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Abstract

The synergetic effect of calcium carbonate (CC)-fly ash (FA) hybrid filler particles on the mechani-
cal and physical properties of low density polyethylene (LDPE) has been investigated. Low density
polyethylene is filled with varying weight percentages of FA and CC using melt casting. Composites
are characterized for mechanical, thermal, microstructural and physical properties. Results show
that the flexural strength increases with increases in FA content of the hybrid filler. It is evident
from the study that to achieve optimum density a certain combination of both fillers need to be
used. The optimum combination of CC and FA for a higher density (1.78 g/cm?) is found to be at 20
wt% FA and 30 wt% CC. An increase of 7.27% in micro-hardness over virgin polyethylene is ob-
tained in composites with 10 wt% FA and 40 wt% CC. The presence of higher amount of CC is seen
to be detrimental to the crystallinity of composites. X-ray, FTIR and DSC results show that compo-
site with 45 wt% CC and 5 wt% FA exhibits a typical triclinic polyethylene structure indicating that
the composite is amorphous in nature. There was the synergy between FA and CC fillers on flexur-
al strength and crystallinity of composite. However, the fillers show the antagonistic effect on
energy at peak and micro-hardness.
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1. Introduction

Low density polyethylene resins are among the most versatile polymers, but their uses are limited due to several
drawbacks, namely low strength, stiffness and poor heat resistance. To overcome these drawbacks and to pre-
pare material with improved properties, fillers are incorporated into the matrix [1]. Fillers can affect the dimen-
sional stability, crystallinity, mechanical and other properties of polymers [2] [3].

Coal is a fossil fuel that has been largely utilized for electricity generation in some countries of the world in-
cluding the United Kingdom and South Africa. In Nigeria, there is an estimated deposit of 4.0 billion tonnes of
coal yet untapped [4]. A good chunk of this is likely to be utilized for the generation of power from coal fired
power stations. This would create a huge amount of fly ash (FA), which is a residue (solid waste) resulting from
the combustion of coal. FA is considered hazardous since it contains leachable and toxic metals such as Pb, Cd,
Zn and Cu [2] [5]. Exposure to these metals has been associated with lung cancer, heart disease or asthma [2] [6].
There is therefore a need to find suitable means of utilizing FA in order to address its environmental challenge.
Reported utilization of FA includes as the replacement of clay in bricks [7], in road pavement [8], in waste
management [9], in synthesis of zeolite [10] [11], as catalyst for biodiesel production [12] [13] and as fillers in
polymers [2] [14].

Calcium carbonate (CC) is an inorganic, low cost and non-toxic substance that has been widely used as filler
in polymer composite for improved properties. In our previous publications, the significant improvement in the
mechanical properties of flexible polyurethane foam [15] and polypropylene [16] when CC is incorporated into
their matrices was reported. However, CC filler is not without its shortcomings. CC has been reported to show
the weak nucleating ability in polymers and as such may not significantly affect the crystallinity of the polymer
matrix [17]. Zuiderduin et al. [18] also reported that untreated CC particles had no effect on the melting temper-
ature and crystallinity of polypropylene-CC composites. Lazzeri et al. [19] observed that uncoated precipitated
CC particles have a very small nucleating effect on high density polyethylene (HDPE). LDPE is reported to have
more amorphous phase than HDPE [20] [21]. For such semi-crystalline polymer based composites, fillers which
can act as strong nucleating agent have the potential to induce polymer crystallization and also improve the in-
terfacial interaction, which is the key to the preparation of high performance polymer/filler composites [22].

Atikler et al. [23] compared the effect of FA and CC fillers, with and without silane surface treatment, on the
mechanical properties of HDPE such as tensile strength, Young’s modulus and elongation at break. The result
indicates improvement in these properties for both fillers and thus they concluded that FA can replace CC as fil-
ler in HDPE composite. The foregoing scenario inspires an expectation of synergy between CC and FA that has
not been previously explored. The aim of this work is therefore to investigate the possible synergetic effect of
CC-FA hybrid filler on the mechanical and thermal properties of LDPE/CC-FA composite. Varying ratios of CC
to FA in the hybrid are incorporated into the LDPE matrix while maintaining LDPE to hybrid ratio at 50:50
wit%.

2. Experimental Methodology
2.1. Materials

Calcium carbonate (CC) (20 um) and fly-ash particles (FA) (60 um) are obtained from the Federal Institute of
Industrial Research, Oshodi (FIIRO), Lagos, Nigeria. Table 1 show the composition of the two fillers. CC and
FA are added to give 50 wt% filler proportion while the quantity of polyethylene is maintained at 50 wt%.

2.2. Methods
LDPE (50 wt%) is blended with FA and CC at varying proportion of two fillers while keeping the amount of the

Table 1. Composition of fillers.

% composition

Filler
S|02 A|203 Fe,04 CaCOs; CaO Al LOI
FA 50 20 15 - 10 - 5
cc 8 - - 88 1 3

)
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hybrid filler constant at 50 wt%. The blend is heated to 145°C in aluminium pot using an electric stove under
atmospheric pressure. The melt is cast into a metallic mould and allowed to cool to room temperature before
removal. Cast samples are further prepared for various characterizations.

2.2.1. Determination of Density
Densities of all samples are determined by first weighing the samples and dividing the known weights by their
respective volumes using Equation (1).

mass of specimen
p= P @)

~ volume of specimen

2.2.2. Determination of Water Absorption

To determine the rate of water absorption of the samples, samples are initially dried in an oven at 50°C, weighed
and suspended in a beaker of distilled water and reweighed at an interval of 24 hours for seven days. Water ab-
sorption rate is determined according to Equation (2).

%weight gained = We =Ws 1009 )
Wl
where W, = initial weight of specimen (dry weight);
W, = final weight of specimen.

2.2.3. Determination of Melt Flow Index
The rate of melt flow in (g/10min) is measured with the aid of a manually constructed melt flow indexer (see
Figure 1) with 9.5 mm diameter piston. Four (4) grams of each cast is put into the apparatus as the basis for each
test. As the resin melts, the piston is inserted into the device and a force of 23.52 N exerted to extrude the molten
sample through its orifice. Melt flow index is calculated using Equation (3).

Also

MFI zﬁtﬂxw @3)

where w = the mass of material in grams flowing out;
t = constant time for all samples in seconds. The time used in this case was 45 seconds.

2.2.4. Determination of Flexural Strength
The flexural properties of all the samples are determined using a Testometric M500 universal tester according to
ASTM D7264 at a cross-head speed of 40 mm/min, maintaining a span of 30 mm.

2.2.5. Determination of Micro-Hardness
AlLeco LM700AT Vicker’s hardness tester with a pyramidic diamond indenter and 1 kgf load is used to investi-
gate the micro-hardness of all samples.

2.2.6. X-Ray Diffraction

A Panalytical X’Pert Pro MPD model diffractometer equipped with an X’celerator detector and GAADS soft-
ware are used to observe the diffraction pattern of the composite. The diffraction patterns are collected by using
small mass of the polymer composite placed on a rectangular flat glass 45 cm by 3.6 cm to ~1 mm thic over a
rectangular space of 1.5 cm by 2 cm at a scan range of 5° - 78° (26) in step size of 0.0334, using a Ni filter. The
diffraction patterns are generated for 7 - 8 min with the X-ray beam set to 40 kV and 40 mA at 29°C (inner tem-

50 mm 40 mm

L i) ~
< T t

Figure 1. Melt flow indexer.
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perature), 25°C (outside temperature). The glass spatula and the rectangular flat glass are cleaned with a tissue
paper soaked in methanol before and after each sample test.

2.2.7.Scanning Electron Microscopy

A Hitachi S-4700 model variable pressure Scanning Electron Microscope (SEM) fitted with an EDAX head is
used to observe the longitudinal features of the polymer composite. The samples to be observed under the SEM
are mounted on conductive adhesive tape prepared by placing the samples on circular disclined with carbon and
coated with Au for 5 minutes to enable it conduct electricity using an E-1010 HITACHI model machine.

2.2.8. Differential Scanning Calorimetry

The DSC curves of polymer composites are recorded on a DSC Q200 machine with a temperature minimum of
40°C and heating rates of 5°C/min, 10°C/min, 15°C/min and 20°C/min. The samples are heated to 200°C, cooled
to the minimum temperature and heated to 200°C.

2.2.9. Fourier Transform Infra-Red Spectroscopy

FTIR spectra are obtained by means of a Nicolet 6700 M spectrometer in transmission mode. Finely divided
10mg samples of the material surface are ground and dispersed in a matrix of KBr (500 mg), followed by com-
pression at 22 - 30 MPa to form pellets. The transmittance measurements are carried out in the range of 400 -
4000 cm * at a resolution of 4 cm™.

3. Results and Discussion
3.1. Flexural Strength

Figure 2 shows the flexural strength of the composite at break. The flexural strength increase steadily with the
FA content to a maximum (1.7995 MPa) at 45/5 wt% FA/CC content. The composite is found to exhibits higher
flexural strength with higher amount of FA and lower amount of CC. It is observed that flexural strength de-
crease initially when the combination of the filler is dominated by CC but increase sharply when the filler con-
tent is dominated by FA. It has been reported that increase in the content of fly-ash to polyethylene leads to in-
crease in flexural strength [24]. The authors attributed this increase to the formation of fairly strong interfacial
bond between the matrix and filler leading to an effective stress transfer from matrix to filler. Abdel-Salam et al.
[25] found that the increase in CC content above 20 wt% lead to decrease in the flexural strength of HDPE/rice
straw composite. Contrary to this observation, however, Kord [26] reported an increase in flexural strength of
polyethylene/wood composite with increase in CC content.
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Figure 2. Flexural strength responses of polyethylene-CC/FA composite.
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3.2. Flexural Modulus

Figure 3 shows the variation of flexural modulus with filler content. It is observed that the presence of FA and
CC filler lead to a sharp decrease in flexural modulus of the composite. The presence of 10 wt% FA and 40 wt%
CC lead to over 100% decrease in flexural modulus. The composite experience very minimal increase in flexural
modulus with further increase in the amount of FA and decrease in CC. This shows that increase in FA may lead
to increase in flexural modulus while increase in CC may lead to a decrease in flexural modulus. This is in line
with the work of Ahmad and Mahanwar [24] who reported that increase in FA content leads to increase in flex-
ural modulus. Gummadi et al. [3] also reported that flexural modulus increase for smaller filler loading and de-
crease for larger filler loading for an FA filled polypropylene composites.

3.3. Energy at Peak

The variation of energy at break of composites with filler content is shown in Figure 4. It is obvious that in-
crease in FA content leads to increase in energy at break. The highest peak energy (0.0651 J) is shown at 45 wt%
FA and 5 wt% CC while the lowest energy (0.0288 J) is shown by neat Polyethylene. It is obvious from the fig-
ure that increase in FA content should be responsible for increase in energy at break while CC is detrimental. It
is evident that the two fillers individually have positive effect on energy at peak as the value increase from
0.0288 J for the pure polyethylene to 0.06 J for 10 wt% FA/40 wt% CC and 0.0651 J for 45 wt% FA/5 wt% CC
composites. However, there seems to be some measure of antagonistic effect between the fillers which becomes
most prominent at 20 wt FA/30 wt CC composite as the energy at peak dipped to 0.034 J representing the least
for the composite samples studied, though still higher than the value for pure polyethylene.
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Figure 3. Flexural modulus responses of polyethylene-CC/FA composite.
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Figure 4. Energy to peak responses of polyethylene-CC/FA composite.
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3.4. Micro-Hardness

The variation of composite micro-hardness with filler content is shown in Figure 5. The Vicker’s hardness
number increase (by 7.27% over neat polyethylene) initially in the presence of 10 wt% FA and 40 wt% CC but
decrease with increase in FA content. The hardness attained a minimum (18.17 Hv) at 30 wt% FA and 20 wt%
CC and thereafter increases with increase in FA content. It is observed that when CC has the highest percentage
in the matrix filler a higher hardness is attained likewise when FA is the highest percentage in the filler blend
hardness also appreciates. This show that each component of the filler individually improves surface hardness
but the interaction of both fillers is detrimental to surface hardness. This is in line with the study of Sirin et al.
[27] who reported that increase in amount of CC leads to increase in surface hardness of polypropylene and
LDPE blends. Abdel-Salam et al. [25] also reported an increase in surface hardness of HDPE/rice straw compo-
sites with increase in CC.

3.5. Density

The variation of density of compaosite with filler content is shown in Figure 6. Density increase with decrease in
CC to a maximum value (1.78 g/cm®) at 20 wt% FA and 30 wt% CC but decrease afterwards with increase in
FA. This place the optimum composition of CC and FA filler at 20 wt% FA and 30 wt% CC. It is obvious that
increase in FA content is detrimental to density while increase in CC favours density. This may be attributed to
the fact that FA has a lower density (0.8 - 1.0 g/cm®) compared to CC with a density of 2.7 glcm®.
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Figure 5. Hardness responses of polyethylene-CC/FA composite.
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Figure 6. Density of polyethylene-CC/FA composite.
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3.6. Water Adsorption

Figure 7 show the water absorption behaviour of the composite. It is observed that water absoprtion of all
composites increase with soaking time. Although there is a pattern but it could be observed that composites with
higher amount of CC tend to possess higher water adsorption rate while those with higher FA content possess
lower adsorption rate. This is in line with the studies of Abdel-Salam et al. [25] who reported that the water
absorption of composites increase with increase of CaCOj; loading. This may be attributed to the fact that calcium
carbonate has hydrophilic sites and increase in water sorption can be expected [28]. Kord [26] also reported that
increase in CC promotes increase in water absortion capacity of HDPE-CC composites. Though FA contains high
proportion of silica which should confer on it some measure of hydrophilicity, the result clearly show the
superiority of CC in terms of hydrophilicity.

3.7. Melt Flow Index

Melt flow index (MFI) reflects the ease of flow of a molten polymer and is usually employed in conjunction
with melt flow rate (MFR) to define different grades of polyolefins [29]. The incorporation of fillers hinders
plastic flow and increases the viscosity of a polymer melt, thus a reduction of MFI with filler loading is expected
[17]. Since the filler loading is maintained at a constant value of 50 wt%, any variation in MFI can only be at-
tributed to the constituent of the hybrid filler. Figure 8 show the effect of FA and CC content on the melt flow
index of composites. Though MFI is reduced with filler addition as expected, it is obvious that increase in wt%
of FA leads to a more decrease in melt flow index of composites. At higher amount of CC the composites are
found to possess higher melt flow index while at higher amount of FA the composites possess lower melt flow
index. This is an indication that FA is more detrimental to MFI of the composites than CC. This is in line with
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S 004 - —3—40 wt% CaCO, /10 wt% Flyash
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Figure 7. Water absorption of polyethylene-CC/FA composite.
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Figure 8. Melt flow rate of polyethylene-CC/FA composite.
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the study of Sirin et al. [27] who reported that increase in amount of CC show lower reducing effect on MFI of
Polypropylene-LDPE blend composites. Leong et al. [17] also reported on the higher MFI of CC filled poly-
propylene composites in comparison with talc and kaolin fillers. The study indicates that CC has the ability to
increase plasticity and processability of the polymer. Low MFI enhances mechanical properties and thermal sta-
bility [29]. The 45 wt% FA/5 wt% CC composite has the least MFI and as such should possess least mechanical
properties. This is corroborated by the result of flexural strength in Section 3.1.

3.8. X-Ray Diffraction

The X-ray diffraction pattern (45 wt% CC and 5 wt% FA composite) in Figure 9 shows that the polymer pat-
terns consist of multiple sharp peaks consistent with “diffraction” from a crystalline lattice. On the far left, the
patterns have one broad feature consistent with “incoherent scatter” from an amorphous portion. The pattern in-
dicates partly orthorhombic and partly triclinic polyethylene with calcium carbonate and silica. It is supposed
that the FA contain a reasonable amount of silica. The broad peak at 19.62° is typical peak of the 010 plane of
triclinic polyethylene indicating that the polymer is amorphous in nature, which is also confirmed from the DSC
results present later in this work. Peaks representing 001, 101 and 130 planes of polyethylene also appear at
two theta values of 37.37°, 38.51° and 57.42° respectively. Peaks representing the CC are the dominating peaks
in the diffractogram including peaks at two theta values of 23.06°, 29.42°, 31.42°, 35.97°, 39.41°, 43.19°, 47.5°
and 48.5° indicating the presence of calcite in various precipitate forms. This is basically because the composite
analysed contained a greater amount of CC (45 wt%).

3.9. Fourier Transorm Infra-Red Spectroscopy

Figure 10 is the Fourier Transform Infra-Red spectrum of the 45 wt% CC and 5 wt% FA composite. The vibra-
tion modes of the calcium carbonate are seen in three active IR bands, 698 cm™ (v4-in-plane bend), 876 cm™*
(v2-out-of-plane bend) and the broad band consisting of 1450 and 1490 cm™* (v3-antisymetircstretching) peaks.
This is consistent with the findings of other researchers [30]. The in-plane and out-of-plane bending shifted
backward against that reported in literature (714 cm™* and 879 cm™* respectively in [30]) to appear at 698 cm*
and 876 cm* respectively. The in-plane bending shows the strongest absorbance (0.09) indicating a strong ef-
fect on the structure of the matrix. This is in agreement with the XRD results which show that the sample in
question contain a higher amount of CC (45 wt%) and therefore seem to dominate the structure. The strong CH,
asymmetric stretching at 2920 cm ™%, the CH, symmetric stretching at 2850 cm™* and the CH; symmetric defor-
mation are characteristic peaks of polyethylene [31] [32]. The presence of Si-O-Si stretch is noticed at 1070
cm * with weak absorbance (0.02; see Figure 11). This is in line with results from XRD where it is noted that
FA contain high amount of silica making it prominent in the structure. A large OH- stretching band appears be-
tween 3100 cm ! and 3700 cm* showing the presence of absorbed water due to the presence of calcite additives.
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Figure 9. XRD of polyethylene-CC/FA composite.
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Figure 10. FTIR spectrum polyethylene-CaCOx/fly ash composite.
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Figure 11. Absorbance polyethylene-CC/FA composite.

3.10. Differential Scanning Calorimetry

Figure 12 is the differential scanning calorimetry curves of polyethene-calcuim carbonate-fly ash sample
scanned at 5, 10, 15 and 20 degrees/min scan rates. The curves show endothermic peaks but no crystallization
and transition peaks. This is consistent with the findings in literature [33]-[36]. However, the curves do not show
a marked heat of melting as the peaks are not well defined. This may be attributed to the strong effect of calcium
carbonate additives to the structure of polyethylene. It is noted that this curve has a large difference from that
reported in literature in terms of melting peak which is far below that reported and the area of the curve which is
also far smaller than that reported in literature [33]-[36]. It can be concluded that the presence of these additives
disrupted the crystalline structure of the polymer yielding a highly amorphous material consistent with the find-
ings in FTIR reported earlier in this study. It is also noted that increase in scanning rate led to increase in peak
temperature (see Table 2).

3.11. Scanning Electron Microscopy

Figure 13 shows the morphology of the polyethene-calcuim carbonate-fly ash samples. The image shows the
small dumbbell particles of calcium carbonate littered over large plate-like spheres of polyethylene matrix. With
a higher magnification (left) the dumbbell calcite particles are found to cluster at some places in the matrix.
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Table 2. Thermal properties of modified polyethylene.

Scan rate Peak temperature
5 degree/min 96.9°C
10 degree/min 100.8°C
15 degree/min 102.0°C
20 degree/min 102.8°C
2.5 T
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Figure 12. DSC scans polyethylene-CC/FA composite at different scanning rate.

Figure 13. SEM polyethylene-CC/FA composite at different magnifications.

4. Summary of Findings

The following findings can be summarized from the study;

1) Composite with 45/5 wt% FA/CC had the maximum flexural strength of 1.7995 MPa. The presence of 10
wt% FA and 40 wt% CC lead to over 100% decrease in flexural modulus but a higher percentage of FA led to
increase in flexural modulus.

2) The peak energy at break (0.0651 J) is shown by the composite with 45 wt% FA and 5 wt% CC whereas
the lowest energy (0.0288 J) is shown by neat polyethylene.

3) An increase of 7.27% HYV over neat polyethylene is obtained in composites with 10 wt% FA and 40 wt%

CC.
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4) Optimum composition of composites for higher density is at 20 wt% FA and 30 wt% CC content.

5. Conclusion

The study on the effect of addition of calcium carbonate-fly ash hybrid filler on the mechanical, physical and
chemical properties of LDPE has been done. Composites are found to possess higher melt flow index at higher
amount of CC but lower melt flow index at higher amount of FA. Composite with 45 wt% and 5 wt% exhibits a
typical triclinic polyethylene structure indicating that the composite is amorphous in nature. The hybrid of FA
and CC fillers exhibits the synergetic effect on flexural strength and crystallinity of the composite. However,
they show the parallel effect on energy at peak and micro-hardness.
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