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Highlights

e The effects of stearic acid treatment for CaCOz are highly influenced by the treatment method of
application.

e A new stearic acid treatment method, namely, combination treatment for CaCO3 was developed.

e The combination treatment was compared with two of the existing methods dry and wet
method.

e The negative effects of void coalescence was minimised by the utilization of the combination
method.
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Abstract

Calcium carbonate (CaCOs) is often treated with stearic acid (SA) to decrease its polarity.
However, the method of application of the SA treatments has a strong influence on their interface
structure and distribution. Several of papers describe the promising effects of SA surface treatment,
but few compare the treatment process and its effect on the properties of the final composite. In the
current study, we assessed a new SA treatment method, namely, combination treatment for polymer
composite fabrication with HDPE. Subsequently, a comparative study was performed between the
“combination” process and the other existing methods. The composites were assessed using
different experiments included scanning electron microscopy (SEM), void content, density,
wettability, differential scanning calorimetry (DSC), and tensile tests. It was observed that the
“combination” surface treatment yielded composites with a significantly lower voids content and
higher density compared to other surface treatments. This indicates that the “combination”
treatment process can bring the CaCOs particles and HDPE matrix much closer together than other
methods. DSC and wettability results suggest that the “wet” and “combination” treated CaCO3
composites had a significantly higher heat of fusion and moisture resistance compared to the “dry”
treated CaCOz composites. Furthermore, “wet” and “combination” treated CaCO3z composites have
a significantly higher tensile strength than the composites containing untreated and “dry” treated
CaCOg. This is mainly because the “wet” and “combination” treatment processes have increased
adsorption density of stearate, which enhances the interfacial interaction between matrix and filler.
These results confirm that the chemical adsorption of the surfactant ions at solid-liquid interface is
higher than at other interface. From this study it was concluded that the utilization of the
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“combination” method minimised the negative effects of void coalescence should provide key
information for the improvement of existing processes.

1. Introduction

Calcium carbonate (CaCQOg) is one of the most popular mineral fillers used in the polymer
industry [1] and [2]. However, due to the hydrophilic nature of its surface, CaCOs is incompatible
with hydrophobic polymers such as HDPE [3]. While larger particles can be incorporated into
polymer, the smaller particles by virtue of enhanced particle-particle interactions tend to
agglomerate, thus leading to dispersion and performance problems [4]. To overcome this issue, one
of the most efficient ways to enhancing the final composite properties is the surface treatment of the
filler with a surfactant. Surface treatment can decrease of particle-particle interaction and increase
adhesion of matrix/ filler. As a consequence, surface coated fillers are used for the production of
particulate filled thermoplastic products [5] and [6].

Stearic acid (SA) as a universal and inexpensive surfactant is often used to improve CaCOs
hydrophobic properties [7] and [8]. Several papers have reported the effects of SA surface treatment
on the physical properties and thermal behaviour as well as mechanical properties of CaCOs3
composites. Lam et al. [9], studied the effect of surface-modified precipitated CaCOs on properties
of CaCOz/ PP composites. The study showed that good dispersity and strong adhesion of CaCOs
with PP was achieved due to SA surface modification. As a result, thermal stability and mechanical
properties of the composite were increased compare to untreated CaCOs composites. Osman et al.
[10], studied the influence of excessive filler coating on the tensile properties of CaCO3s/ LDPE
composites. In their study, it was concluded that it is most advantageous to coat the filler with the
optimal amount of surfactant necessary to cover its surface with an organic monolayer. It was found
that when excessive SA was used a SA bilayer was formed which counteracted the beneficial
effects of the treatment.

SA is made up of two parts: a hydrophobic tail and a hydrophilic head (Figure 1). During
the treatment process, SA is adsorbed on the surface of CaCOz particles via a chemical reaction
between the SA’s “head” and calcium cation (Figure 1). Theoretically, using this process, a
monolayer film of hydrophobic molecules is created to cover for CaCOs particles [11].

O

HO)J\/W\/\/\/\/\/\
\_Y_/ \ }
|
Hydrophilic Hydrophobic
Head Tail




CH3 CH3 CHS CHS - . .
(CH)is  (CH)is  (CHyis | (CHyys | Hydrophobic tail
CH, CH, CH, CH,
_____ o/koO)\oo ~No O/ko\\
S N 7 N N ¥ N1 Surface
Ca Ca Ca c4d Ca .
e} o O, o O, (o] O, e} .
N N N’ N Calcium monostearate
! ! ! ] (CaSt)

Figure 1: Stearic acid chemical structure and principle of CaCO3z monolayer surface treatment with
stearic acid [12].

However, practically there are many factors that can adversely affect this monolayer formation,
such as the treatment method of application [4], the treatment process conditions [12] and [13], the
moisture content of CaCO3 [14], CaCOs particle size [6], CaCOs concentration [15] or the amount
of SA needed to cover the calcite surface with a monolayer [8] and [10]. Hence, complete CaCOs
hydrophobization using SA surface treatment is still a distant goal, this can result in the formation
of voids, and void coalescence which are one of the most common defects in composite components
[16] and [17]. The presence of voids, even at a very low volume fraction, can significantly damage
the material properties [18]. Very fine CaCOg particles were to be used to minimise the negative
effects of void coalescence, but these particles show a strong tendency to agglomerate [19]. Hence,
the focus of this study was to develop a SA surface treatment method in order to produce low void
CaCOs/ HDPE composites.

Currently, there are two methods in commercial use to pre-coat SA onto CaCO3z, namely,
“dry” and “wet” methods [4] and [8]. With the “dry” method, the SA is added to the filler while it is
maintained in a dispersed state, usually by high shear mixing at melting temperatures matching or
exceeding of that SA [20]. In the “wet” method, a hot concentrated aqueous solution of SA is added
to hot aqueous slurry of the filler. Under these conditions, a reaction with the surface of CaCOs
creates a hydrophobic layer on CaCOs’s surface [4] and [20].

In the current study we utilised a hybrid treatment based on the wet and dry treatment
methods. It is hypothesised that this combinations method would achieve better compatibility of
CaCOs particles and reduce voids in CaCOs/ HDPE composites. Therefore, HDPE composites
which utilise CaCO3 particles coated with SA using different surface treatment was compared. The
influence of these SA coating methods on the physical thermal behaviour, and mechanical
properties of CaCO3s/ HDPE composites were evaluated.

2. Experimental
2.1. Materials

HDPE [Marlex® HHM 5502BN] used in this study was supplied by Chevron Phillips

Chemicals International N.U. Belgium. Ground CaCOs with the brand name Eglinton GW5 was
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provided by Omya UK Ltd. Stearic acid was purchased from Sigma Aldrich. Specifications given
for each material is in Table 1. Sodium hydroxide was purchased from Sigma Aldrich with a 99.99%
purity grade.

Table 1. Main contents specifications

Density Appearance Color | Purity Grade | Melting Point
Stearic acid - White to Faint 95% 67.0-72.0°C
Yellow
High density polyethylene | 0.91 —0.97 Opaque High 90- 140°C
glem®
Calcium carbonate 2.79/cm®[7] | White - 825°C

2.2. Surface treatment

In all composites, the weight of SA was calculated to ensure 1.5 wt.% of SA was used for all
samples.

2.2.1. Dry treatment process

CaCOsz and SA were dry mixed at a ratio of 98.5 wt. % CaCOsz and 1.5 wt. % SA. These
components were compounded using an APV MP 19 TC 25 labscale co-rotating twin-screw
extruder with 16mm diameter screws and a 25/1 length-to-diameter ratio.

APV co-rotating extruder screws are designed and manufactured in a modular construction. The
required compounding temperature profile was established on the APV extruder by means of six
temperature controllers placed along the length of the barrel. A seventh temperature controller was
used to regulate the temperature at the die (Table 2). In all cases the speed of the delivery screws
was maintained at such a rate to ensure that the materials were starve fed into the mixing screws.
This ensured that in all cases output was independent of screw speed. The resultant extrudate was
collected for subsequent tests.

In this step, the high shear mixing and heat was used not only for treatment purposes but also to
drive off water formed by the reaction and to ensure all acid is converted to a salt form [4].

Table 2: Reactive extrusion conditions for “Dry” treated CaCO3 particle production.

Reactive | Zonel | Zone2 |Zone3 | Zone4 | Zone5 |Zone6 | Die Speed [RPM]
extrusion  Fgnoc [709C | 80°C | 85°C | 90°C |95°C | 100°C 50

2.2.2. Wet treatment process

Two separate solutions were prepared as outlined by [21] and [12].



e Solution 1 contained 250 ml of 0.01 mol SA and 250 ml 0.014 mol of NaOH. These
solutions were mixed at 75 °C until the SA had totally dissolved [Scheme 1].

Schemel. Proposed mechanism of hydrolysis reaction occurring in solution 1.

NaOH
CH3(CH,),,COOH == CH5(CH,),,C00~ + H*

Stearic acid

e Solution 2 consisted of 500ml of distilled water to which 100 g of CaCOs was added at a
temperature of 75 °C [Scheme 2].

Scheme 2. Proposed mechanism of hydrolysis reaction occurring in solution 2.
CaC0; + H,0 == HCO3 +Ca?** + OH~

e Subsequently, these two solutions were mixed together at 75 °C for 15 mins. The resultant
solution was filtered and the filtrate was dried in the oven at 50 °C and stored in an airtight
container until required [Scheme 3].

Scheme 3. Proposed mechanism of the reaction between SA and calcium cation.

CH3(CH;)1,CO0~ + H* + HCO3 +Ca** + OH™ = CH;(CH,),,C00Ca* + HCO3 + H,0

Calcium monostearate

2.2.3. Combination treatment process
The combination process was performed using following three conservative steps:

e Step 1. 294.6 g of CaCOs3, 4.5 g of SA and 0.9 g of NaOH were mixed with 3 Litres of water
for 10 mins. This step allows all components to mix properly. SA begins to react with
CaCOs during this step.

e Step 2. The resultant mixture was dried in the oven at 75 °C for 48 hours. This step allows a
higher percentage of SA and calcium cation reaction to take place.

e Step 3. The dried material from step 2 was compounded with powdered HDPE at a ratio of
1:1 using as APV twin screw extruder. The resultant melt was extruded through a cylindrical
die to form a strand. The extrudates were cooled in air prior to granulation. In this step, the
extruder was used not only for compounding of CaCO3z and HDPE into a homogeneous
blend, but also further enabling the SA to coat onto CaCOs particles. The processing
conditions for this process are outlined in Table 3.

Table 3: Reactive extrusion conditions for “Combination” treated CaCOz particle production.

Reactive | Zonel | Zone2 |Zone3 | Zone4 | Zone5 |Zone6 | Die Speed [RPM]

extrusion  ["gnoc 70°C |80°C [90°C |100°C |150°C | 180°C 50

2.3. Composite fabrication




2.3.1. Extrusion Compounding

The compounding of the composites in this study was performed on a Micro 27 laboratory co-
rotating twin screw extruder [Leistritz Ltd] with a 27 mm screw diameter and a 38/1 length to
diameter ratio. During the compounding process, the temperature profile was increased from 160 °C
at the hopper to 200 °C at the die with screw speed of 120rpm was utilised.

CaCOz composites were prepared by adding either untreated, dry or wet, treated CaCOz and
HDPE pellets into the extruder at the throat of the barrel. HDPE was fed into the hopper using a K-
Tron feeder. Another K-Tron feeder was filled with uncoated or coated CaCOz and the correct feed
ratios were set to achieve an 80/20 polymer/ CaCOg ratio. These materials were compounded and
the resultant composite material was granulated and collected for injection moulding.

Combination coated CaCO3z composites were prepared using a masterbatch/letdown system.
Calcium carbonate masterbatch which containing equal parts of CaCOz and HDPE was mixed at a
ratio of 2:3 with HDPE to produce a let-down material containing 20 wt. % CaCO3s and 80 wt. %
HDPE. The compositions of all composites are as shown in Table 4.

Table 4: Composition of CaCO3s/ HDPE composites.

Batch | HDPE | Uncoated CaCOz | CaCOs [dry] CaCOs[wet] | CaCOz [combination]
name | [wt. %] | [wt. %] [wt. %] [wt. %] [wt. %]

PE 100 0 0 0 0

PE-C |80 20 0 0 0

PE-C1 | 80 0 20 0 0

PE-C2 | 80 0 0 20 0

PE-C3 | 80 0 0 0 20

2.3.2. Injection moulding

Injection moulding was carried out on an Arburg™ All-rounder 221 K which has a maximum
clamping force of 350 kN and a screw diameter of 25 mm. The theoretical stroke volume for this
machine is 49 cm®. The mould used was a family type mould producing type “A” test specimens to
1ISO294-1 and 1SO 6239 international standard. The mould used was maintained at 25°C by means
of a separate mould temperature controller unit. All CaCO3s composite materials were dried for 8
hours at 70 °C prior to injection moulding to remove any moisture retained from the extrusion
process. The temperature profile for injection moulding increased from 160 °C at the hopper to 200
°C at the nozzle with injection speed of 100 mm/sec. The holding pressure used was 600 bars with a
holding time of 6.5 sec. The cooling time used was 10 sec with a back pressure of 50 bars.

2.4. Characterisation
2.4.1. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to identify changes induced by the
different SA treatment process. Freeze-fracture method was implemented in order to observe these
changes in the material composite structure. The experiment included the analysis of the untreated
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sample and samples prepared using “dry”, “wet” and “combination” processes. Prior to testing, the
samples (ASTM impact bars) were placed in liquid nitrogen for 10 min before being fractured by a
charpy impact machine. After returning to room temperature the samples were prepared for SEM,
by ensuring that the orientation of the fractured side was correctly placed onto aluminium pin
mount adapter using double sided carbon tape. Furthermore, all samples specimens were sputter
coated with gold using a Baltec SCD 005 sputter coater to increase the electrical conductivity.
Subsequently, A Mira field emission SEM was used in high vacuum mode with an acceleration
voltage of 15 kV, a resolution of 20 pm and a magnification of 2.0 kx. A back scattered electron
(BSE) detector was used for image acquisition.

2.4.2. Void content

The theoretical density and void content of the CaCO3z/ HDPE composites were determined
according to ASTM D2734 [22]. For theoretical composite density, the theoretical densities of both
the HDPE (0.955 g/cm?®) and CaCOs (2.7 g/cm®) were obtained from the supplier. After the actual
density of the composite was determined the weighed sample was placed into a weighed crucible
and burned in a 500°C muffle furnace for 30 mins until only the CaCO3 remains. The crucible was
cooled and weighed. The HDPE and CaCOg3 contents were calculated as a weight percent from the
available data.

The theoretical composite density (Tq) was calculated according to the standard ASTM D2734-
09:

T,=100/(R/D +r/d) 1)
Where: Tyq is theoretical composite density; R is the wt% of HDPE; r is the wt% of CaCOg; D is

density of HDPE; d is density of CaCO:s.

The void content of the composites was calculated by comparing the actual density to the
theoretical density, and according to the standard ASTM D2734-09:

V=>Tqs—My)/Ty (2)

Where: V represents void content (volume %) and Mg represents measured composite density.
2.4.3. Density comparison

Density values of the untreated, “dry”, “wet” and “combination” processes samples were
measured according to ASTM standard D 792-08 (Method A) [23] by means of a Sartorius
MC201P high sensitivity balance. Prior to density measurements, all samples were dried at 50 °C
for 18 hours. To calculate the density of the composites, the specimen is weighed in air using the
balance with a precision of 0.1 mg. Then the specimen is weighed when immersed in distilled water
at 21°C using a sinker and wire to hold the specimen completely submerged as required. Care was
taken to ensure that no air bubbles were trapped prior to taking the measurement. Ten specimens

7



per batch were assessed. The average of the ten was calculated as composite density. The following
equations were formulated to identify the specific gravity and density of the CaCOs/ HDPE
composites.

Sg**“=a/(a+w—b) (3)

Where: Sg?'C is specific gravity of the composites at 21°C; a is the mass of specimen, without
sinker, in air; b is the mass of specimen and sinker completely immersed and of the wire partially
immersed in gas-free distilled water at 21 °C; W is the mass of totally immersed sinker and partially
immersed wire.

D21°C = §421°C x 0.99799 (4)

Where: D?°C is the density of the composites at 21°C; 0.99799 g/cm? is density of the water at
21°C.

2.4.4. Wettability

The contact angle was measured using a FTA (First Ten Angstroms, Virginia) 1000 machine.
Each sample was measured three times in the same order to obtain a consistent value while using
the sessile drop method. For contact angle measurements, a droplet of distilled water was ejected
out of the micrometer syringe (GS-1200) onto the sample using a 27 gauge needle. Images of the
droplet on the surface of the sample were taken over 20 second duration and the FTA software was
used to calculate the angle between a tangent drawn on the water droplet and the surface of the
composite. The average of 10 readings was used for each sample.

2.4.5. Thermal properties

A TA instruments 2010 DSC was used throughout the course of this work for thermal
characterisation of material. Samples of between 8-10 mg were weighed out using a Sartorius scales
with a resolution of 1 x 10-°g. Samples were then placed in sealed non-hermetic aluminium pans for
testing. DSC analysis was performed by cooling the samples to -100°C using liquid nitrogen and
heated to 200°C at a rate of 10°C/min. Volatiles were removed from the purging head with nitrogen
gas at a flow rate of 30 ml/min. Calibration of the instrument was performed using indium as
standard. After each test was completed, the melting point region from the thermograph was
analysed to determine heat of fusion (AH) and melting point (Tm) of each sample. The crystallinity
level (C) of the HDPE matrix can be evaluated from the following equation (5):

C = (AH,,/AH®,) X (100/W) (1)

where AHm, experimental heat of fusion; W, HDPE content in the CaCO3s/ HDPE mixture; AHm,
heat of fusion of the 100% crystalline HDPE found in the literature, that is equal to 293 J/g [24].

2.4.6. Mechanical properties



Tensile tests were carried out using a Lloyd LRX tensometer according to ASTM standard
D 638-10. Composites specimens were mounted and strained at a rate of 2 mm/min until failure
occurred. Ten specimens per batch were tested and the average strength was calculated.

2.4.7. Statistical analysis

A statistical comparison of the void content, density, contact angle, experimental heat of
fusion, the degree of crystallinity and tensile strength was performed. Following assessment of
normality of distribution and homogeneity of variance, treatments were compared using a one way
ANOVA with a Tukey’s Honesty Significant Difference Post hoc test to determine differences
between individual batches. Differences were considered significant when p < 0.05. To perform this
analysis, the IBM SPSS statistics version 19 software was used.

3. Results and discussion
3.1. Morphology

SEM micrographs of the HDPE composites containing untreated CaCO3z and SA coated
CaCOg using different methods are shown in Figure 2. Untreated CaCOs particles appeared to have
formed agglomerates and exhibited poor intimate contact with HDPE matrix and, as indicated by
arrows in Figure 2a, which resulted in debonding between CaCOgz and the matrix. This effect is as a
result of detachment of the unembedded particles during fracture in liquid nitrogen, indicating that
there is poor adhesion between the filler and the matrix. These agglomerates are formed due to
strong particle-particle interaction between untreated CaCOs particles [25]. Similar observation has
also been made by other researchers who examined the dispersion of CaCOs in polybutylene
terephthalate [26] and polypropylene (PP) [27] matrices.

The agglomerates of “dry” coated CaCOg particles (Figure 2. b) appeared to exhibit better
dispersion within the matrix than untreated particles (Figure 2. a), indicating that the particle-
particle interaction is reduced using the “dry” method. However, we did find that debonding on the
fracture surface of the composite appeared to have resulted in a large number of voids, which may
have been caused by the addition of the “dry” coated CaCOsz particles (indicated by arrows in Figure
2. b). This phenomenon suggests that the role of the “dry” method on particle—particle interaction
may be more important than on particle-polymer interaction. In other words, the main role of the
“dry” method is to improve the particle dispersion. The present results are in agreement with the
data from Lazzeri et al. who reported that the addition of stearic acid using “dry” method can
effectively improve dispersibility of the CaCO3z/ HDPE composites [19].

Composites produced using “wet” coated CaCOgz (Figure 2. c) particles appeared to yield
improved adhesion to the HDPE matrix, which resulted in an apparent reduction in debonding and
voids at the fracture interface. This indicates that the “wet” treatment process promotes adhesion
between the particles and HDPE matrix thus improving the compatibility between the phases. This
may be due to an increase in SA chemical absorption onto the surface using the “wet” coated
method in comparison to the “dry” coated method. This phenomena was also reported by
Mihajlovi¢ et al. [8]. However, agglomerates were observed as indicated by arrows in Figure 2. c.
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which indicates indicating poor dispersion and distribution of CaCOz particles. These results
suggest that the main role of the “wet” treatment method is to improve adhesion between the CaCOs
particles and HDPE matrix.

Composites prepared using the “combination” coated CaCOz (Figure 2. d), it is observed
that CaCOs particles appeared to have good adhesion with the HDPE matrix as less debonding and
voids were observed. This indicates that the “combination” treatment method is more efficient than
“dry” treatment method in promoting adhesion between the CaCO3 particles and HDPE matrix.
These results also indicate that there was an increase in SA absorption onto the surface of the
CaCOgsparticles using the “combination” coated method in comparison to the “dry” coated method.
However, the air voids as indicated by arrows in Figure 2. d. suggests the “wet” treatment method is
better than “combination” treatment method in promoting adhesion between the CaCOs particles
and HDPE matrix. This may be due to the higher SA absorption onto the surface “wet” coated
CaCOz compare to “combination” coated CaCOs. These findings indicate that SA treatment of
CaCOz does not prevent particles from aggregating, but can effectively reduce the aglormate
particle size and also improve the particle dispersion which can help to reduce the creation of very
large voids [19].
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Figure 2. Scanning electron micrographs of CaCOz/ HDPE composites made with the various
treatment methods.

3.3. Void content

Void content is most commonly used to characterize voids in composite. In many cases, it is
the only characteristic identified. There are many methods for determining void content including,
density measurements, optical image analysis, and ultrasonic attenuation [28]. In this study, density
measurements method was used to determine the void content of CaCO3s composites. It was found
that no significant differences in theoretical density between the untreated and the different surface-
treated CaCO3z composites (p > 0.518). This result has confirmed that all the composite samples
contain the same amount of CaCOs filler.

The void content (%) of composites containing different surface-treated CaCOs and
untreated CaCOs is presented in Figure 3. The composites containing SA coated CaCOs (PE-C1,
PE-C2 and PE-C3) have a significantly lower void content than the composite containing untreated
CaCOs (PE-C) (p < 0.001). This is mainly because SA treatment of CaCOs3 reduced the aglormate
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particle size and improve the particle dispersion which can help to reduce the creation of voids [19].
There is also some evidence from SEM micrograph (Figure 2. b, c, d.), where less fracture line, less
voids and better adhesion between the CaCOs particles and HDPE matrix was observed.

The method of application of the SA surface treatments has a significant effect on the void
content of the composites. It was found that the composites containing “wet” and “combination”
coated CaCOs3 have a significantly lower void content (%) than the composites containing “dry”
coated CaCOs (p < 0.001). This is likely due to SA being less chemically absorbed in the “dry”
method than in the “wet” method [8]. This indicates that the “wet” and “combination” treatment
methods are better than “dry” method in eliminating free volume created by the debonding of the
CaCOs particles. These results correlate well with the findings from the SEM characterisation
(Figure 2. b, cand d.).

Results also show that the “combination” coated method is most effective in removing voids
trapped between CaCOs and HDPE. The composite samples containing “combination” coated
CaCOs have a significantly lower void content (%) than the composites containing “wet” coated
CaCOz(p <0.001). This is presumably due to the addition of the fine CaCOs particles which were
surface treated enabling them to make the internal structure of composite denser and closed [6].
This suggests that the “combination” treatment process can bring the CaCO3 particles and HDPE
matrix much closer together than other methods.
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Figure 3: Void content of CaCOs/ HDPE composites made with the various treatment methods.

3.2. Density comparison

The density of the composite materials is especially relevant because plastic products are
often sold on a cost per kilogram basis and a higher density means less raw material input. The
density of CaCOzg is approximately three times greater than HDPE. It was therefore expected that all
the CaCO3s composites would also have higher density compared with pure HDPE. However, our
experimental results indicated that no significant differences was found between the untreated
CaCO3 (PE-C) and virgin HDPE (p > 0.666). This is likely due to the lack of intimate content
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between CaCO3 and HDPE which created free volume in the composite [25] and led to the recorded
high void content. This is consistent with the surface characteristics shown using SEM micrograph
(Figure 2.a.). It is likely that as the poorly welded CaCO3 aggregates debonded from the matrix,
voids appeared at the surface and the CaCOz/ HDPE interface and the overall density of composite
decreased.

All the HDPE composites containing SA treated CaCOs (PE-C1, PE-C2 and PE-C3) have a
significantly higher density than the composite containing untreated CaCO3z (PE-C) (p < 0.001).
This is because the SA surface treatment reduced free volume creation by increasing the extent of
dispersion and interfacial interaction between CaCO3s and HDPE matrix [10] which is supported by
the results of void content analysis (Figure 3). There is also some evidence, from SEM micrograph
(Figure 2. b, c, d.), of better dispersion and adhesion between the CaCOs3 particles and HDPE matrix.

Results also indicate that the method of application of the SA treatment has significant effect
on the density of the composites. The composite sample containing “combination” coated CaCOs3
have a significantly higher density than the composites containing “wet” and “dry” coated CaCOs3 (p
< 0.001). This is mainly because the “combination” method has significantly reduced the free
volume in the composite. It can make the internal structure of composite denser than both “wet” and
“dry” methods. These facts are strongly supported by Figure 3 showing the composite sample
containing “combination” treated CaCOz have a significantly lower void content (%) than the
composites containing “wet” and “dry” treated CaCO:s.
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Figure 4: Density of CaCOs/ HDPE composites made with the various treatment methods.

3.4. Wettability

To determine the hydrophobic characteristic of the CaCOs/ HDPE composite surfaces,
contact angle measurements were conducted. The sessile drop technique to measure contact angles
was used in this experiment. The technique of the sessile drop is today the most widely used
method [29] and [30]. Contact angle was measured after placement of a drop of water on the
composite surface to determine relative wettability [31]. When the contact angle has a value of zero,
it results in wetting, whilst if the angle is between 0 and 90°, it results in the spreading of the water
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across the material surface. If the contact angle is between 0 and 90°, the material can be classified
as hydrophilic due to the molecular attraction. However, if the contact angle is greater than 90°, the
material can be classified as a hydrophobic material. This results in the water ‘balling-up’ hence,
causing it to run off the surface easily [29].

Ten tests were conducted on the ASTM tensile specimens for each batch and the average
was tabulated from the results attained. Figure 5 illustrates the variation of the contact angle
measurements of CaCOz/ HDPE composites. As can be seen, all CaCOs composites have a
significantly lower contact angle than that of virgin HDPE (p < 0.001). This was due to the CaCOs
index at the surface of the composites, and CaCQOg, a hydrophilic material, has a lower contact angle
than HDPE, a hydrophobic material. It can also be observed that none of the treatment has made
CaCOg particles completely hydrophobic. Similar behaviour have been reported by [32].

The composite containing “wet” and “combination” treated CaCO3z (PE-C2 and PE-C3) has
a significantly higher contact angle than the composites containing untreated CaCO3z (PE-C) (p <
0.001). This is because the hydrophilic head of the stearate salt attaches to the surface of CaCOs,
while leaving the hydrophobic tail oriented towards HDPE. This resulted in a reduction of the
surface wettability of the material [33]. This is confirmed that the “wet” and “combination”
methods induce a change on CaCOs surface from hydrophilicity to hydrophobicity.

Result also shows that the composite containing “wet” and “combination” treated CaCO3
(PE-C2 and PE-C3) have a significantly higher contact angle than the composites containing “dry”
treated CaCOs (PE-C1) (p < 0.001). Aside from these, no further significant difference were
detected (p > 0.296). This is likely due to the surfactant ions can generally be more chemically
adsorbed in the “wet” and “combination” method [8]. It also implies that the “wet” and
“combination” methods are effective for obtaining hydrophobic CaCOsz. The “wet” and
“combination” treatment methods plays an important role in producing a composite with better
resistance towards moisture [33].
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Figure 5: Contact angle measurements of CaCOs/ HDPE composites made with the various
treatment methods.
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3.5. Thermal properties

The study of the thermal and crystalline properties of CaCOs/ HDPE composites was carried
out using DSC analysis. An evaluation of the experimentally obtained melting temperatures ranging
between -100°C and 200°C is illustrated in the graph at Figure 6. The DSC thermogram indicated
that the melting peaks of the composite reduced by up to 3°C in comparison to virgin HDPE. These
effects may be due to the the lamellar crystallites in the composites which melt at lower
temperatures, which indicates that they are thinner than the lamellae in virgin HDPE. Such a
thickness dependence of melting of PE crystallites is well documented [34] and [35]. Similar
phenomenon were exhibited by Bartczak et al. [36] when CaCOs filler particles were added to
HDPE.

A better understanding of crystallization characteristics of polymer matrix can service as a
guide to manipulate mechanical properties of the composites [37] and [38]. The degree of
crystallinity (C) of the HDPE matrix was evaluated from the equation (5). The degree of
crystallinity, experimental heat of fusion and melting point are summarized in Table 5. From
analysis of this data it was found that all CaCOs composites had a significantly higher experimental
heat of fusion and degree of crystallinity than virgin HDPE (p < 0.026), except the “dry” treated
CaCOz composites (PE-C1) (p = 0.79). The “wet” and “combination” treated CaCO3 composites
(PE-C2, PE-C3) had a significantly higher experimental heat of fusion and degree of crystallinity
than the “dry” treated CaCO3z composites (PE-C1) (p < 0.05).
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Figure 6: Differential scanning calorimetry thermograms of CaCO3z/ HDPE composites and virgin
HDPE.

Table 5: Differential scanning calorimetry melting and the crystallization parameters

A Hm (J/g) C= (AHm/ AH°m) x (100/W) Tm (°C)
HDPE 156.9 0.670 136.02
PE-C 170.5* 0.727* 134.57
PE-C1 161.5 0.689 133.62
PE-C2 182.8*, ** 0.780*, ** 133.33
PE-C3 182.8*, ** 0.780%*, ** 133.12
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*Denotes a significant difference with virgin HDPE; **Denotes a significant difference with the
“dry” treated CaCOs composites; AHm, experimental heat of fusion; W, HDPE content in the
CaCOs-HDPE mixture; AH’m, heat of fusion of the 100% crystalline HDPE found in the literature,
that is equal to 293 J/g [24].

Heat of fusion is the energy required to change a gram of a material from the solid to the
liquid state without changing its temperature [34] and [35]. The addition of CaCOs significantly
increased the amount of energy required to break the solid form of HDPE. These results suggested
that the addition of CaCOz3 induced a greater heterogeneous nucleation effect and increased the
degree of crystallinity of HDPE. Similar phenomenon was reported by Bartczak et al. [36] and
Lazzeri et al. [19].

In the case of the “dry” treated CaCO3 composites, the average experimental heat of fusion
and degree of crystallinity decreased compared to that of “wet” and “combination” treated CaCOs3
composites. These effects are probably due to the insufficient or excess surfactant of CaCOs
diminishing the nucleating effect. Insufficient surfactant of CaCOs; cause the formation of
agglomerates and excess surfactant can cause the formation of a soft layer at the CaCO3-HDPE
interface at high temperatures, leading to the weak nucleating ability [39].

3.6. Tensile strength

The tensile strength of the composites containing CaCOs3 surface-treated with stearic acid
and untreated CaCOzs is plotted in Figure 7. As can be seen, virgin HDPE had a tensile strength of
29.82 MPa. Batches PE-C contains untreated CaCOs and PE-C1 contains “dry” treated CaCOs had
tensile strengths of 28.09 and 28.52 MPa significantly lower than virgin HDPE (p < 0.001). These
results are due to the poor interfacial interaction between CaCOs3 aggregates and HDPE matrix.
Insufficient or excess SA surfactant reduces the mechanical properties, the former because of the
formation of agglomerates, and the latter by forming a soft layer at the CaCOs/ HDPE interface at
high temperatures, leading to matrix-filler debonding [39] and [8]. There is also some evidence,
from SEM micrograph (Figure 2. a, b.), of the poorly welded CaCOz aggregates debonded from the
HDPE matrix.

It has been reported that mechanical properties are highly dependent on the surface
treatment of the CaCOz3 [27]. With the addition of “wet” and “combination” treated CaCO3 (PE-C2
and PE-C3) a significant increase in tensile strength was recorded (p < 0.001). The tensile strength
of “combination” treated CaCO3z composite is 7.04 % higher than untreated CaCOs composite. The
reasons behind this statistical increase in tensile strength is good interfacial interaction between
HDPE matrix and “wet” and “combination” treated CaCOs3 fillers which also enable more stress to
be transferred from the matrix to the fillers during external loading [40] and [41]. In doing so, the
compatible CaCOz particles blocks the movement of macromolecular chains of the HDPE to
improve the stiffness and strength [42]. These results also indicate that “wet” and “combination”
method enabled the formation of strong bonding between the polar group of the SA and the CaCO:s.

The composite containing “wet” and “combination” treated CaCO3 (PE-C2 and PE-C3)
have a significantly higher tensile strength than the composites containing “dry” coated CaCOs3 (PE-
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Cl) (p < 0.001). This is mainly because the “wet” and “combination” treatment processes have
increased adsorption density of stearate, which enhances the interfacial interaction between matrix
and filler [8]. In “wet” and “combination” treatment system, hydrophilic CaCOz and an alkaline
solution were used to form a double electric layer. On the border of solid/liquid or mineral/solution,
an electric double layer is always formed consisting of the stern and diffused layer [8]. This double
electric layer structure can further affect the interaction of CaCOs3 with stearic acid. In the presence
of SA, dissociation and neutralization reactions were taking place. As the result of these reactions,
the surface precipitation of Ca-stearate can occur by increased concentrations of stearine ions and
Ca" ion in the electric double layer [8]. All the above results confirm that the chemical adsorption of
the surfactant ions at solid-liquid interface is higher than at other interface. Aside from these, no
further significant difference were detected between “dry” treated CaCOz (PE-C1) and untreated
CaCOz composites (PE-C) (p > 0.332).
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Figure 7: Tensile strength of CaCOs/ HDPE composites made with the various treatment methods.

4. Conclusions

The present work proposes a new SA treatment method “combination” treatment for the
production of CaCO3z/ HDPE composites. The effectiveness of the developed method was evaluated
by comparing with two of the existing methods dry and wet method. The effects of these SA surface
treatment methods on the physical properties and thermal behaviour as well as mechanical
properties of CaCOs/ HDPE composites were studied. Based on the obtained results and their
discussion, the following conclusions can be made:

e The “combination” method can bring the CaCOz particles and HDPE matrix much closer
together in contrast to the traditional method. The “combination” method is potentially
important for composite application where the function of the void contents is a critical
factor.
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The “combination” method significantly increased the density of the composite; hence these
composites could be used as a direct replacement for HDPE in applications where high
density is beneficial.

The thermal properties and wettability results suggest that the presence of “combination”
and “wet” surface treated CaCOz significantly increased thermal stability and moisture
resistance compare to the “dry” treated CaCO3 composites.

For mechanical properties, the composite containing “wet” and “combination” treated
CaCOs significantly increased tensile strength compare to the “dry” treated and untreated
CaCO3 composites.

In conclusion, the effects of SA surface treatment for CaCOz are highly influenced by the treatment
method of application. From this study it was established that the utilization of the “combination”
method in CaCOs/ HDPE composites fabrication, delivered superior void coalescence prevention.
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