3 THE SIZE AND SHAPES OF AU NANOPARTICLES USING
DIFFERENT PVP CONCENTRATIONS
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2)  Effect of NaCl

The effects of NaCl on size and shape of Au
nanoparticles are shown in Fig. 4. Significant
changes have been observed in terms of the shape
and the size of gold nanoparticles. A uniform
distribution of Au nanoparticles was observed with
the addition of 10 mM of NaCl, in which the size
was mainly 10 nm or less. The addition of 20 mM
of NaCl further increased the percentage of
spherical nanoparticles to 99 % with the particle
size less than 10 nm. According to Tsuji et al. (2007),
oxidative etching occurred with the presence of
both AuCl* and Cl ions to the surface of Au
nanoparticles with more defect. Both ions have
more opportunities to attack and further dissolve
the wunstable spherical nanoparticles. Fig. 5
illustrates Au nanoparticles obtained via addition
of chloride ion.

% No Nacl Shape %  Shape g
J Ave. particle size - 44 nm Spherical 60 Octahedral 21
e Triangular 7 Decahedral [
Cubic 0 Icohedral 2
T:: . HH (LI Hexagonal 4 1-D [1]
( — rll_|
o 10 20 30 40 Th B0 S0 100
Paticl size ()
NaCl= 10 mM Shape k) Shape ag
Ave, particle size = 5 nm Spherical 98 Octahedral 1
Triangular i} Decahedral 1
3 Cubic 1] Icohedral 0
10 S Hexagonal [1] 1-D 0
0 =
v 00 M 30 40 S0 60 TH S0 90 104
Particle sz ()
100
a0
NaCl= 20 mM , o ; o
Ave. particle size = 5nm SIM]K_ % _ Shape -
Spherical 99 Octahedral o
Triangular 0 Decahedral 1
20 Cubic 0 Icohedral 0
) 3 o
b =N Hexagonal 0 1-D 0

] 10 20 30 40 50 60 7O 80 90 100
Pasticle size (non)

FIG. 4 THE EFFECT OF CHLORIDE ION ON THE SHAPE AND
SIZE OF GOLD NANOPARTICLE
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FIG. 5 THE FORMATION OF STABLE GOLD NANOPARTICLES
IN THE PRESENCE OF CHLORIDE ION
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3)  Effect of [Au]*/[Au]®° Molar Ratio

The effects of [Au]!/[Au]° on the sizes and shapes of
Au nanoparticles are shown in Fig. 6. The size of
Au nanoparticles rises as the [Au]!/[Au]® molar
ratio increases. There are also some changes in the
shapes of gold nanoparticles formed. Initially, the
Au seed mainly consist of spherical nanoparticles
(85 %). The amount of spherical nanoparticles
decrease but the size increases with increment of
[Au]/[Au]® molar ratio. The changes on size and
shape of Au nanoparticles are due to the etching
and growth of Au nanoparticle from Au seed. The
significant changes in size and shape of Au
nanoparticles were observed by changing the
[Au]/[Au]® molar ratio between 3 to 9.

A seed Shape ki) Shape %o
Ave. partick size = 16 am Spherical 85 Octahedral
Triangular 4 Decahedral
Cubic o leohedral (1]

Hexagonal 0 1-D

[Au],TAu), = 3 Shape o Shape

Average particle size = 15 Spherical 16 Octahedral 0

Triangular & Decahedral 1
=y Cubic 32 Teohedral 5
Eou Hexagonal § 1-I¥
10 -
[ ==
010 20 30 40 S0 60 T S0 90 100 110 120 130
Partic T
100
§ [Au] fAu), =%
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Spherical 3 Ogtahedral Q
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S 13
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FIG. 6 THE EFFECT OF [AU]1/[AU]J0 MOLAR RATIO TO THE SIZE

AND SHAPE OF GOLD NANOPARTICLES

According to Tsuji et al. (2007), the reduction of
AuCly ions starts at 70°C (Eqn. 1) and further
reduction occurs above = 160°C (Eqn. 2). Therefore,
two reaction sequence of reduction occurred in
AuClysions. As reported by Rodr'iguez-Fern’andez
et al. (2005), the reaction of Au® metals were etched
by AuCls and Cl-ions (Eqn. 3).

AuCls—»  AuClx+ Cl2 (or 2C1) (1)
AuClr —» Au’+Cl+Cl- )

2AU0 +AuCls +2C1- — 3AuClr 3)

The completed decomposition of HAuCl4 is via
two sequence reactions (Eqn. 1) and (Eqn. 2).

AuClsi—>  Au®+ Clo+ Cl + Cl- (4)

It was found that the decomposition of HAuCls in
the present of Au’ and Cl ion from first step
reaction takes place in the second step reaction of
[Au]* solution.

AuCls + 2Au0 + 2Cl- —» 3AuCl-  (5)

Reaction (5) was similar to Eqn. 3, reaction
suggested by Rodr'iguez-Fern'andez et al. (2005).
The presence of both AuCls and Cl ions in Au
seeds solution resulted from oxidative etching of
Au nanoparticles. In this study, the oxidative
etching of spherical and octahedral nanoparticles
was considered faster than other particles. As
shown in Fig. 6, the formation of octahedral
nanoparticles in Au seed is significantly less as
compared to that of the spherical nanoparticles.
The etching reaction was considered faster for
octahedral particles and completely etched in the
[Au]'/[Au]° molar ratio of 3. Further etching
reaction of spherical nanoparticles took place after
octahedral nanoparticles completely etched
producing other shapes.

Fig. 5 also shows that the size of gold nanoparticles
becomes larger as the [Au]!/[Au]° molar ratio
increases.  These results show that not only
oxidative etching took place but the growth of Au
nanoparticles was also involved. The oxidative
etching occurred to spherical nanoparticles and at
the same time, as the PVP concentration was not
sufficient to coat and protect the the Au
nanoparticles, the particles started to form larger
gold nanoparticles. The growth rates of triangular
and hexagonal plates, decahedral and icosahedral
nanoparticles are faster than their etching rates, so
they can survive and grow to larger nanoparticles.

Mercury Removal

The amount of mercury removed by using different
size and shape of gold nanoparticles is shown in Table
1. Several samples have been selected to represent
different shapes and size of gold nanoparticles. For
particle size lower than 10 nm with 91% spherical
shapes (sample 1A), the mercury removal is 5885 mg/g.
However, for sample 1B, the amount of mercury
adsorbed was significantly increased to 13159 mg/g. It
is important to note that sample 1A consists of 91%
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spherical and sample 1B has 99% spherical shape with
particle size less than 10 nm. To further assess the
performance of spherical nanoparticles, a comparison
was made using particles size of 11-20 nm (Samples 1C
and 1D). The result shows that using sample 1C with
85% spherical nanoparticles, the removal of mercury is
4977 mg/g but it decreased to 1541 mg/g as the
percentage of spherical nanoparticles reduced to 46%.
The results indicated that sample with high yield of
spherical nanoparticles has the ability to absorb more
mercury than that with other polygonal shapes.

TABLE 1 MERCURY REMOVAL USING DIFFERENT SIZE AND SHAPE OF

GOLD NANOPARTICLES
Sample Quantity | Amount
Shape
No. P (%) | (mglg)
Gold nanoparticles < 10 nm
Spherical 91
Triangular, hexagonal 0
1A Octahedral, 5885
decahedral, icosahedral 9
Spherical 99
1B Octahedral, decahedral, 13,159
icosahedral 1
Gold nanoparticle size range 11-20 nm
Spherical 85
Triangular, hexagonal 4
1C Octahedral,Decahedral, 4977
Icosahedral 7
1-D 2
Spherical 46
Triangular, hexagonal 14
Cubic 32
1D Octahedral,Decahedral, 1541
Icosahedral 6
1-D 2
Gold nanoparticle size range > 21 nm
Spherical 10
Triangular, hexagonal 57
2A Cubic 25
Octahedral,Decahedral, 2837
Icosahedral 5
1-D 3
Spherical 8
Triangular, hexagonal 64
B Cubic 15
Octahedral,Decahedral, 2205
Icosahedral 10
1-D 3
2C 1-D (Nanorod) 94 3331

The results of mercury removal with particle size
greater than 21 nm are represented by samples 2A and
2B. The yield of spherical nanoparticles and 1-D
products in samples 2A and 2B are almost of the same
amount. However, the results have showed that the
amount of mercury removed by sample 2A is slightly
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higher (2837 mg/g gold nanoparticles) than that in
sample 2B (2205 mg/g gold nanoparticles), which
might be due to variation of polygonal particles. The
results also indicated that it is rather difficult to assess
the performance of polygonal particles since the
sample does not represent any dominant shape of
polygonal particles. However, seed-mediated growth
method that has produced nanorod (sample 2C) gives
higher amount of mercury removal per gram gold
nanoparticles as compared to the other two samples
(samples 2A and 2B).

Conclusions

Microwave polyol method would be a suitable
method resulting from its simple and rapid procedure
of producing gold nanoparticles. The great advantage
of microwave heating is that a short crystallization
time is needed to produce Au nanoparticles. PVP
plays a role as a capping agent to avoid aggregation.
Further, the addition of NaCl to the gold solution has
produced smaller nanoparticles (less than 10 nm).
However, the polygonal shapes have been obtained by
seed-mediated growth method. The study showed
that the particle size played a significant role in
mercury removal. With the size of gold nanoparticles
less than 10 nm, the spherical gold nanoparticles
removed the highest amount of mercury (13,159 mg/g).
This is due to the fact that for the same amount of gold
nanoparticles used, small size particles could provide
high surface area for mercury to be adsorbed on its
surfaces and that other polygonal shapes are larger but
with lower adsorption capacity compared to spherical
shapes. Therefore, smaller sized gold nanoparticles
can be obtained using microwave polyol method by
means of the addition of NaCl to the gold solution.
These gold nanoparticles adsorb high amount of
mercury in the prepared solution.
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