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Abstract

We have investigated how compatibilised calcium carbonate (CC) affects the mechanical and thermal properties of
a recycled high density polyethylene (HDPE). The supplied CC was first characterised using infrared spectroscopy
where a peroxide group was identified, possibly related to the compatibilising agent. Five blends of HDPE with 0 %
to 40 % CC content, where compounded over two runs using a twin screw extruder.

Fractography inspections showed decent dispersion of particles and some agglomerates were identified for specimens
with 10% and 20% filler. Fracture surfaces seemed brittle for all except 10% and 20% filler, that showed cavities
of particles which was attributed to good matrix/filler bonding. Tensile tests showed the filler did not influence the
material yield stress to a large degree, but could increase stiffness while decreasing ultimate elongation. Performing
similar tests at elevated temperatures simply softened the material for all specimens, but CC was still able to affect
the mechanical properties as for the tests at room temperature.

Keywords: Recycled High Density Polyethylene (rHDPE); Calcium Carbonate; Characterisation; Infrared
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1. Introduction

Plastic is incorporated to an increasing degree in
consumer products because of its excellent properties
and high durability [1]. Following use of the product
discarded plastic is often not dealt with appropriately,
which poses an environmental problem [1, 2, 3].
Polyethylene is the most common plastic in the world
[1] and thus could be expected to be abundant as
discarded material. A solution to the problem would
be to increase the intended lifetime of the materials by
collecting and reusing the discarded plastic.

Plastic, which have been exposed to nature and the
elements for a longer period of time, will typically
have inferior properties compared to the virgin material,
as a result of degradation, this becomes a problem
when implementing it in new products [4]. The degree
and cause of degradation will vary depending on
the environment the plastic has been subjected to,
complicating its use in products that require consistent
material quality. Plastic can degrade due to different
external exposures, so additives are often added to
counteract fx. degradation as a result of UV-radiation
or thermal exposure [1].

Recycled plastic can also be modified to improve

its mechanical properties and make it more suitable
for incorporation in new products and the challenge
becomes choosing a proper modification. Incorporating
strengthening additives, such as fibres or mineral
fillers, is an accessible method, provided the blend
can be compatibilised properly - ensuring interaction
between filler and matrix [5]. CC is a well-known and
commonly added filler used for increasing stiffness and
impact strength, reducing shrinkage, and counteracting
dimensional instability (warpage) [6, 7]. This article will
be dealing with the addition of a CC filler to a recycled
HDPE matrix.

Adding fillers to a polymer generally affects both its
mechanical and thermal properties. CC filler tend to
increase stiffness, density and viscosity of the material
system while simultaneously increasing heat of fusion
[6, 8]. An HDPE with ethylene oxide oligomer modified
CC was shown to increase both stiffness and yield
strength in [9]. [8] achieved a minor increase in yield
strength by treating CC with stearic acid. Increased
stiffness but reduced yield strength was observed by
[10, 11] for CC treated with calcium stearate. In all
cases, a compatibilisation treatment had been carried
out in order to improve matrix-filler interface. Variation
in the compatibilisation method can create composites
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with different mechanical properties because of varying
interface qualities. Agglomeration of particles and poor
matrix-filler adhesion reduce mechanical strength of
composites [8, 12]. Untreated polyethylene and CC
have different polarities and thus will only interact
mechanically through friction and entanglement [5, 13].
The matrix-filler affinity can be modified by changing
their polarity, which ensures at least a secondary bond
between the two. Alternatively, a third component which
have an affinity with both filler and matrix can be added
[10, 11].

Looking into morphological properties of the composite
shows that an increase in mechanical strength is to
be expected as the degree of crystallisation is raised
[1, 14, 15]. An increase in crystallinity with increasing
CC content was seen in [8, 10] and was attributed
to the nucleation-promoting properties of the particles
[6]. When macromolecules are becoming ordered and
forming crystals the overall material density is in-
creasing leading to volumetric shrinkage of the entire
specimen [1]. Adding nano-sized CC particulates could
reduce shrinkage in polypropylene and was attributed
to the presence of more heterogeneous nucleation sites.
Exceeding a threshold concentration of particles lead to
particle agglomeration and consequently less nucleation
sites and hence fewer crystals and more shrinkage
[16, 17].

The present article deals with recycled HDPE made
from fishing nets and trawl acquired from oceans, that
have been sorted, cleaned, and re-extruded into new
pellets. CC, sourced as a waste product from a marble
quarry, will be added. The purpose will be to study
how the filler can be used to modify the properties
of the recycled plastic. The material properties will be
examined at varying concentrations of added CC in
order to find a possible optimum. Further investigations
will be made to explain how the mechanical properties
change according to material microstucture morphology.

2. Experimental

2.1 Materials

The calcium carbonate was supplied as pellets with
polyethylene/polypropylene from Omya under the
brand name Omyalene 102M-OM. An unknown poly-
olefin/calcium carbonate compatibiliser has already
been added by the supplier. The calcium carbonate was
a crystalline calcite sourced from a quarry (GCC) with
a median particle diameter of 2pum and maximum of
10 pum. The recycled HDPE was supplied by Plastix and

branded OceanIX rHDPEO0507. It was too viscous to
injection mould and Plastix opted to add a less viscous,
virgin polyethylene at a one to one ratio. This was
supplied by Sabic and branded as HDPE CC3054.

2.2 Processing

Five 500g batches of granulate were prepared with
a calcium carbonate content of 0% to 40% at 10%
intervals. OceanIX and Omyalene was weighed off
and manually shaken together in a bucket until evenly
dispersed. Each mixture was manually fed in a Thermo
Scientific Prism Eurolab 16 twin screw extruder with
settings as shown in Table I. Parameters were first
determined from [18], but adjusted to the specific
mixture. The extruded melt was manually lead through a
cooling waterbath, rolled to a coil and left to dry at room
temperature until next morning where the thread was
granulated. This extrusion process was repeated once.

Parameter Value  Unit
Barrel temperature - all zones 200 °C

Die pressure ~50 Dbar
Screw speed ~50 rpm
Screw power ~14 kW

Tab. I Extrusion parameters

The prepared granulate was injection moulded using a
piston-driven Thermo Scientific Haake Minijet II with
process parameters as shown in Table II. Parameters
were found by moulding dummy specimens until a re-
producible specimen appearance was found. Specimens
were moulded in the shape of design SA as mentioned
in [19] and immediately placed on a table under a cold
steel plate for 5 min to avoid warpage. Specimens were
then kept at room temperature for 48 h before testing.

Parameter Value  Unit

Cylinder temperature 180 °C

Mould temperature 60 °C
Melt time 3 min
Injection pressure 500 bar
Holding pressure 500 bar
Holding time 10 s

Tab. II Mould parameters
2.3 Testing

Infrared (IR) spectra were obtained with a Bruker
LUMOS IR microscope.

Fractography inspections were carried out on
10mm x 3mm x 78 mm specimens left in liquid
nitrogen (—200°C) for 15min. After cooling,
specimens were hit with a hammer and chisel and



the fracture surfaces were coated with gold using a
Edwards S150B sputter coater and then inspected using
a Zeiss EVO 60 scanning electron microscope (SEM).

Rheology tests were carried out on a Discovery HR3
from TA Instruments. They were performed with
frequency sweeps from 600 rads~! to 0.06 rads—! and
maximum strain was 5 % at a temperature of 180 °C.

Non-heated tensile tests were performed on a Zwick
7100 with a 100kN loading cell. The test were made
according to [19] and relevant numbers were determined
as mentioned in the standard. Heated tensile tests were
performed on an Instron 5568 with attached air-heated
oven from Instron and the specimens and method were
the same as used for the non-heated tests.

DSC tests were performed on a Q2000 from TA
Instruments using 4mg to 6.3mg cubes cut from
injection moulded sticks so they only consisted of core
material. Temperature was varied in three intervals; heat
from 20 °C to 250 °C, cool 250 °C to —70°C and heat
—70°C to 250°C, all at 10°C min—".

TGA tests were performed on a SDT 650 from TA
Instruments using plastic granulates weighing 16 mg to
25 mg heated to 1000 °C at 5°C min~!.

2.4 Characterisation

The supplied CC was inspected using IR spectroscopy
and the resulting spectrum, along with that of pure
CC, can be seen on Figure 1. A pure CC sample was
acquired by heating an Omyalene pellet to 500 °C so as
to burn away all other compounds while avoiding calci-
nation of the CC. Peaks were identified using OriginLab
software and peak wave numbers are mentioned in Table
1L
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Fig. 1 IR spectrum of Omyalene 102M

Pure calcite have been inspected in [20], where peaks
related to vibration modes of the crystals were found.
Corresponding peaks were found in the sample at hand

and can be attributed to the presence of calcite. Some
peaks related to the polyethylene has been assigned
according to [21, 22], but only stretch modes were
identifiable. Other mode peaks lie close to peaks related
to calcite and are obscured by them. Shoulders were
observed on the Omyalene spectrum around 1100 cm ™!
and 850 cm™! which have been identified according to
[22] as bonds of peroxides groups.

Peroxide groups act as free radical initiators during
the polymerisation process [23], but may also be
related to the matrix/filler compatibilisation treatment
as mentioned in [5, 24].

Wave number Reference Assignment
711 713
869 877 Calcite
1391 1420
850 900 - 800 0O-0 stretch
1104 1150 - 1030 C-0 stretch
2847 2880 - 2840
2919 2950 - 2920 R-CH;,-R stretch
2890 2880 - 2850
2955 2960 - 2930 R—-CHj3 stretch

Tab. III Peaks identified in the Omyalene IR spectrum.

3. Results and discussion

3.1 Fractography

All images shown have been aligned so the impact
direction is vertical going upwards. Images were taken
at the very end of the fracture surface, furthest from the
crack initiation site.

A sample without added filler was inspected and can
be seen on Figure 2. Scattered across the fracture
surface are inclusions of contaminants such as sand
particles, inferred since the plastic has been subjected
to oceanic environments. The flaky appearance of the
area indicates a brittle-like fracture [25] and there is no
overall direction of crack growth.

Adding 10% calcium carbonate gives a fracture surface
shown on Figure 3. Flakes have become less distinct and
cavities of plastic with particles lodged in the middle,
have appeared. The particle type is indistinguishable,
but the cavities appear only when calcium carbonate
is added, suggesting a relation. Cavities are associated
with matrix/filler debonding indicating an interface had
been made [10]. Fibrillation, as seen from how the
matrix has been pulled around the particle is a sign of
plastic deformation [25] and indicates a ductile fracture
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Fig. 2 SEM image of the fracture surface of a specimen with
no filler.

mode. Long fibrils can be seen in the top of the image
emphasising the ductile behaviour of the material.

A rather large particle deposit can be seen as highlighted
in red on Figure 3. Its size, larger than the maximum CC
particle size of 10 um, indicates it is not a single particle,
but rather an agglomeration of calcium carbonate
particles. It cannot be a sand particle, since it is situated
in a cavity and must then previously have bonded with
the matrix.

Increasing the filler content to 20% yields the fracture
seen on Figure 4. A denser concentration of cavities is
seen, which could be attributed to an increase in CC
concentration. Agglomerates can still be seen. Several
strings of plastic can also be seen going vertically from
the top of the image highlighting the direction of impact.
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Fig. 3 SEM image of the fracture surface of a specimen with
10% filler.
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Fig. 4 SEM image of the fracture surface of a specimen with
20 filler.

A distinct change in landscape is seen for the 30%
filler specimen seen on Figure 5. Flakes have reappeared
and the cavities phenomenon is no longer apparent.
The material has become more brittle as a consequence
of the high filler content and the plastic is no longer
allowed to deform significantly before fracture. A
similar landscape is seen for 40% CC content on Figure
6.

In general, specimens with 10% and 20% filler appear
tougher because more micro plasticity is apparent.

EHT =13.30 kv System Vacuum = 8.75e-006 mbar Mag = 546 X Signal A = SE1

Aalborg University

Department of Physics  yypy - 36,0 mm ~ Pirani Pressure = 3.19¢-003 mbar 20 K™

and Nanotechnology Date :15 May 2018

Fig. 5 SEM image of the fracture surface of a specimen with
30 filler.

3.2 Rheology

The rheology measurements seen on Figure 7, where
specimens with 0% and 10% filler have identical
curves. Going from right to left, all curves are seen
approaching a plateau, but the 0% and 10% are have
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Fig. 6 SEM image of the fracture surface of a specimen with
40 filler.

the lowest slope at those points. No sudden increase in
complex viscosity was observed at low angular velocity,
indicating the fluid is not acting as a Bingham fluid.
Seeing phenomenon akin to Bingham fluids indicate the
presence of a strong matrix/filler bond as mentioned in
[26, 27, 28]. Fractography measurements confirmed the
presence of bonds, however the rheology data indicates
weak bonding.

10* o

& .0" ® 0%
[ e " [ ] 10%
o e H 20%
o, ° H
> ool ® 30%
@ 40%
g *hy,
>
><103- ..
2 8
g 8
o 8
O | |

10° 102

Angular velocity [rad/s]

Fig. 7 The resulting results curves form the rheology
experiment.

3.3 Tensile

Results from the tensile tests performed at 20 °C,
80°C, and 100°C can be seen on Figure 8, 9,
and 10, respectively. Strains are determined from the
initial gauge length of 20mm. Some specimens did
not fracture at maximum extension; these are marked
with a triangle. The curves shown were chosen so as
to be representative of the observed tendencies, but
high variations were seen for specimens at elevated
temperatures, so the most frequently observed curve
type was chosen. Key figures were calculated according

to [19] and are shown in Table IV. A two way analysis
of variance was carried out for the relations between
each calculated mechanical property, temperature, filler
content, and interactions. The highest p-value found was
0.0013, so both temperature and filler content has a
statistically significant impact on stiffness, yield strength
and ultimate elongation.
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Fig. 8 Representative stress-strain curves for testing at room
temperature.
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Fig. 9 Representative stress-strain curves for testing at 80 °C.
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Fig. 10 Representative stress-strain curves for testing at
100°C.

Looking at the data from the room temperature tests, a
threshold particle content is seen in terms of ultimate



CaCOs [%] T [°C] Yield stress [MPa]

E-modulus [MPa]

Ultimate elongation [%]

Mean o Mean o Mean o

20 274 0.2 954.5 93.5 324 2.9

0% 80 8.8 2.8 169.7 53.7 518.1 37.5
100 8.4 0.5 82.0 12.2 513.6 16.4

20 26.2 0.3 840.7 48.1 31.3 7.2

10% 80 10.7 1.0 171.8 32.0 510.8 8.5

100 8.9 0.5 78.6 10.6 496.0 4.8

20 26.8 0.5 1306.6 40.5 10.7 1.2
20% 80 16.2 4.0 2224 50.8 268.6 151.9
100 10.0 2.2 135.8 38.6 315.6 110.3

20 26.8 2.2 1497.3 165.6 7.5 0.4
30% 80 13.8 3.5 448.8 144.6 52.6 33.2
100 104 1.7 157.7 36.0 169.0 23.7

20 25.8 0.8 1412.9 188.9 8.3 1.0
40% 80 15.1 1.3 201.7 60.7 127.1 28.7
100 12.6 4.4 214.7 62.5 159.9 29.5

Tab. IV Relevant mechanical properties determined from tensile tests.

elongation and stiffness. Specimens with more than
10% CC content had increased stiffness and reduced
ultimate elongation, but no significant increase in yield
stress. This effect is apparent across all environment
temperatures and could be attributed to an increased
degree of crystallisation. Increasing the temperature
to 80°C does not change the threshold behaviour,
but simply softens all specimens. At this temperature,
specimens below 20% CC content have fairly similar
looking curves while above 20%, high degrees of
variation are seen. Further increasing the temperature to
100 °C does not pronounce the effects seen significantly,
but high variation is still seen. The variation may
be attributed to the influence micro defects have on
mechanical behaviour in the beginning of the load cycle.
Micro defects, such as contaminants, initiate a yield
zone that will increase in size at elevated temperatures
and thus makes the material more sensitive to the
particular defect.

3.4 TGA/DSC

Results from the TGA tests performed in an atmosphere
of air and nitrogen can be seen on Figure 11 and
12, respectively. The calculated onset temperature for
decomposition, can be seen on Figure 13 along with
melt onsets calculated from DSC data. All temperatures
are calculated from the inflection point between tran-
sition peak slope and extrapolated baseline. Tempera-
tures are presented normalised according to their mean
transition temperature. Decomposition temperature of
samples without filler was 395 °C and 469 °C for air and
nitrogen atmosphere, respectively, while melt onset was
120 °C. The melt onset was only found in an nitrogen
atmosphere using DSC.

The tests show some increase in decomposition temper-
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Fig. 11 Results of TGA on specimens in air, containing
differing amounts of calcium carbonate.
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Fig. 12 Results of TGA on specimens in nitrogen, containing
differing amounts of calcium carbonate.

ature in air with increased filler content, except for an
inconsistency with 30%. Compatibiliser concentration
could be affecting these changes, as seen in [29] were
compatibiliser interface bond energy and decomposition
temperature were related. Decomposition temperature
seem invariant to filler content when in a nitrogen
atmosphere.

An assessment of the actual CC concentration in the
sample was made from the final weight percentage
above 500°C as this represents the leftover CC. It is
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Fig. 13 Normalised decomposition onset temperatures de-
termined from TGA along with melt onset temperatures
determined from DSC.

seen, that the actual filler weight percentage was not as
expected for several of the specimens. This is attributed
to poor mixing of particles in the plastic blend due to
insufficient compounding.

All measured DSC curves had similar appearance, so a
characteristic DSC curve is shown on Figure 14, where
significant sites have been appointed. Melting is seen at
a, peroxide reaction at b and recrystallisation at ¢ [1].
The peroxide reaction peak was only observed for 0%
and 20% filler content which can be attributed to the
presence of contaminants. Peroxides were known to be
present in the Omyalene, but since none is added for
0%, the reaction must be caused by something else.
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Fig. 14 Characteristic DSC curve (Exothermic up).

Peaks of melting and recrystallisation have been in-
tegrated across the extrapolated baseline to find the
enthalpy of fusion, AH, which is used to find degree
of crystallisation, x¢ by

_ AH
N AHyx,

where AH, is the enthalpy of fusion at maximum de-
gree of crystallisation, found from [30] to be 307 J g~ 1.
xp 1s the plastic weight fraction incorporated to account
for the filler content, that is not able to crystallise and
thus lower the maximum enthalpy of fusion. The actual

ey

Tc

filler content found from the TGA data has been used
for x,,. Calculated values of crystallinity can be seen on
Figure 15 and it is seen that there might be a relation
between filler content and crystallinity. The tensile test
showed a higher yield strength at 10% and 20%, but
this is not consistent with the DSC data, as only 10%
shows a larger amount of crystals present.
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Fig. 15 Degree of crystallisation for varying CC concentra-
tion.

CC particles promote heterogeneous nucleation [8,
10], but the growth could be stunted by particle
agglomeration that lead to a net decrease in nucleation
sites. This could explain why only 10% filler show
an increased degree of crystallinity, as the amount of
agglomerates is sufficiently low. During cooling and
second heating interval, there seem to be no distinctive
pattern in the degree of crystallisation, but it is generally
higher compared to that of the first heating interval. Low
cooling rates allow for crystals to form and could be
low enough for homogeneous nucleation to occur and
crystallinity becomes invariant to particle content.

4. Conclusion

The supplied Omyalene was found to contain a bind-
ing agent with a peroxide group. However, rheology
measurements showed that the HDPE/CC bonding was
weak. It was found, the filler acted as thermal sta-
biliser, increasing decomposition and melt onset in air.
Additionally, particles where found to increase degree
of crystallisation at a concentration of 10% owing to
its nucleation effects. Increased stiffness and decreased
ultimate elongation was seen with increased CC content
for 20°C, 80°C, and 100 °C.
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