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Abstract—The HDPE/CaCO,/LDPE-g-MA/POE composite was prepared by blending high density polyethylene
(HDPE) filled calcium carbonate (CaCO;,), with maleic anhydride grafted low density polyethylene (LDPE-g-MA) as a
compatibilizer, and a polyolefin elastomer (POE). The composites exhibited improved tensile strength than composites
without POE. The addition of POE led to a decrease in the d-spacing of CaCO;, indicating that core-shell structure was
formed between POE and CaCO;. Because of good dispersion of CaCOs, this improved thermal stability and
decreased crystallinity (X,) and conformational change (AS,). The composites contributed to improved mechanical
property and good dispersion of CaCO;, and efficient activation energy by accelerating the crystallization rate.
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INTRODUCTION

A thermoplastic elastomer (TPE) has the properties of a ther-
moplastic material and rubber. TPE is one of the most important
materials currently being used in various fields, including automo-
bile parts, electric wires, fibers, adhesives, and pavement. Further-
more, TPE contains useful properties of a crystal or a glassy hard
block as a reversible physical cross-linker [1,2].

Generally, TPE consists of a hard phase and a soft phase. The
reaction of chains is limited in the hard phase because the reaction
temperature of the hard phase is higher than the glass transition
temperature and the melting temperature, whereas the soft phase
comprises components having a reaction temperature lower than
the glass transition temperature and the melting temperature. The
ratio of the quantity of one phase to that of another phase deter-
mines whether a TPE has a dispersed or continuous phase, which
in turn determines the physical properties of the TPE [3]. TPEs
have excellent physical properties, including the outstanding pro-
cessing capacity of thermoplastic materials and the elasticity of
rubber. There are different types of TPE, including olefin TPE and
styrene TPE [1,3]. In particular, olefin TPE, also called polyolefin
elastomer (POE), is a novel type of copolymer that was developed
following advances in the development of the metallocene polym-
erization catalyst. Compared with olefin polymers that are polym-
erized using a conventional Ziegler-Natta catalyst, the POE has
better mechanical properties, including better tensile and impact
strengths. POE has replaced many conventional polymers, because
POE has high compatibility with various polyolefin materials, good
recyclability, excellent impact strength, weather resistance, and a low
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price. Ethylene-based POEs include an ethylene monomer and
comonomers such as 1-butene, 1-hexene, and 1-octene. Propylene-
based POEs use 1-propylene as a comonomer [1].

To improve the polymer/TPE blending properties, composites
have been studied by adding SiO,, organoclay, and calcium carbon-
ate (CaCOs). The tensile and impact strengths may be effectively in-
creased by using a small quantity of filler in these composites. The
addition of nanofillers (e.g. clays) results in an improvement in the
physicochemical, mechanical, thermal and barrier properties of
composite materials [4-6,10]. In addition, polypropylene (PP)/filler/
rubber composites have been applied in various fields including
automobile, electric wire, electronic devices, and packaging mate-
rials [7-15]. The addition of hydrophilic nano-SiO, particles to PP/
ethylene propylene rubber (EPDM), and maleic anhydride grafted
PP (PP-g-MA)/EPDM, improved the toughness and stiffness of
these composites [7]. The addition of organoclay to polypropylene-
ethylene-propylene (PP-EP)/ethylene vinyl acetate (EVA) increased
the fire retardancy of the composite [8]. In addition, the organoclay
added to the PP/POE/PP-g-MA was dispersed as nano-particles
and increased the melting temperature, as the organoclay played
the role of a nucleating agent [9]. An intercalation type composite
was prepared by adding organoclay to PP/EPDM, and the addi-
tion of the organoclay increased the tensile strength and elongation
at break [10]. Using a continuous twin extruder to add organoclay
to PP/styrene-6-(ethylene-co-butylenes)-6-styrene triblock copoly-
mer (SEBS), improved different parameters. For instance, the ten-
sile strength, modulus, flexibility; and impact strength were found
at a specific amount of added organoclay [11]. Ma et al. [12] added
nano-CaCO, particles to PP/POE and found an improvement in
the impact resistance of the composites. However, many studies
have focused on improving the mechanical properties of the PP
matrix based materials using various inorganic substances, includ-
ing CaCO; particles for surface treatment, and by adding nano-
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sized inorganic substances.

Our purpose was to investigate the novel behavior of the com-
posites prepared by two types of POE, to high density polyeth-
ylene (HDPE)/CaCO, composite using maleic anhydride grafted
low density polyethylene (LDPE-g-MA) as a compatibilizer. An
experiment was conducted to investigate the tensile strength, ther-
mal properties and other features of a crystal structure. In addition,
samples having high tensile strengths were selected to examine
their non-isothermal crystallization behaviors and activation ener-
gies (E)).

EXPERIMENTAL

1. Materials

The materials used for preparing the HDPE/CaCO,/LDPE-g-
MA/POE composite included HDPE (LG Chemical Co. Korea)
and CaCO; (Duksan Co. Korea). LDPE-g-MA [13] having the high-
est grafting degree of 4.88% was prepared and added. LC565 (LC
POE), an ethylene-based POE, was provided by LG Chemical Co.,
Korea, and Vistamaxx 6102 (VM POE), a propylene-based POE,
was obtained from ExxonMobile.
2. Preparation of the HDPE/CaCO,/LDPE-g-MA/POE Com-
posites

Prior to use, CaCO; was dried for eight hours in a vacuum oven
at 80 °C to remove moisture. Different types of POE were added
to the HDPE/CaCO,/LDPE-g-MA composites, respectively, which
were then melt mixed (Table 1) in a Haake mixer (Rheomix 600,
Germany) at 50 rpm for five minutes at 140 °C. Samples were pre-
pared by compression molding performed for two minutes at
130 °C using a hot press (Carver, USA). The samples were then cold
pressed between two plates for three minutes at room temperature.
3. Characterization of the HDPE/CaCO,/LDPE-g-MA/POE
Composites
3-1. Tensile Strength

The tensile strength of the composites was measured with a uni-
versal testing machine (UTM, Tiniusolsen, USA) at room tempera-

Table 1. Description of the HDPE/CaCO,/LDPE-g-MA/POE com-

posites”

Sample b CacO, LDPE-gMA VM POE LC POE
name

HCLVI 3 7 3 -
HCLV2 3 7 -
HCLV3 3 7 10 -
HCLV4 7 3 3 -
HCLV5 7 3 -
HCLV6 7 3 10 -
HCLLl 3 7 10 - 3
HCLL2 3 7 - 7
HCLL3 3 7 . 10
HCLL4 7 3 - 3
HCLLS 7 3 - 7
HCLL6 7 3 ; 10

“All numerical values show the weight ratio (%) to the composites

May, 2017

ture in accordance with ASTM D638. All measurements were
taken at a head speed of 10 mm/min, and average values were ob-
tained from five repeated tests.

3-2. X-ray Diffraction (XRD)

The crystal structure of the HDPE/CaCO,/LDPE-g-MA/POE
composites was determined by X-ray diffraction (XRD, Rigaku,
Japan) with Cu K radiation (1=0.154 nm) at room temperature
within a 26 range from 10 to 50 degrees. To demonstrate these
findings, the d-spacing of HDPE/CaCO,/LDPE-g-MA/POE com-
posites was calculated by using Bragg’s law:

A=2d sinf 1)

where A is the wavelength of the incident radiation, d is the inter-
planar spacing (nm), and &is the scattering angle.
3-3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA, TGA Q500, USA) was per-
formed to assess the thermal stability of all composites. The sam-
ples were heated at 5°C/min from 25 °C to 900 °C under a nitrogen
atmosphere.

3-4. Differential Scanning Calorimeter (DSC)

To examine non-crystallization behavior and kinetic, differen-
tial scanning calorimetry (DSC, DSC Q1000, USA) was carried out
at a cooling rate of 5°C/min from 200 °C to room temperature under
a nitrogen atmosphere. The crystallinity (X,) of the composites was
determined by the following:

_AHe %100 )
(1- @)x AH'

where X, is the crystallinity (%), AH., is the measured melting en-
thalpy (J/g), AH' is the melting enthalpy of HDPE (293]/g) [16],
and o is the weight fraction of HDPE in the composites. In addi-
tion, the conformational change during the crystallization was ob-
tained by using the entropy of crystallization (AS,) as calculated by
the following equation [17]:

X (%)=

AH
AS = T ©)

c

where AH, is the enthalpy of crystallization, and T, is the crystalli-
zation temperature. Furthermore, relative crystallinity (X;) calcu-
lated by using following was compared to HDPE and the com-
posites:

T
| (dH/dT)dT
Xp= )

1
| . (dH,/dT)dT

where T, and Ty are the onset and finishing temperature of crystal-
lization, respectively, and dH,/dT is the heat flow rate. Crystalliza-
tion time (t), in relation to temperature was calculated as follows:

t= (To — Tc)
T«

®)

where T, and T, are the onset and crystallization temperature, respec-
tively;, and e is the cooling rate.

The Avrami model is the most frequently used in the study of the
crystallization dynamics of polymer and composites [18] to analyze
dynamic isothermal crystallization as in the following equation:
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In[-In(1-X,)]=Z+nlnt 6

where X, denotes the relative crystallinity, n is the Avrami expo-
nent, and Z, is the time-dependent crystallization rate constant.
The most frequently used method is the model derived from the
Avrami model by Jeziorny [19], where the crystallization rate con-
stant is determined by using the cooling rate, as shown in the fol-
lowing:

InZ
InZ.= —n—a—t @)

Furthermore, the activation energy (E,) of HDPE and the compos-
ites was calculated by using the DSC data by the Kissinger method
[20]:

%=t ®)

where ¢ is the cooling rate, T, is the crystallization temperature and
R is the gas constant.

RESULTS AND DISCUSSION

1. Tensile Strength Analysis

The mechanical properties of a composite may be changed by
various conditions, including the interaction between the compo-
nents. Compatibilities may be increased or decreased depending
on the conditions. The effect of composite compatibility on physi-
cal properties was investigated by varying the weight ratio while
keeping a fixed ratio of LDPE-g-MA. The tensile strengths of the
HDPE/CaCO,/LDPE-g-MA/POE composites are shown in Fig. 1.
The tensile strength of all the composites prepared in the present
study was higher than that of the composite without POE [13]. In
addition, the tensile strength of all the composites was decreased
as the ratio of the two types of POE was increased, and higher
tensile strength was obtained from a sample with a higher ratio of
HDPE.

The tensile strength was higher in the composites to which LC
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POE was added than in the composites to VM POE containing
composites. The result indicates that the interfacial adhesion is
stronger between the HDPE matrix and the ethylene-based LC
POE. Similarly, Liang et al. [21] reported that the tensile strength
and elongation at break of PP/POE/nano-CaCO; increased with
increasing ratios of POE, suggesting that conformational change
inside the composite may be correlated with the mechanical prop-
erties. Xie et al. [22] added amino acid-treated CaCO; particles
and untreated CaCO; particles to HDPE and maleated poly(eth-
ylene-octene) (POE-g), and investigated the mechanical proper-
ties of the materials. The surface-treated CaCO; particles showed
increased affinity to the matrix and higher tensile strength, but the
tensile strength was decreased as the ratio of POE-g was increased.
Sampath et al. [23] added a titanate coupling agent to CaCO;-filled
natural rubber, LDPE and examined the mechanical properties. The
tensile strength decreased as the ratio of added LDPE increased
over a specific level, indicating that a high ratio of LDPE decreased
the activity of the titanate coupling agent, preventing good disper-
sion of the CaCO; particles, and thus decreasing the tensile strength.

In addition, since a composite is affected by the melt flow index
(MEFTI) of the POE, entanglement may be caused, depending on the
molecular weight, the molecular weight distribution, and the chain
length, and the MFI of PE has been reported to be rapidly changed
due to the chain structure [24]. The chain entanglement of HDPE
may reduce the fluidity of HDPE because of steric hindrance by
the branched molecular structure of POE [25]. For the above rea-
sons, the tensile strength of HDPE/CaCO,/LDPE-g-MA/POE com-
posites decreased with increasing the ratio of two POEs, respec-
tively. The tensile strength of the composites by adding LC POE
was found to be higher due to the longer branch structure of the
LC POE in comparison with the propylene-based VM POE. The
above results indicated that when steric hindrance occurs, POE of
the matrix as a similar structure or longer branch structure plays
an important role in enhanced interaction with matrix and im-
proved tensile strength.
2. XRD Analysis

Two types of composites with POE can generally be prepared:
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Fig. 1. Tensile strength of composites: (a) HDPE/CaCO,/LDPE-g-MA/VM POE composites, (b) HDPE/CaCO,/LDPE-g-MA/LC POE com-

posites.
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Fig. 2. XRD peaks of composites: (a) HDPE/CaCO,/LDPE-g-MA/VM POE composites, (b) HDPE/CaCO,/LDPE-g-MA/LC POE composites.

(1) the POE and inorganic substance are, respectively, dispersed in
the matrix to form independently dispersed phase, and (2) the POE
encapsulates the inorganic substance to form a core-shell structure
where POE serves as a shell and the inorganic substance as a core.

Table 2. XRD peak conditions of HDPE/CaCO,/LDPE-g-MA/POE

composites
Sample name  Angle (2 theta)  d-Spacing (nm) hkl
HDPE 22.55 0.394 (110)
CaCO; 29.45 0.303 (104)
21.7 0.409 (110)
HCLV1
29.55 0.302 (104)
22. .
HCLV?2 05 0.403 (110)
299 0.299 (104)
HOLV3 21.75 0.408 (110)
296 0.302 (104)
HCLV4 2225 0.399 (110)
30.1 0.297 (104)
21.95 0.405 (110)
HCLV5
29.9 0.299 (104)
21.95 0.405 (110)
HCLV6
29.85 0.299 (104)
HCLLL 2.1 0.402 (110)
29.95 0.298 (104)
HCLL2 21.75 0.408 (110)
29.6 0.302 (104)
HCLL3 22.05 0.403 (110)
29.95 0.298 (104)
22.4 .
HCLLA 0.397 (110)
30.3 0.295 (104)
21. A 11
HCLLS 8 0.407 (110)
29.7 0.301 (104)
HCLL 219 0.406 (110)
29.8 0.299 (104)
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Yang et al. [26] discovered that the filler-network structure formed
by SiO, particles existing around EPDM showed good dispersion
in the PP matrix, which improved the mechanical properties and
decreased the d-spacing of SiO, particles of the composites. Ma et
al. [27] reported that POE, as a shell in a PP/POE/CaCO; com-
posite, encapsulated CaCO; to improve the impact strength in com-
parison with PP/POE composite and pure PP. The XRD peaks of
pure HDPE and HDPE/CaCO,/LDPE-g-MA/POE composites are
shown in Fig. 2. The composites revealed no peak for new crystal
planes related to HDPE/CaCO,/LDPE-g-MA/POE composites.

However, results of the d-spacing of HDPE/CaCO,/LDPE-g-
MA/POE composites by Eq. (1) are shown in Table 2. The d-spac-
ing of HDPE slightly increased in all the composites, while the d-
spacing of CaCO; slightly decreased. Furthermore, the d-spacing
of CaCO; on the composites was lower than that of the compos-
ite without POE [13]. This may be because of the core-shell struc-
ture caused by the POE in the HDPE/CaCO,/LDPE-g-MA/POE
composites, which produced a tensile strength that was higher
than the tensile strength reported by Ahn et al. [13]. In addition, it
is assumed that maleic anhydride, the polar group of LDPE-g-MA,
can improve the surface behavior [28]. This result is consistent with
the result obtained in the previous study; which found that the POE
particles in the HDPE matrix were coarsened due to the differ-
ence in the surface tension, which improved the mechanical prop-
erties [29]. The results of described above indicate that the polar
groups of the LDPE-g-MA enabled good dispersion of the CaCO;
particles in the HDPE matrix, and that the core-shell structure of
the composites formed by the POE addition resulted in higher ten-
sile strength than that of the composite without POE.
3. TGA Analysis

The TGA curves of HDPE/CaCO,/LDPE-g-MA/POE compos-
ites are indicated in Fig. 3. The thermal stability; such as the tem-
perature at 25% of weight loss (T,s;), the temperature at 50% weight
loss (Ts), and the temperature at the end of degradation (T,), is
shown in Table 3. The thermal stability of the prepared compos-
ites was better than that of HDPE at all temperatures. This may be
because the CaCO; particles served as a heat barrier [13]. The ther-
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Fig. 3. TGA curves of composites: (a) HDPE/CaCO,/LDPE-g-MA/VM POE composites, (b) HDPE/CaCO,/LDPE-g-MA/LC POE composites.

Table 3. Estimation of thermal stability of HDPE/CaCO,/LDPE-g-

MA/POE composites

Sample name Tase, (°C) Tsge, (°C) T, (°C)
HDPE 453.98 465.20 485.29
HCLV1 461.41 695.16 782.00
HCLV2 458.29 675.18 781.28
HCLV3 456.33 618.91 777.86
HCLV4 459.81 472.32 778.77
HCLV5 456.92 470.06 753.29
HCLV6 453.89 467.41 740.92
HCLL1 465.09 714.59 774.74
HCLL2 463.77 702.57 775.59
HCLL3 463.27 532.575 784.27
HCLLA4 459.74 471.57 745.72
HCLL5 461.23 472.57 760.62
HCLL6 459.24 47041 761.26
a
@) LV6
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mal stability was slightly higher in the samples, including more
CaCO; particles. Overall, the thermal stability of the composites
with LC POE was higher than that of the composites with VM POE.

An interesting finding was that the T, decreased as the ratio of
VM POE increased, while the Te increased as the ratio of LC POE
increased. The increase in T, with increasing ratio of LC POE may
be because LC POE formed a better core-shell structure with the
CaCO; particles. This result also supports that the composites with
LC POE may provide higher tensile strength in comparison with
the composites with VM POE. These results show that the ther-
mal stability of the composites with LC POE was generally higher
than that of the composites with VM POE. The T, was increased as
the ratio of LC POE was increased, but improved tensile strength
may be obtained by adding a suitable amount of POE.
4. DSC Analysis

The DSC curves of HDPE and the HDPE/CaCO,/LDPE-g-MA/
POE composites at a cooling rate of 5 °C/min are shown in Fig. 4.
The crystallization peaks of all the composites were similarly exo-

(b)

<< Exo

T T T T T T T T T T T
110 115 120 125 130 135 140

Temperature ('C)

Fig. 4. DSC curves of composites: (a) HDPE/CaCO,/LDPE-g-MA/VM POE composites, (b) HDPE/CaCO,/LDPE-g-MA/LC POE composites.
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Table 4. The crystallization parameters of HDPE/CaCO,/LDPE-g-

MA/POE composites

Sample T, T, T, AH, X, AS,
mame  (°C) Q) (O (/g (%) (J/g°C)
HCLV1 12662 12961 14031 4286 3292 0.3307
HCLV2 12342 12820 13935 3871 27.66 0.3019
HCLV3 12533 129.76 13858  39.77 27.15 0.3065
HCLV4 12631 132.05 14246 10650 47.71 0.8065
HCLV5 127.08 13238 14197 10250 45.08 0.7743
HCLV6 127.07 13273 14421 11120 4830 0.8378
HCLL1 12293 12952 13734 4142 31.81 03197
HCLL2 12425 12820 136.14 3981 2845 0.3105
HCLL3 125.82 12870 137.79 3876 2646 0.3011
HCLL4 127.68 12894 14523 10870 48.69 0.8189
HCLL5 12655 129.61 147.76 107.60 4732 0.8185
HCLL6 127.63 12866 139.67 96.80 42.04 0.7445

thermic. Table 4 shows the crystallization onset temperature (T,),
the crystallization temperature (T;), the crystallization finishing tem-
perature (Ty), the crystallinity (X.), and the conformational change
(AS,) of the composites.

The T, of all the composites was higher in the samples contain-

(a)

—— 5"C/min
—— 7 °C/min
10 °C/min

<< Exo

v . . r . , v ; v T v
110 115 120 125 130 135 140
Temperature ("C)

(©

—— 5 °C/min
—— 7 “C/min
—— 10 “C/min

<< Exo

T T T T T
1o 115 120 125 130 135 140

Temperature ("C)

ing more HDPE. The HCLM3 and seven samples having the same
weight ratios without POE were compared [13]; the result showed
that the crystallization temperature of HDPE/CaCO,/LDPE-g-MA/
POE composites was higher. This may reduce the cycle time in an
industrial process, and improve economic feasibility. In addition,
the X, via Eq. (2) of all the composites decreased with increasing
the POE content. The X, of composites has been known to be cor-
related with AS.. The AS, of the macromolecules was calculated by
using Eq. (3). The X, and AS, were higher in the samples contain-
ing more HDPE. The AS, of all the composites was decreased as
the ratio of POE was increased. This decrease in AS, may be due
to the decrease in the macromolecular space caused by the forma-
tion of the core-shell structure of POE and CaCO; in the compos-
ites. The decreased mobility of the macromolecules of X, and AS,
similar to the lower d-spacing of CaCO; by the core-shell struc-
ture in a tendency in XRD peaks, indicates that the CaCO; parti-
cles were well-dispersed. The results described above show that an
appropriate ratio of POE added to the composites may form a
core-shell structure, increasing the crystallization temperature, and
that the weight ratio of the matrix and the inorganic substances
plays a critical role in obtaining improved X, and AS..
5. Nonisothermal Crystallization Behavior

The nonisothermal crystallization behavior of the HCLL4 sam-
ple that showed the highest tensile strength of the composites was

(b)
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Fig. 5. DSC curves at different cooling rates: (a) HDPE, (b) HCLIA, (c) HCLLS5, and (d) HCLL6.
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Table 5. The crystallization temperature and half crystallization time
at different cooling rates for HDPE, HCLL4, HCLL5, and

HCLL6
Sample name o (°C/min) T, (°C) ty» (min)

5 132.45 2.02

HDPE 7 133.04 1.35
10 133.67 0.92

5 128.94 1.13

HCLL4 7 129.23 0.53
10 129.50 0.49

5 129.61 1.16

HCLL5 7 130.12 0.36
10 130.68 0.33

5 128.66 1.14

HCLL6 7 128.81 0.33
10 129.02 0.27

compared with that of the HCLL5, six samples and HDPE. The
DSC data obtained at various cooling rates are shown in Fig. 5
and Table 5. The X; obtained from using Eq. (4) was compared to
HDPE and the composites, and the results are shown in Fig. 6.
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The composites and HDPE show a sigmoid plot due to a lag
effect in the cooling rate during crystallization. In addition, the X-
axis of Fig. 6 was converted into crystallization time by using Eq.
(5) to draw the plot in Fig. 7. The half crystallization time (t,,),
representing the time required for X, to be 50%, is widely used to
present the crystallization rate in Table 5. The average t,,, of the
composites was faster than that of HDPE at a given cooling rate,
and the t;, of the HCLL6 sample was the fastest. The results de-
scribed above indicate that the core-shell structure played the role
of stable nucleating agent and thus the crystallization temperature
of the composites without POE was higher [13]. The t,, of com-
posites by core-shell structure was predicted to accelerate the crys-
tallization rate. To verify this prediction in detail, the Avrami model
was used to analyze the nonisothermal crystallization kinetics of
HDPE and HCLI4, 5, and 6 samples.

6. Non-isothermal Crystallization Kinetic and Activation Energy

The n and Z, values of the Avrami model were obtained from
the slope and intercept of Eq. (6). However, studies have been con-
ducted on the non-isothermal crystallization behavior under con-
ditions that are similar to the actual process. Jeziorny stated that
the effect of cooling rate on Z, should be verified [19]. The effect
was investigated as shown in Fig. 8 and Table 6.

The Avrami exponent, n of the composites was smaller than
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60 -
g
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Fig. 6. Relative crystallinity with various temperature at different cooling rates: (a) HDPE, (b) HCLIA, (c) HCLL5, and (d) HCLL6.
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Fig. 7. Relative crystallinity in related to crystallization time at different cooling rates: (a) HDPE, (b) HCLIL4, (c) HCLL5, and (d) HCLL6.

Table 6. Non-isothermal crystallization parameters by the Avrami model, Jeziorny’s method, and activation energy by the Kissinger method

Sample name « (°C/min) n InZ, Z. R* E, (kJ/mol) R®
5 243 —-2.63 1.69 091
HDPE 7 2.09 —1.38 1.22 0.94 786.21 1
10 1.77 —-0.40 1.04 0.94
5 1.8128 —-0.833 0.8465 0.985
HCLL4 7 1.2748 0.392 1.0576 0.990 1671.885 0.99716
10 1.5700 0.699 1.0724 0.988
5 1.8043 —-0.862 0.8415 0.994
HCLL5 7 1.4498 0.722 1.1086 0.987 882.568 0.99983
10 1.5685 0.997 1.1048 0.977
5 1.7977 -0.916 0.8327 0.990
HCLL6 7 1.2094 0.719 1.1082 0.992 816.160 0.9808
10 1.2914 1.095 1.1157 0.986

“R? of the crystallization kinetic
PR of the activation energy

that of HDPE. This result is similar to the report that the irregular
distribution of nucleation sites influenced the crystallization rate
[30]. In addition, while the Z_ via Eq. (7) values of the three types

of composites were lower than that of HDPE, the Z, value of
HCLLS in which the POE ratio was the highest was the fastest in
the composite, indicating a tendency similar to that of the t,,. These
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Fig. 8. Non-isothermal crystallization in related to crystallization time at different cooling rates: (a) HDPE, (b) HCLIA, (c) HCLL5, and (d)

HCLLs.

results indicate that the n value was decreased by the irregular
nucleation distribution due to the core-shell structure of the POE
and CaCO; particles in the composites, resulting in an accelera-
tion in the Z, as crystallization rate in the composites expect of
HDPE. Furthermore, Table 6 shows the E, of HDPE and the three
composites. The E, of the composites was higher than that of HDPE,
but it decreased as the ratio of added POE was increased in the
composites. The E, result was consistent with the t,,, and Z, val-
ues with increasing POE in the composites. This result indicates
that inorganic substances added to composites may show a dis-
persing effect of CaCO; through the core-shell structure of added
POE, enabling it to carefully overcome the difficulty of the high E,
[31-33]. The results indicate that LDPE-g-MA helped the disper-
sion of CaCO; particles in the composites. Moreover, the addition
of POE formed a core-shell structure, which accelerated the crys-
tallization rate and accomplished efficient E,.

CONCLUSION
We compared the effects of adding POE on the physical prop-

erties of HDPE and HDPE/CaCO,/LDPE-g-MA/POE compos-
ites. The tensile strengths of the composites decreased as the ratio

of POE was increased, and the 28.4 MPa (HCLILA4) of the highest
tensile strength was shown to be better than 15 MPa (HCLM?7) of
tensile strength of composites without POE [13] as the same weight
ratio of HDPE, CaCO;, and LDPE-g-MA. Although no novel crys-
tal structure was found in the composites, the addition of POE
formed a core-shell structure that reduced the d-spacing of CaCOs.
The thermal stability was better in the composites containing more
CaCO;. With regard to thermal stability, the thermal degradation
temperature of the HDPE/CaCO,/LDPE-g-MA/POE composites
was higher than that of HDPE over the entire temperature range.
In addition, the X, and AS, of the composites were reduced as the
ratio of POE was increased, indicating that the core-shell struc-
ture that formed in the composites enabled well-dispersion of the
CaCO; particles. The Z, and E, of the composites were lower and
higher than those of HDPE, respectively. However, the Z, and E,
of the composites were accelerated and decreased as the ratio of
added POE was increased in the composites. The core-shell struc-
ture by adding POE in the composites may have acted as a stable
nucleating agent to accelerate the Z, as crystallization rate, enabling
efficient E, to be obtained. The composites prepared in the pres-
ent study may have potential as materials for the production of
electric wire and the lightening of automobiles.

Korean J. Chem. Eng.(Vol. 34, No. 5)
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