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Abstract. Step-heating (single- and four-step heating) was used in the melt-mixing preparation of
linear low density polyethylene (LLDPE)/multi-walled carbon nanotube (MWNT) composites. The
MWNT in the composites were used at volume fractions of 0. 1. 3. 5. and 10 vol% (four-step
heating). and 0. 1. 3, and 5 vol% (single-step heating). The effects of the heating steps on the
microstructure of the LLDPE/MWNT composites were studied. An ultimate tensile testing machine
and an impact testing machine were used to characterize the mechanical properties of the
composites. The sample prepared using four-step heating had a lower porosity than the sample
prepared using single-step heating. The sample with 3 vol% MWNT that was prepared using
four-step heating had tensile strength. elastic modulus, and impact strength values that were higher
than those of the other samples.

Introduction

CNTs have been shown to have excellent mechanical properties. with a tensile strength of
approximately 10 — 60 GPa, and a Young’s modulus of approximately 0.3 — 1 TPa [1].
Polymer/CNT composites are very interesting. Polymers are light. cheap. and tough. but have poor
mechanical properties: many scientists therefore use CNTs to fill polymers and improve their
mechanical properties. to provide a replacement material for wood or metal. Kundu et al. studied
the effects of various methods for the preparation of LLDPE films [2]. The film preparation
procedures were varied, including variations in the cooling methods: quenching, foreed cooling (by
fan). and natural cooling were used. Naturally cooled samples showed the highest Young’s modulus.

In this study. the mechanical properties of LLDPE/MWNT composites were studied after the
application of single-step and four-step heating in the melt mixing process in furnace. The volume
fraction of MWNT in the composite materials was varied. with 1. 3. 5. and 10 vol% used for
four-step heating. and 1, 3, and 5 vol% used in single-step heating. Because of melt mixing process
in furnace is suitable for the easy shape product and can produce many products in once. Therefore,
this method was used in this study.

Experimental

MWNT were synthesized at the Nanomaterials Science Research Unit. Faculty of Science,
Chiang Mai Univesity. using the CVD method [3]. The length of the MWNT was more than 10 pm,
and the average diameter was approximately 40 nm. Melt mixing process [4] was used in this study:
the MWNT were mixed with LLDPE powder at 1. 3. 5 and 10 vol%. and were ball milled for 5h, to
mix the samples. The samples were then melted in a furnace (Daihan Lab Tech Co.Ltd.) using
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single-step heating—where the temperature was inereased from room temperature to 170 °C in air,
over a period of Sh. with a heating rate of 10 °C/min—and four-step heating (95 °C, 1h—125 °C,
2h—145 °C, 2h—170 °C. 10 min). FE-SEM (JSM 6335 F) was used to study the distribution of
MWNT in the LLDPE matrix. An ultimate tensile testing machine (Hounsfield. Model H10KS) was
used to study the mechanical properties of the LLDPE/MWNT composites, follow the ASTM
DG38-10 and strain rate of 50 mm/min. An impact tester (charpy) machine (Toolquip. Leicester
LE67 SFT: England) was used to studied the impact strength of the LLDPE/MWNT composites
prepared using single- and four-step heating. following ASTM D6110-10,

Results and Discussion

A mechanism that describes this proeess using a densification coefficient was suggested by the
Scherer and Scherer and Garino models [5]. The coefficient depends on the bulk density and
specific surface energy of the compact polymer. In other words, the reduction of the specific surface
energy that occurs with inereases in the temperature causes the air inside the open pores to be
removed from the compact polymer. and the pores are thus closed. This model deseribes the
behavior well until the closed pores form. which occurs at p/ps = 0.942, where p is the polymer
density and p; is the full density of the polymer. After the pores are closed, the viscosity of the
polymer melt decreases as the temperature inereases. Because the viscosity of the polymer melts
decreases, the polymer chains in the melt become shorter [6]. which means that the diffusion of air
through the polymer melts becomes easier. In addition. the pressure of the hot air inside the bubbles
increases, causing the diffusion rate of the air to increase [7]. as suggested by the diffusion model.

LLDFE
" MOWNT

—
Meling
Powder comypact Heat at 170°C, 5h
(a)
MWNT MWNT MWNT T
Cipen pore Cloge poref Close pore
Pl L LDPE i | LLDPE -zt LLDFE

Heat at 25°C, 1h Heatat 125°C, 2 Heatat 145°C, 2h  Heatat 170°C, 10mm
(b)
Fig. 1 (a) Single-step heating and Fig. 2 Schematics of (a) single-step heating and
(b) four-step heating of the sample (b) four-step heating for MWNT/LLDPE melt mixing

at 5vol% MWNT

Under one-step heating, the porosity of the sample increased when the amount of MWNT in the
MWNT/LLDPE composite was inereased, as shown in Fig. 1 (a) and 2 (a). In addition, the effects
of the temperature gradient caused the early surface melting of the powder compact: this was
because of the high concentration of air inside the polymer melts when the powder compact was
heated from room temperature to 170°C. Under four-step heating. the moisture was eliminated as
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the temperature was increased from room temperature to 95°C over a period of 1 h. To melt the
LLDPE—and thus to remove the air inside the open pores to form closed pores—the temperature
was then raised to 125°C over a period of 2 h. as described by the Scherer and Scherer and Garino
models. To ensure the complete melting of the LLDPE and the removal of the air inside the bubbles
in the polymer melts. the temperature was then raised to 145°C over a period of 2 h. as shown in Fig.
1 (b) and 2 (b). To allow the polymer enough time to form a highly crystalline structure, the sample
was heated to 170°C over a period of 10 min before cool naturally [2. §8]. Fig. 3 shows MWNT
dispersed in the composite materials with different volume fraction percentages.

L

3vol®e

Fig. 3 SEM images of the four-step heating samples, with 1. 3. 5 and 10 vol% MWNT, respectively
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Fig. 4 Tensile Strength and Elastic Modulus of Fig. 5 Impact Strength of the sample
The sample prepared single and four-step heating prepared single and four-step heating

The tensile strength (Fig. 4) decreased with inereased volume fraction of MWNT in the 1. 3
and 5 vol% (20.42 MPa, 19.90 MPa. and 11.58 MPa, respectively) samples prepared using
single-step heating. The 10 vol% MWNT single-step heating sample could not be analyzed: because
of the high porosity. it could not be pulled out of the mold. The elastic modulus values (Fig. 4) for
the MWNT 1. 3 and 5 vol% samples were 139.46 MPa, 109.90 MPa, and 107.94 MPa respectively.
For the samples prepared using four-step heating. the tensile strength and elastic modulus values
tended to increase with inereasing volume fraction of MWNT. The tensile strength values were
20.91 MPa. 21.40 MPa, 21.41 MPa. and 21.39 MPa for the 1. 3. 5 and 10 vol% MWNT samples.
respectively. These values were similar to those found by Lee et al. [7]. They studied the
mechanical properties of LLDPE/CNF composites with three different concentrations of CNF. The
tensile strength values were approximately 20 MPa. Kuan ¢t al. [8] investigated the tensile strength

76



110 Applied Physics and Material Science

of LLDPE/MWNT composites prepared using a water crosslinking reaction. and varied the MWNT
concentration from 0 to 4 phr: the tensile strength values ranged from 19.0 to 21.7 MPa. The elastie
modulus values for the sample using MWNT concentrations of 1, 3. 5 and 10 vol% were 140.68
MPa, 147.87 MPa, 138.03 MPa. and 146.81 MPa. respectively. These results occurred because the
defect porosity in the single-step heating samples (Fig. 1) produced decreases in the tensile strength
and elastic modulus when the MWNT volume fraction was increased in the composite materials.
When four-step heating was used to melt the composite materials, this effect disappeared.

The results from the impact strength tests on the samples prepared using single- and four-step
heating are shown in Fig. 5. The four-step heating samples showed increasing impact strength
values with inereases in the volume fraction of MWNT. The 3vol% MWNT composite showed the
maximum impact strength value (23.947 kJ/m’). The four-step heating samples of 3vol% MWNT
composite have optimum mechanical properties (can improve tensile strength. elastic modulus and
impact strength up to 3.53%. 12.04% and 19.67%, respectively relative with pure LLDPE).

Conclusions
Using four-step heating to melt LLDPE/MWNT composites can reduce the porosity in the
composite materials, resulting in increased mechanical properties in LLDPE. The 3 vol% MWNT

sample prepared using four-step heating showed the highest values for tensile strength, elastic
modulus, and impact strength (21.40 MPa, 147.87 MPa, and 23.947 kJ/m’. respectively).
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This study aims to investigate the effects of multi-walled carbon nanotubes (MWRNTs)/linear low density polyethylene
composite-coated copper sheets on an energy conversion efficiency of a solar water heating system. Volume percentages
of I, 3and 5 MWNTs were ball-mill mixed with linear low density polyethylene before using a hot press methed to coat
the composites. A bonding layer between the composites and the copper sheets was intercalated using MWNTs/poly-
vinyl butyral composites. The strength of the bonding layer was tested using a shear tension test. Microstructures of the
composites were observed by scanning electron microscopy. The energy conversion efficiency and solar absorptance of
the solar heat absorbing coatings were measured by a home-made method and ultraviclet visible spectroscopy, respect-
ively. The results showed that the efficiency and the absorptance increased by 40% and 0.95, respectively with the

increasing volume percentages of MWNTs up to 5vol% in linear low density polyethylene.

Keywords

Composites. carbon nanotubes, mechanical properties, heat absorber

Introduction

Due to the need for pollution-free energy, there i1s a
keen interest in finding a solution for improving the
efficiency of a solar heat collector.! Since the solar
energy 1s an inexpensive source of renewable energy,
many research studies on this topic focus on iImproving
the efficiency of the collector.>” The solar heat collector
is utilized to absorb solar radiation and transfer heat to
a medium such as water or air. There are two types of
solar heat collector: a non-concentrating collector and a
concentrating collector.” The non-concentrating collec-
tor does not track sunlight, while the concentrating col-
lector tracks the sunlight and transfers the solar
radiation onto absorber plates. The absorber plate
plays an important role among various components
of the solar collectors. To improve the heat absorbing
and heat transferring coefficients, the absorber plate
needs to be maximized for surface roughness, thermal
conductivity and density.”"" Moreover, the absorber is
usually painted in black because a dark surface absorbs

the thermal radiation better than a light colored sur-
face." ™ In other words, the black surface reflects a
lower amount of the thermal radiation.

Carbon nanotubes (CNTs) have been proven to be
an excellent thermal conductor in many applications.'?
Yields from theoretical predictions show an extremely
high thermal conductivity for individual single-walled
carbon nanotubes (SWNTs) and multi-walled carbon
nanotubes (MWNTs) at 6000 W/mK and 3000 W /mK,
respectively.”” MWNTs have obvious advantages over
SWNTs in aspects of low cost and ease of large-scale
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production. Although there is increasing interest in the
dispersion of pristine SWNTs in common organic
solvents for the preparation route of the composites,
the dispersion of pristine MWNTs was also widely
reported.'®'® In addition, MWNTs were readily avail-
able in our laboratory for the purpose of this project.
Furthermore, the black color of MWNTSs provides a
good absorbing layer for the solar radiation, combined
with their high specific surface area.'™" Therefore,
MWNTs were usually chosen to improve the thermal

properties of matrix materials.?'

Linear low density polyethylene (LLDPE) was
chosen as the matrix matenal in this research due to
its low cost and high thermal conductivity compared to
other polymers. Although high density polyethylene
(HDPE) has higher thermal conductivity (0.38 W/mK)
than that of LLDPE (0.32 W/mK), LLDPE has been
predominantly used in film and sheet applications due
to its superior toughness and flexibility.”*® Enhancing
the properties of LLDPE should be of interest in order
to expand its applications according to Krupa and
Luyt, 2001.7 Therefore, LLDPE has been investigated
for its mechanical and thermal properties by many
research groups. For example, Krupa and Luyt®™
reported that the thermal and mechanical properties
of LLDPE were improved by a gamma radiation
cross-linking.

Polyvinyl butyral (PVB) has excellent adhesive prop-
erties. It 1s mormally used for lamination of many
materials such as glass, plastics, woods, and metals.”®
PVB is widely used for many applications that require
flexibility, toughness, and strong binding, and adheres
to many surfaces such as a bonding layer in laminated
safety glass for automobiles.”” Moreover, PVB is used
in the manufacturing process of solar panels due to its
highly reliable performance under sunlight applica-
tions. Therefore, PVB is suitable for the lamination of
the solar absorbing layer, whereas heat exchanging
materials such as copper, aluminum, or stainless steel
were normally selected

In this study. a novel absorbing plate for the solar
heat collector was developed. MWNTs/LLDPE com-
posites and MW NTs/PVB composites were prepared
by using a hot press and coated on to the copper
sheet. The MWNTs/LLDPE composites were coated
as an absorbing laver, whereas the MWNTs/PVB com-
posites  were coated as the bonding layer.
Microstructures, strength of adhesive bonding, and
reflectance of the composites were investigated by scan-
ning electron microscopy (SEM), tensile testing
machine, and ultraviolet visible spectroscopy, respect-
ively. The energy conversion efficiency of the solar heat
absorbing coatings was measured by a home-made
method.

79

Materials and methods
Synthesis of MWNTs

MWNTs were synthesized using a chemical vapor
deposition (CVD) method. The length of the
MWCNTs was more than 10pm, and the diameter
was approximately 20-50nm. The resistivity of the
MWNTs was 0.5-0.8 Q-cm. In comparison of the Ip/
I ratio of the MWNTs prepared in this work with our
previous work,*® and other research works ' the
results showed similar structural defects. These data
showed that our MWNTSs were good enough for this
purpose in the aspect of the comparable 1/l ratio to
those of other works. It 15 noted that Ip/lg from the
Raman spectra 1s the intensity ratio of the disorder-
induced vibration mode (D-band) and the in-plane
carbon stretching mode (G-band). Therefore, 15/l is
the ratio to assess the MWNT crystallinity.*?

Preparation of MWNTSs/LLDPE composites and
MWNTs/PVB composites

MWNTSs at 1, 3, and 5vol.% were mixed with LLDPE
powders and were then ball milled for 5h. Films of the
mixing powder were then prepared by the hot press
method at a pressure of 5 bars and a temperature of
180°C for 15min. For the adhesive bonding layer,
MWMNTs at 10, 20, 30 and 40vol.% were mixed with
PVB in ethanol and stired at room temperature for
24h. MWNTs/PVB films were then prepared by a
spin coating technigue at 3000 r/min onto the copper
sheet which was prepared according to ASTM D2651-
01. Flow charts of the overall process are shown in
Figure 1.

Characterizations

Microstructures of the samples were characterized by
field emission scanming electron microscopy (FE-
SEM: ISM 6335F). The strength of the adhesive
bonding layer of the composites coated on the
copper sheet was tested by the umiversal tensile testing
machine (Hounsfield, HI0KS), according to the
ASTM D3164. The root mean square surface rough-
ness (Rmgs) of the samples was observed by atomic
force microscopy (AFM: NanoScope Illa, Digtal
Instruments). The reflectance of the coatings was mea-
sured by ultraviolet visible spectroscopy (VARIAN
Cary 50 Conc) within a wavelength range of 190-
1100nm. The energy conversion efficiency was mea-
sured from the home-made method, the solar radi-
ation from the sun (in a clear-sky day from 11:00 to
13:00 o’clock in April at Chiang Mai, Thailand) and a
glass box of size 12x12x6cem” as schematically
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Figure 1. Flow charts showing the process of (a) MWNTs/PVBE coated on a Cu sheet and (b) MWNTs/LLDPE film on MWNTs/PVE

coated on a Cu sheet.

Solar radiation

)

25 pm

200 g

Glass box —»

Figure 2. Schematic diagram of a home-made test system.

shown i Figure 2. The as-prepared absorber plate
with a radius of 50cm was placed on the top of the
polyvinyl chloride (PVC) tube in the height of 5.0cm.
The solar radiation passes through the transparent
glass box, before heating of the absorber plate during
a water flowing over the plate at a flow rate of
3.33x 10 kg/s. The temperatures of water at the
inlet (T;,) and the outlet (T,,,) were recorded.

Results and discussion

MWNTs/LLDPE composite

The microstructures of the MWNTs/LLDPE films pre-
pared with various volume fractions of MWNTs were
observed by SEM as shown in Figure 3(a) to (d). It can
be seen in Figure 3(a) that the morphology of the pure
LLDPE film was consistent with that of a normal
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Figure

Mazx. Foma of Jaint TastiN )

Pure PVE  10cPVB 20cPVB 30cPVB 40cPVB

Figure 4. Joint test results of pure PVB, 10, 20, 30, and 40 vol %
MWNTs/PVB compaosites coated on Cu sheets.

LLDPE image.?” It is noted that the MWNTs were
randomly distributed into the LLDPE matrix as
shown in Figure 3(b) to (d) with volume fractions of
1, 3, and 5vol.%, respectively. MWNTSs in the LLDPE
matrix were evenly spread along the surface and max-
imized their covered fraction at 5vol.%, as shown in
Figure 3(d). However, with further increasing MWNTs
by more than 5vol.%, the porosity in the composites
was clearly observed probably due to the severe
agglomeration of the MWNTs, '*"7

MWNTSs/PVB composite

The thickness of the bonding layer of 4pm was
observed by SEM (data not shown). The maximum
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Figure 5. The reflectance spectra of MWNTS/LLDPE com-
positesat 0, |, 3, and 5 vol.% of MWNMTs and black color spray on
Cu sheets.

shearing forces for the joint test of pure PVB, and 10,
20, 30, and 40vol.% MWNTs/PVB composite-coated
copper sheets are shown in Figure 4. It is well known
that the maximum force applied to the joint test
increased with increasing the volume fraction of
MWNTs. However, at 30vol.%, MWNTs achieved
the maximum shear strength (approximately 1300 N).
It was anticipated that the effect of the agglomeration
between the tubes at 40vol.% of MWNTs started to
weaken the composite strength. However, using the
higher volume fraction of MWNTs provided a better
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Table 1. Comparison of solar absorptance of various absorbed materials and coating methods.

Solar
Result from absorptance (%) Substrates Absorbed materials Coating methods
Cheng et al.™ 0.949 Copper Carbon-titania Polymer-assisted
nanocomposite films photopolymerization-induced
phase separation
Bera et al.® 0.975 Aluminum CMNT-based black coatings Solution-processed spray
Feng et al.® 0.95 Stainless steel TiN/TISINGIN Dc reactive magnetron sputtering
Roro etal.” 0.84 Aluminum MWNTs/NIQ Sokgel
nanocomposites
Chen and Bosrom™ 0.79-0.90 Aluminum CNTs Electrophoretic
This work 0.95 Copper MVVNTs/LLDPE Hot press
CNT: carbon nanotube; MWNT s multi-walled carbon nanotubes; LLDPE: linear low density polyethylene.
thermal conducting layer.?' Therefore, the 40vol.% of
MWNTs was applied for the bonding layer to achieve -
the optimum heat absorption. 430 | sn
TSP T s S LR

. . p¥ makaddrasdibodngg 45

Heat absorption of the MWNTs/LLDPE composite i ...-:---'::-::f,.!m w E
;— & sre? .

coated on Cu sheet E 20 Beveges? I P ‘g
Figure 5 shows the spectral reflectance with four differ- o - BIILIFRMGEVRCD | 5 8

e B Ve 4 3cLLDPE/40cPVE Cu d
ent volu:rne fractions of MWN Ts) LLDI E. [he‘ UV-Vis mnetipil g X T
absorption of the MWNTs/LLDPE composites was 50 =y
evaluated from UV-Vis reflectance spectra using the p W W W 4 s &
equation: o + R + T=1, where =« is absorptance, R is Ty
reflectance, and T is transmittance. When MWNTs/

LLDPE was coated on to the copper sheet, the trans-
mittance is about zero due to the copper sheet being
opaque and therefore the absorptance is x =1 — R. The
absorption increased with the increasing volume frac-
tion of MWNTs reaching a maximum of 0.95 at
Svol.% MWNTs/LLDPE.

Companson of solar absorptance by this techmigque
and by others 1s summarized in Table 1. As discussed
above, the solar absorption depends on the thickness,
the density, the surface roughness, and the volume frac-
tion of the black fillers in the matrix. However, Roro
et al.” and Chen and Bostrom™ reported that MWNT-
coated aluminum substrates showed the absorptions of
0.84 and 0.79-0.90, respectively. The low absorption of
these coatings was probably due to the low thickness
and density of the films. In contrast with Cheng et al.,*”
Bera et al.” and Feng et al.® reported high absorptance
0f 0.949, 0.975, and 0.95, respectively. The high absorp-
tion of these coatings was probably due to the high
thickness and high surface roughness, as well as the
dispersion of the black base evenly through the
matrix. For this work, the results of the coatings
achieved the solar absorption of 0.95. It was anticipated
that the high absorption of this coatings was due to the
high surface roughness and the good distribution of
MWNTs in LLDPE as shown in Figure 3(d). It is

Figure 6. Energy and temperature of the water absorbed heat
versus the testing ime of black color spray and |, 3, and 5vol%
of MWMNT/LLDPE composites.

known that a rough surface can improve the thermal
absorption due to multiples reflections of the incoming
solar radiation.”™ It was found that the R, of the 1,
3, and Svol.% MWNT/LLDPE composites were 54.4,
66.3 and 78.3 nm. respectively. Our AFM result con-
firmed that the solar thermal absorption increased
with increasing the rough surface.

The solar water heaters were tested, the absorbed
solar radiation through the black paint and the 1, 3,
and Svol% MWNT/LLDPE composites with the
40vol.% MWNT/PVB composites for the bonding
layer coated on the copper sheets. The results of the
sample using 5vol.% MWNT/LLDPE composites
showed a maximum temperature of 52°C. To convert
the absorbed heat of water to the energy per unit area
of the samples, the following equation was used

P = dQ/dt = (dm/dtce(Tow — Tin) 1
where P is the power, Q is the collected solar energy, ¢,
is the specific heat of the water, and dm/dt is the mass
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Figure 7. Temperature profile of the water as it flowed from the inlet across the surface of solar heater to the outlet.

flow rate of water. The absorbed solar power was cal-
culated by Q over the time and the area of the solar
absorber (A =0.007854m%). The maximum energy
absorption per unit area was found in the sample
using Svol.% MWNT/LLDPE composites of approxi-
mately 450 W/'mz. as shown in Figure 6. In other words,
the energy conversion efficiency was approximately
40%.

In addition, a method to improve the performance
of the solar collector according to Eze™® and
Sivakumar™ was a zig-zag arrangement of water path-
ways on the collector or a spiral loop of the absorbing
tube which lead to a higher collection efficiency (42%
and 53-60%, respectively). It was suggested that, to
improve the performance from 40% to 60% for the
solar collector, the zig-zag arrangement of the pathway
should be made.

The temperatures of water were measured as it
was flowing from the inlet to the outlet across the
absorbing plate, as shown in Figure 7. This enabled
us to develop a temperature profile of the water
heater surface. It 1s clearly seen that the absorbed
heat increased from the inlet to the outlet and also
from the center to the edge of the surface due to the
longer water pathways. In other words, due to the
longer flowing time on the absorbing plate, the
water gains more energy from the solar collector.™®3°
Therefore, the zig-zag arrangement of MWNT/
LLDPE coatings will also improve the solar conver-
sion efficiency of the solar water heating system.
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Conclusion

This paper offers the experimental results for the solar
heat absorption of MWNTs/LLDPE composites
coated on copper sheets. The simple hot press method
was applied to prepare MWNTs/LLDPE coatings. The
results showed that the MWNTSs in the LLDPE were
evenly spread and the surface fraction of MWNTs
increased with increasing the volume ratio. Due to the
nanostructures and black MWNTs as compared to
other materials, the solar absorbance of the coatings
was achieved at 095 for the sample condition at
Svol.% MWNTs/LLDPE composites. The results
also suggested that the efficiency of the novel coatings
of MWNTSs/LLDPE composites for use as a solar heat
collector can be further improved by mixing a higher
volume ratio of MWNTSs as well as making the zig-zag
arrangement of water pathways on the collector.
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