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Abstract: In this study, a polysiloxane grafted by thermotropic liquid crystal polymer (PSCTLCP) is
designed and synthesized to effectively improve the processability and toughness of magnesium
hydroxide (MH)/linear low-density polyethylene (LLDPE) composites. The obtained PSCTLCP is a
nematic liquid crystal polymer; the liquid crystal phase exists in a temperature range of 170 to 275 ◦C,
and its initial thermal decomposition temperature is as high as 279.6 ◦C, which matches the processing
temperature of MH/LLDPE composites. With the increase of PSCTLCP loading, the balance melt
torque of MH/LLDPE/PSCTLCP composites is gradually decreased by 42% at 5 wt % PSCTLCP
loading. Moreover, the power law index of MH/LLDPE/PSCTLCP composite melt is smaller than 1,
but gradually increased with PSCTLCP, the flowing activation energy of PSCTLCP-1.0 is lower than
that of MH/LLDPE at the same shear rate, indicating that the sensitivity of apparent melt viscosity
of the composites to shear rate and to temperature is decreased with the increase of PSCTLCP, and
the processing window is broadened by the addition of PSCTLCP. Besides, the elongation at break
of MH/LLDPE/PSCTLCP composites increases from 6.85% of the baseline MH/LLDPE to 17.66%
at 3 wt % PSCTLCP loading. All the results indicate that PSCTLCP can significantly improve the
processability and toughness of MH/LLDPE composites.

Keywords: side chain liquid crystal polymer; magnesium hydroxide; low density polyethylene;
toughness; processability

1. Introduction

Plastics modified by various inorganic fillers have been widely used, such as halogen-free
flame-retarded polyolefins modified by Al (OH)3, Mg (OH)2 and others, polypropylene reinforced
by talc, etc. [1–3]. However, when the inorganic filler loading reaches a certain level, the friction
between the inorganic particles and the plastic matrix is exacerbated, the melt viscosity of thermoplastic
composites is increased, and the processability is deteriorated [4–6]. Therefore, how to improve the
processability of thermoplastic composites with high loading of inorganic fillers has attracted more
and more attentions from academia, and especially from industry [7,8].

Adding processing aids is a usual method to improve the processability of thermoplastic
composites [9,10]. As known, the linear polydimethylsiloxane (PDMS) is a good flexible polymer, and

Polymers 2020, 12, 911; doi:10.3390/polym12040911 www.mdpi.com/journal/polymers

http://www.mdpi.com/journal/polymers
http://www.mdpi.com
https://orcid.org/0000-0002-7484-2302
http://dx.doi.org/10.3390/polym12040911
http://www.mdpi.com/journal/polymers
https://www.mdpi.com/2073-4360/12/4/911?type=check_update&version=2


Polymers 2020, 12, 911 2 of 15

low molecular weight PDMS (silicone oil) is a good lubricant for plastics [11,12]. A small amount of
polysiloxane with long chain alkyl side group obviously increased the melt flow rate and reduced the
processing difficulty of thermoplastic composites [13]. Moreover, it was found that the toughness of
plastics composites was enhanced with the increase of PDMS loading [14]. However, PDMS is a typical
liquid polymer and cannot be conveniently used in industrial production, compared with powdered
processing aids.

Thermotropic liquid crystal polymer (TLCP) possesses the excellent mechanical properties and
lubrication for thermoplastic polymer melts [15,16]. During the melting process, the rigid TLCP
macromolecules are easily oriented and arranged along the flow direction under the action of shear or
tensile force, and ultimately improve the processability of thermoplastic composites [17–20].

However, for TLCP, the prerequisite for improving the processability of thermoplastic composites is
that the liquid crystal phase transition temperature range is consistent with the processing temperature
of thermoplastics [21]. Unfortunately, at present, the melting temperature of most main chain
thermotropic liquid crystal polymers is quite high and is just comparable to that of the engineering
plastics with high processing temperature [22], but is not well matched with the polyolefins with
lower processing temperature [23]. Therefore, it has attracted more and more attention to reduce
the melting point of the thermotropic liquid crystal polymer and further to expand its application in
polyolefin-based thermoplastic composites with lower processing temperature [24]. Song et al. [25]
prepared two series of wholly aromatic thermotropic copolysters containing 2-(a-phenylisopropyl)
hydroquinone (PIHQ) moiety and found that the presence of bulky substituent of PIHQ unit reduced
the melting temperature of aromatic thermotropic copolysters. Zhao et al. [26] prepared a new type of
phosphorus-containing thermotropic liquid crystal copolyester with a flexible segment, and its liquid
crystal phase existed in the range of 185 to 330 ◦C, which was matched with the processing temperature
of most plastics. Xia et al. [23] synthesized a main chain liquid crystal copolyester with low melting
point to match the processing temperature of polypropylene (PP), and it was found that the apparent
melt viscosity of PP/TLCP composites was significantly reduced by the addition of the TLCP, compared
with original PP. However, the main chain liquid crystal is mainly prepared by polycondensation
reaction, and the preparation of large molecular weight polymers requires the high temperature, a
complex purification process, and other special conditions. Accordingly, there are few main chain
thermotropic liquid crystal polymers that are matched with polyolefins with the lower processing
temperature. Moreover, the toughness of plastics composites is usually weakened by the addition of
TLCP [27].

Polysiloxane grafted by thermotropic liquid crystal polymer (PSCTLCP) not only has the flexible
PDMS segment as main chain, but also owns the liquid crystal performance of thermotropic liquid
crystal polymer—although as the side chain [28–30]. The liquid crystal melting temperature of
PSCTLCP was adjusted between 15 and 200 ◦C [31], and the isotropic temperature of PSCTLCP
was changed from 84 [32] to 300 ◦C [33]. It indicates that the liquid crystal phase transition of
PSCTLCP is well matched with the processing temperature of MH/LLDPE composites if a reasonably
structured PSCTLCP is synthesized by the molecular design [34]. Besides, compared with PDMS,
the powdery PSCTLCP is convenient to be used in industrial production. Therefore, PSCTLCP with
reasonable structure it is likely to improve the processability and toughness of MH/LLDPE composites.
However, to the authors’ knowledge, there has hardly been any report on simultaneously improving
the processability and toughness of MH/LLDPE composites by PSCTLCP.

In this paper, a PSCTLCP with lower melting temperature matched with the processing temperature
of MH/LLDPE/PSCTLCP composites is synthesized and characterized, and the effect of PSCTLCP
loading on the processability and tensile properties of MH/LLDPE/PSCTLCP composites is studied.
Besides, the modified mechanism of PSCTLCP on MH/LLDPE/PSCTLCP composites is investigated at
different processing temperatures, rotation speeds, and shear rates to guide the actual processing in
industry. Therefore, the work provides the feasible scheme to design and synthesize the well-structured
liquid crystal polymer to meet the special needs in the plastic processing.
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2. Experiment

2.1. Materials

Methylparaben, allyl chloride, 4-ethylbenzoic acid, and hydroquinone were purchased from Sain
Chemical Technology (Shanghai, China) Co., Ltd. Thionyl chloride, 4-dimethylaminopyridine (DMAP),
triethylamine ((Et)3N), and poly(methylhydrogeno)siloxane (PMHS, number-average molecular weight
= 1900) were purchased from Aladdin Chemical Reagent Co., Ltd (Shanghai, China). Linear low-density
polyethylene (LLDPE, DFDA 7042) was produced by Sinopec Guangzhou Co., Ltd (Guangzhou, China).
Magnesium hydroxide (MH, HFR-30A) was produced by Shenzhen Hualin Chemical Co., Ltd. Pyridine,
toluene, ethanol, acetone, N, N-dimethylformamide (DMF), tetrahydrofuran (THF) and methanol were
purchased from Shenyang Chemical Co., Ltd (China).

2.2. Synthesis of 4-allyloxybenzoic Acid (AOBA)

The mixture of methylparaben (45.60 g, 0.3 mol), allyl chloride (30 mL, 0.37 mol), acetone (120 mL),
and ethanol (30 mL) was heated to reflux temperature in a three-necked flask equipped with a magnetic
stir bar and a condenser. Then, sodium hydroxide solution (50 wt %, 24 g) was slowly added into the
above flask and the reaction lasted for 24 h at 50 ◦C. The reaction mixture was filtered by the vacuum
suction and the solvent was removed by rotary evaporation. The residue is poured into sodium
hydroxide solution (10 wt %, 180 mL) under stirring. After obtainment of a clear solution, dilute
hydrochloric acid solution was slowly added until pH value of 4. The crude product was obtained by
filtration, then washed with water several times, dried in a vacuum oven at 50 ◦C, further recrystallized
from ethanol and vacuum dried again at 50 ◦C to obtain 4-allyloxybenzoic acid (AOBA) as white
crystals. The synthesis route of AOBA is shown in Scheme 1.
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2.3. Synthesis of 4-allyloxybenzoyl Chloride

AOBA (4.59 g, 0.02 mol), thionyl chloride (20 mL, 0.27 mol), and 4 drops of DMF were added in a
single-mouth flask with an absorption instrument of hydrogen chloride. The reaction was stirred for
2 h at room temperature, then for 4 h at 80 ◦C to ensure the complete reaction. Afterwards, excess
SOCl2 was distilled off under reduced pressure to obtain 4-allyloxybenzoyl chloride as pale yellow
transparent liquid.

2.4. Synthesis of 4-hydroxyphenyl-4-ethylbenzoate (HPEB)

4-ethylbenzoic acid (50.0 g, 0.33 mol), thionyl chloride (50 mL, 0.68 mol), 4 drops of DMF were
added into a one-necked flask with an absorption instrument of hydrogen chloride. The mixture
was stirred for 5 h at room temperature, then the reaction was heated to reflux temperature and
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lasted for 2 h. The mixture was distilled under reduced pressure to obtain ethyl benzoyl chloride.
Afterwards, hydroquinone (183.0 g, 1.66 mol) and pyridine (25 mL) were dissolved in THF (220 mL) to
form a solution. The obtained ethyl benzoyl chloride was slowly added into the above solution in
an ice bath under N2 atmosphere. The reaction was carried out for 2 h in ice bath, then was heated
to reflux temperature and lasted for 8 h. Some solvents were distilled under reduced pressure, and
the concentrate was poured into a beaker charged of a large amount of water, precipitated, filtered,
washed with hot water several times, recrystallized from ethanol and vacuum dried overnight at 50 ◦C
to obtain 4-hydroxyphenyl-4′-ethylbenzoate (HPEB) as white powder, and the synthetic process as
shown in Scheme 1.

2.5. Synthesis of 4-ethylbenzoic Acid-4-allyloxybenzoic Acid Hydroquinone Diester (M)

HPEB (5.20 g, 0.02 mol), triethylamine (8 mL, 0.06 mol), DMAP (0.13g, 0.11 mmol) and dry THF
(50 mL) were placed into a 100 mL three-necked flask with a magnetic stir bar under N2 atmosphere.
The flask was equipped with a condenser in an ice bath. The obtained 4-allyloxybenzoyl chloride was
slowly added into the above flask inside 30 min. Then, the reaction lasted for 24 h at room temperature.
The reaction mixture was filtered, and the filtrate was poured into the acidified aqueous solution to
obtain the precipitate. The precipitate was filtered and washed with several times with 5% potassium
carbonate solution, deionized water and ethanol, respectively. The obtained solid was dried under
vacuum at 50 ◦C for 24 h to obtain 4-ethylbenzoic acid-4′-allyloxybenzoic acid hydroquinone diester
(M) as a white solid and the synthesis route is shown in Scheme 1.

2.6. Synthesis of PSCTLCP

M (5.04 g, 12.54 mmol) and PMHS (0.75 g, 0.04 mmol) were dissolved in toluene (50 mL),
then 2.5 mL of H2PtCl6·6H2O/isopropyl alcohol (0.5 g of hexachloroplatinic acid hydrate dissolved in
100 ml of isopropyl alcohol) was slowly added into the above solution. The reaction lasted for 72 h at
65 ◦C under nitrogen and was monitored by FT-IR until the disappearance of the sharp vibrational
band at 2165 cm−1 assigned as the Si-H stretching. The coarse product was obtained by precipitation
of the reaction mixture from methanol, and further purified by dissolving in chloroform, precipitating
from methanol several times in order to remove the excessive unreacted monomers. Finally, white
powdery polymer (PSCTLCP) was obtained and the synthesis route as shown in Scheme 1.

2.7. Preparation of MH/LLDPE/PSCTLCP Composites

MH and LLDPE were dried in vacuum oven at 80 ◦C for 12 h prior to processing. The pre-mixed
blend of LLDPE, MH and PSCTLCP was conducted using a mixer (HAAKE, RS600, Germany) at a
temperature of 200 ◦C and screw speed of 50 rpm for 5 min. After being pulverized and dried, the
well-mixed composite was injection-molded into tensile testing bars using a mini-injection system
(Thermo Scientific, USA) at melt temperature of 210 ◦C and mold temperature of 30 ◦C. The compositions
and code names of the samples were shown in Table 1.

Table 1. Compositions and code names of the samples.

Samples LLDPE (g) MH (g) PSCTLCP (g)

MH/LLDPE 40 60 -
PSCTLCP-0.6 40 60 0.6
PSCTLCP-1.0 40 60 1.0
PSCTLCP-3.0 40 60 3.0
PSCTLCP-5.0 40 60 5.0
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2.8. Characterization

2.8.1. Structural Characterization

The structure of AOBA, HPEB, M, PSCTLCP was characterized by Fourier transform infrared
spectra (FT-IR) and 1H-NMR spectra. The FT-IR measurements were performed from 400 to
4000 cm−1 using a VERTEX70 spectrometer (Bruker, Karlsruhe, Germany) with KBr pellets. 1H-NMR
measurements were recorded on a DMX-400 spectrometer (Bruker, Germany) with CDCl3 as the
solvent and tetramethylsilane (TMS) as an internal standard.

2.8.2. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed using a Pekin-Elmer
Diamond DSC (USA) at 10 ◦C /min from 30 to 300 ◦C in a nitrogen atmosphere. About 5 mg of each
sample was sealed in an aluminum pan.

2.8.3. Polarized Light Optical Microscopy (POM)

The optical texture of PSCTLCP was examined by a polarized light optical microscopy (POM)
(Orthoglan, Leitz, Germany) equipped with a (STC200C, INTEC, USA) hot-stage.

2.8.4. Thermogravimetric (TG)

Thermogravimetric analysis (TGA) was performed using a TG 209 F1 instrument (NETZSCH,
Germany) at 10 ◦C /min from 40 to 800 ◦C in a nitrogen atmosphere. The samples (10 ± 1 mg) were
placed in open platinum pans.

2.8.5. Torque Rheometer

The balance torque of MH/LLDPE/PSCTLCP composite melt was determined by Haake torque
XSS-300 rheometer (Thermo, Germany) at a rotation speed from 10 to 50 rpm. The test temperature
was set at 170, 180, 195, 210, and 220 ◦C, respectively.

2.8.6. High Pressure Capillary Rheometer

The rheological properties were measured by a high-pressure capillary rheometer (Rheologic
5000, Ceast, Italy) with a length-to-diameter ratio of 30/1. The tests were performed in a shear rate
range from 10 to 5000 s−1 at 185, 195, 205, 215, and 225 ◦C, respectively.

2.8.7. Scanning Electron Microscope (SEM)

Morphology and structure of MH/LLDPE/PSCTLCP composites were observed by scanning
electron microscope (SEM, JEOL JSM-5900LV, Japan) equipped with an energy dispersive X-ray
spectrometer (EDS, Oxford Isis, UK). The samples were fractured in liquid nitrogen, and the fracture
surfaces were coated with gold to prevent charging on the surface.

2.8.8. Tensile Testing

Tensile properties of MH/LLDPE/PSCTLCP composites were measured by an Instron 5967 model
materials testing system (USA) according to ASTM D-638 standard. Samples of tension test were
dumbbell-shaped and the direction of the tensile force was parallel to the length of samples.

3. Results and Discussion

3.1. Characterization of PSCTLCP

Figure 1a shows the FT-IR spectra of AOBA, HPEB, M, PSCTLCP. Compared with those of AOBA
and HPEB, the broad and strong peak of –COOH disappears at 2550 to 3300 cm−1, the strong peak
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of -OH also disappears at 3500 cm−1 in FT-IR spectrum of M, meanwhile there is still the stretching
vibration peak of CH2=CH– at 1643 cm−1 and the absorption peak of ester group at 1745 cm−1.
The results indicate that M is successfully synthesized. For FT-IR spectrum of PSCTLCP, the stretching
vibration peak of Si-H disappears at 2174 cm−1, the attribute peak of PMHS, and the stretching
vibration peak of CH2=CH– is not found at 1643 cm−1 existed in FTIR spectrum of M. Besides, the main
characteristic peak of Si-O-Si appears at 1000 to 1120 cm-1 with strong and wide bands. All the results
indicate that the hydrosilylation reaction has taken place between PMHS and M [35].

Polymers 2019, 11, x FOR PEER REVIEW 6 of 14 

 

bands. All the results indicate that the hydrosilylation reaction has taken place between PMHS and 
M [35]. 

 
Figure 1. (a) FT-IR spectra of AOBA, HPEB, M, PSCTLCP, (b) 1H NMR spectra of M and PSCTLCP in 
CDCl3. 

Figure 1b shows 1H NMR spectra of M and PSCTLCP. The representative signals of the vinyl 
group in M at 5.28 and 6.0 ppm are not found in 1H NMR spectrum of PSCTLCP, which further 
indicates that the excessive M is completely removed and PSCTLCP is successfully obtained [36]. 

 

Figure 2. DSC curve of PSCTLCP. 

DSC experiment is used to examine the phase transition of PSCTLCP. The heating curve of 
PSCTLCP and the related data are showed in Figure 2 and Table 2, respectively. It is seen that the 
glass transition temperature (Tg) of PSCTLCP is 34.5 °C. Furthermore, two heat absorption peaks 
appear in Figure 2. The temperature corresponding to the top value of the larger endothermic peak 
is 185.2 °C, that is the melt temperature (Tm) of PSCTLCP. Another one presents smaller and appears 
at 277.7 °C, related to the liquid crystal phase change from anisotropic to isotropic state, and that is 
the isotropic temperature (Ti) of PSCTLCP [37]. Besides, the initial melting temperature (Tinitial) 
PSCTLCP is 173.6 °C.  

 

Figure 1. (a) FT-IR spectra of AOBA, HPEB, M, PSCTLCP, (b) 1H NMR spectra of M and PSCTLCP
in CDCl3.

Figure 1b shows 1H NMR spectra of M and PSCTLCP. The representative signals of the vinyl
group in M at 5.28 and 6.0 ppm are not found in 1H NMR spectrum of PSCTLCP, which further
indicates that the excessive M is completely removed and PSCTLCP is successfully obtained [36].

DSC experiment is used to examine the phase transition of PSCTLCP. The heating curve of
PSCTLCP and the related data are showed in Figure 2 and Table 2, respectively. It is seen that the
glass transition temperature (Tg) of PSCTLCP is 34.5 ◦C. Furthermore, two heat absorption peaks
appear in Figure 2. The temperature corresponding to the top value of the larger endothermic peak is
185.2 ◦C, that is the melt temperature (Tm) of PSCTLCP. Another one presents smaller and appears at
277.7 ◦C, related to the liquid crystal phase change from anisotropic to isotropic state, and that is the
isotropic temperature (Ti) of PSCTLCP [37]. Besides, the initial melting temperature (Tinitial) PSCTLCP
is 173.6 ◦C.
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Table 2. DSC data of PSCTLCP in nitrogen atmosphere.

Tg (◦C) Tinitial (◦C) Tm (◦C) Ti (◦C) ∆T (◦C)

34.5 173.6 185.2 277.7 92.5

The polarizing microscope (POM) with a hot stage is used to visually observe the liquid-crystalline
transition and optical textures, and Figure 3 shows the POM images at different temperatures. It is
found that PSCTLCP begins to transfer from the solid state to liquid state at 170 ◦C, very close to Tinitial

from DSC test, and the nematic texture of polymer is observed in Figure 3a. The higher temperature,
the more obvious texture morphology and color are observed [38]. In Figure 3b, the texture of marbled
nematic liquid crystal is seen in bright field at 210 ◦C. When the temperature is continuously raised to
275 ◦C, the field of vision is gradually darkened and the liquid crystal phase gradually disappears,
indicating PSCTLCP transfers from the anisotropic liquid to isotropic transparent liquid and Ti is about
275 ◦C, in line with the result from DSC experiment.
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Figure 4 shows the thermal decomposition process of PSCTLCP under nitrogen atmosphere. It is
found that T5 (decomposition temperature at 5 wt % mass loss) and T50 (at 50 wt % mass loss) are 279.6
and 429.8 ◦C, respectively, indicating the quite good thermal stability of obtained PSCTLCP.
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As we know, the processing temperature of MH/LLDPE composites is usually between 160~250 ◦C,
which is well matched with the melt temperature (Tm of 185.2 ◦C), the isotropic temperature (Ti of
277.7 ◦C) and thermal decomposition temperature (T5 of 279.6 ◦C). Therefore, the obtained PSCTLCP
is suitably used as a processing aid to improve the processability of MH/LLDPE composites.
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3.2. Processability of MH/LLDPE/PSCTLCP Composites

Torque rheometer is an important instrument to characterize the processability of polymer
materials. Figure 5 shows the evolution curves of melt torque values of MH/LLDPE/PSCTLCP
composites at 170 ◦C and the rotation speed of 50 rpm. The balance torque of the MH/LLDPE/PSCTLCP
composites is gradually decreased with the increase of PSCTLCP content. Compared with that of
MH/LLDPE composite without PSCTLCP (16.59 N·m), the balance torque of MH/LLDPE/PSCTLCP
composites is decreased by 15% (14.13 N·m), 18% (13.69 N·m), 29% (11.86 N·m), and 42% (9.67 N·m),
respectively, for the samples containing PSCTLCP of 0.6, 1, 3, 5 wt %, respectively. The results indicate
that PSCTLCP significantly reduces the melt viscosity and enhances the processability of the composites.
After melting, PSCTLCP enters a liquid-like “liquid crystal state” and is easily oriented into microfibers
in the shear direction during processing [39], and is regarded as a lubricant, which can reduce the
entanglement between LLDPE molecular chains and the aggregation between MH particles, thus
reducing the melt viscosity and improving the processability of MH/LLDPE/PSCTLCP composites [40].
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In order to investigate the effect of the external conditions, such as stress and temperature, on the
usability of PSCTLCP, samples PSCTLCP-1.0 and MH/LLDPE are selected as a partner to be compared
the melt torque at different temperatures and rotation speeds. The relationship between balance
torque of composites and rotation speed at 195 ◦C is showed in Figure 6a. It is seen that the balance
torque of PSCTLCP-1.0 is higher than that of MH/LLDPE at lower rotation speed, while the former is
significantly smaller at higher rotation speed, and their torque difference gradually becomes bigger as
the increasement of rotation speed. It is deduced that the molecules of PSCTLCP are oriented in the
shear direction during the melt processing when the enough shear force exists. The larger the shear
force, the easier the orientation of PSCTLCP and the better the processability [21–23]. Figure 6b shows
the balance torque vs. temperature curves for MH/LLDPE and PSCTLCP-1.0 at 50 rpm. With the
increasing temperature, the balance torque of MH/LLDPE and PSCTLCP-1.0 is significantly decreased.
And the balance torque of PSCTLCP-0.1 is significantly lower than that of MH/LLDPE at the same
temperature, indicating that the processability of PSCTLCP-1.0 is superior to that of MH/LLDPE in
the whole processing temperature range. When the temperature rises from 170 to 220 ◦C, the balance
torque of MH/LLDPE and PSCTLCP-1.0 is decreased by 32.7% and 18.7%, respectively. It indicates that
the processing sensitivity of MH/LLDPE composites to the temperature is reduced by the addition
of PSCTLCP.

The above results show that the processability of MH/LLDPE/PSCTLCP composites is not only
affected by PSCTLCP content, but also by the rotation speed (shear force) and processing temperature,
which is attributed to the orientation of PSCTLCP during the processing [41].
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In addition, the capillary rheometer is also used to characterize the processability of
MH/LLDPE/PSCTLCP composites. Figure 7 shows the relationship between apparent viscosity
of the MH/LLDPE/PSCTLCP composites and shear rate, and between shear stress and shear rate at
195 ◦C. It is seen that the apparent viscosity and shear stress of composites are all gradually decreased
with the increase of PSCTLCP content in the experimental range of shear rate, which further proves
that the processability of MH/LLDPE/PSCTLCP composites is significantly improved by the addition
of PSCTLCP [42].
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Sample PSCTLCP-1.0 is selected to further exhibit the processing temperature on the rheological
property. The logarithmic plots of shear stress (τ) versus shear rate (γ) for PSCTLCP-1.0 at 185,
205 and 225 ◦C are shown in Figure 8a. The logarithm of shear stress is linearly related to that of
shear rate, suggesting that the melt flow of PSCTLCP-1.0 follows the power-law equation under
experimental conditions [42]. According to the power-law equation (τ = K·γn), the power law index
(n) of MH/LLDPE/PSCTLCP composites with different PSCTLCP loadings is calculated. As shown
in Figure 8b, all the n values of MH/LLDPE/PSCTLCP composites are less than 1, it means that the
melt of MH/LLDPE/PSCTLCP composites behaves a pseudoplastic fluid. Furthermore, the n value
of MH/LLDPE/PSCTLCP composites is increased from 0.38 to 0.53 when the content of PSCTLCP is
increased from 0 to 5 wt %. It indicates that the non-Newtonian property of MH/LLDPE/PSCTLCP
composites is weakened with the increasing of PSCTLCP loading. The results show that the sensitivity
of apparent melt viscosity for composites to shear rate is decreased and the processing window is
broadened with the increase of PSCTLCP.
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PSCTLCP composites.

According to the Arrhenius equation (ηa = Aexp(E/RT)), the activation energy (E) of the composite
melt is calculated by means of linear regression [6,7,43,44]. Figure 9a,b show the relationship between the
logarithm of apparent viscosity (lnηa) and the reciprocal of absolute temperature (1/T) for MH/LLDPE
and PSCTLCP-1.0, respectively. lnηa is increased with 1/T, indicating that the viscosity of the composite
melt is gradually decreased with the increase of the processing temperature. With the increase of
temperature, the mobility of the molecular chains is increased, and the interaction force between the
molecular chains is reduced, thereby the viscosity of the composite is reduced and the fluidity of the
composite melt is improved [43]. Furthermore, the values of E and the linear correlation coefficient
(R0) are obtained in Table 3. It is found that E values of both MH/LLDPE and PSCTLCP-1.0 are
continuously decreased with the increase of shear rate, which is attributed to the disentanglement
between molecular chains at high shear rate [44,45]. On the other hand, the E value of PSCTLCP-1.0 is
lower than that of MH/LLDPE at the same shear rate, indicating that PSCTLCP-1.0 melt is easier to flow
compared to MH/LLDPE melt, and only 1 wt % PSCTLCP is obvious to improving the processability
of MH/LLDPE composites.
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Table 3. Values of E and R0 of MH/LLDPE and PSCTLCP-1.0 at different shear rates.

γ (s−1) 200 500 800 1000 2000

E MH/LLDPE (kJ/mol) 11.50 8.50 7.81 6.88 3.95
E PSCTLCP-1.0 (kJ/mol) 8.34 8.03 6.20 5.28 3.54

R0MH/LLDPE 0.9919 0.9924 0.9758 0.9759 0.9977
R0PSCTLCP-1.0 0.9762 0.9941 0.9922 0.9819 0.9899
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3.3. The Facture Morphology of MH/LLDPE/PSCTLCP Composites

SEM test is used to study the effect of PSCTLCP on the facture morphology of MH/LLDPE/PSCTLCP
composites, and the results are shown in Figure 10. According to the basic structure of composite
materials [4,19], LLDPE is the continuous phase, MH is the dispersed phase and PSCTLCP should
be located at the surface between MH and LLDPE. Some labels are used to clearly show MH and
PSCTLCP in Figure 10. Moreover, the mapping scattering images of MH particles and PSCTLCP fibers
in PSCTLCP-1.0 are shown in Figure 10d–f. Due to the poor compatibility between PSCTLCP and
MH/LLDPE composites, liquid crystal fibers are pulled out from LLDPE matrix and thereby some holes
are formed in fracture surface, as shown in Figure 10b,c. It is seen that the number of holes is increased
with increasing PSCTLCP loading. The more liquid crystal fibers are formed, the better processability
of composites [18–20]. The results further explain that the processability of MH/LLDPE/PSCTLCP
composites is significantly improved by the addition of PSCTLCP.Polymers 2019, 11, x FOR PEER REVIEW 11 of 14 
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3.4. Mechanical Properties of MH/LLDPE/PSCTLCP Composites

The tensile properties of MH/LLDPE/PSCTLCP composites are shown in Figure 11. Due to the
flexibility of the main chains of PSCTLCP molecules, the tensile strength and tensile modulus of
composites are slightly decreased with PSCTLCP loading. Meanwhile, the elongation at break of
composites is significantly increased, as shown in Figure 11c. Compared with 6.85% of MH/LLDPE
composite without PSCTLCP, the elongation at break of MH/LLDPE/PSCTLCP composites is increased
to 10.68%, 15.8%, and 17.66%, respectively, and the corresponding loading of PSCTLCP is 0.6,
1, 3 wt %, respectively. The results mean the toughness of MH/LLDPE/PSCTLCP composites
is enhanced by the addition of PSCTLCP, most likely due to the polysiloxane structure in the
macromolecular chains of PSCTLCP, similar to the toughness enhancement of composites by the
addition of polydimethylsiloxane [14].
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4. Conclusions

In order to match the processing temperature and improve the processability of MH/LLDPE
composites, polysiloxane grafted by thermotropic liquid crystal polymer (PSCTLCP) was successfully
synthesized. The balance melt torque of MH/LLDPE/PSCTLCP composites was obviously decreased
with the loading of PSCTLCP and that of the composite (5.0 wt % loading) was decreased from 16.59 N·m
of the baseline MH/LLDPE to 9.67 N·m. Besides, PSCTLCP weakened the non-Newtonian property
and decreased the flowing activation energy of MH/LLDPE/PSCTLCP composites, and thus broadened
the processing window and improved the processability. Considering the flexible polysiloxane as main
chains of PSCTLCP, the elongation at break of MH/LLDPE composites was significantly increased, and
the tensile strength and modulus were slightly decreased with PSCTLCP loading.
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Abbreviations

PSCTLCP polysiloxane grafted by thermotropic liquid crystal polymer;
MH magnesium hydroxide;
LLDPE linear low-density polyethylene;
PDMS polydimethylsiloxane;
TLCP Thermotropic liquid crystal polymer;
PIHQ 2-(a-phenylisopropyl) hydroquinone;
AOBA 4-allyloxybenzoic acid;
HPEB 4-hydroxyphenyl-4′-ethylbenzoate;
M 4-ethylbenzoic acid-4-allyloxybenzoic acid hydroquinone diester;
DSC Differential scanning calorimetry;
POM Polarized light optical microscopy;
TG Thermogravimetric;
SEM Scanning electron microscope;
PMHS poly(methylhydrogeno)siloxane
DMAP 4-dimethylaminopyridine;
(Et)3N triethylamine;
DMF N, N-dimethylformamide;
THF tetrahydrofuran.



Polymers 2020, 12, 911 13 of 15

References

1. Kartik, B.; Mithilgsh, Y.; Fang, C.C.; Kyong, Y.R. Graphene Nanoplatelet-Reinforced Poly(vinylidene
fluoride)/High Density Polyethylene Blend-Based Nanocomposites with Enhanced Thermal and Electrical
Properties. Nanomaterials 2019, 9, 361.

2. Liu, C.; Chan, K.; Shen, J. Polyetheretherketone Hybrid Composites with Bioactive Nanohydroxyapatite and
Multiwalled Carbon Nanotube Fillers. Polymers 2016, 8, 425. [CrossRef] [PubMed]

3. Kartik, B.; Yen, H.C.; Mithilesh, Y.; Fang, C.C. Enhanced thermal stability, toughness, and electrical
conductivity of carbon nanotube-reinforced biodegradable poly(lactic acid)/poly(ethylene oxide) blend-based
nanocomposites. Polymer 2020, 186, 122002.

4. Shen, L.; Li, J.; Li, R. A new strategy to produce low-density polyethylene (LDPE)-based composites
simultaneously with high flame retardancy and high mechanical properties. Appl. Surf. Sci. 2017, 437, 75–81.
[CrossRef]

5. Shen, L.; Shao, C.; Li, R. Preparation and characterization of ethylene-vinyl acetate copolymer
(EVA)-magnesium hydroxide (MH)-hexaphenoxycyclotriphosphazene (HPCTP) composite flame-retardant
materials. Polym. Bull. 2018, 76, 2399–2410. [CrossRef]

6. Liang, J.Z.; Yang, J.; Tang, C.Y. Melt shear viscosity of PP/Al(OH)3/Mg(OH)2 flame retardant composites at
high extrusion rates. J. Appl. Polym. Sci. 2011, 119, 1835–1841. [CrossRef]

7. Yang, J.; Liang, J.Z.; Tang, C.Y. Studies on melt flow properties during capillary extrusion of
PP/Al(OH)3/Mg(OH)2 flame retardant composites. Polym. Test. 2009, 28, 907–911. [CrossRef]

8. Liang, J.Z.; Tang, C.Y.; Zhang, Y.J. Melt density and volume flow rate of polypropylene/Al(OH)3/Mg(OH)2

flame retardant composites. J. Appl. Polym. Sci. 2010, 118, 331–337. [CrossRef]
9. Cardelli, A.; Ruggeri, G.; Calderisi, M. Effects of poly(dimethylsiloxane) and inorganic fillers in halogen free

flame retardant poly(ethylene-co-vinyl acetate) compound: A chemometric approach. Polym. Degrad. Stabil.
2012, 97, 2536–2544. [CrossRef]

10. Zhou, W.; Osby, J. Siloxane modification of polycarbonate for superior flow and impact toughness. Polymer
2010, 51, 1990–1999. [CrossRef]

11. Zolper, T.J.; Seyam, A.; Li, Z. Friction and Wear Protection Performance of Synthetic Siloxane Lubricants.
Tribol. Lett. 2013, 51, 365–376. [CrossRef]

12. Kokuti, Z.; Gruijthuijsen, K.V.; Jenei, M. High-frequency rheology of a high viscosity silicone oil using
diffusing wave spectroscopy. Appl. Rheol. 2014, 24, 63984.

13. He, H.M.; Gao, L.; Yang, X.J. Studies on the superhydrophobic properties of
polypropylene/polydimethylsiloxane/graphite fluoride composites. J. Fluorine Chem. 2013, 156,
158–163.[CrossRef]

14. Chen, X.; Yu, J.; Guo, S. Structure and properties of polypropylene composites filled with magnesium
hydroxide. J. Appl. Polym. Sci. 2006, 102, 4943–4951. [CrossRef]

15. Cheng, H.K.F.; Basu, T.; Sahoo, N.G.; Li, L.; Chan, S.H. Current Advances in the Carbon
Nanotube/Thermotropic Main-Chain Liquid Crystalline Polymer Nanocomposites and Their Blends. Polymers
2012, 4, 889–912. [CrossRef]

16. Zeng, L.; Li, R.; Chen, P. Synthesis and characterization of thermotropic liquid crystalline polyarylate with
ether ether ketone segments in the main chain. J. Appl. Polym. Sci. 2016, 133, 43800. [CrossRef]

17. Ren, C.; Gao, P. Synthesis and characterization of thermotropic liquid crystalline copolyester/multi-walled
carbon nanotubes composites via in situ polymerization. Polymer 2012, 53, 3958–3967. [CrossRef]

18. Garcia, M.; Gonzalez, N.; Eguiazabal, J.I. Structure and mechanical properties of new hybrid composites
based on polyamide 6,6 reinforced with both glass fibers and a semiaromatic liquid crystalline polyester.
Polym. Compos. 2004, 25, 601–608. [CrossRef]

19. Pisharath, S.; Wong, S.C. Processability of LCP-nylon-glass hybrid composites. Polym. Compos. 2003, 24,
109–118. [CrossRef]

20. Wu, L.; Chen, P.; Chen, J. Noticeable viscosity reduction of polycarbonate melts caused jointly by nano-silica
filling and TLCP fibrillation. Polym. Eng. Sci. 2007, 47, 757–764. [CrossRef]

http://dx.doi.org/10.3390/polym8120425
http://www.ncbi.nlm.nih.gov/pubmed/30974701
http://dx.doi.org/10.1016/j.apsusc.2017.12.149
http://dx.doi.org/10.1007/s00289-018-2500-1
http://dx.doi.org/10.1002/app.32893
http://dx.doi.org/10.1016/j.polymertesting.2009.08.005
http://dx.doi.org/10.1002/app.32370
http://dx.doi.org/10.1016/j.polymdegradstab.2012.02.018
http://dx.doi.org/10.1016/j.polymer.2010.02.051
http://dx.doi.org/10.1007/s11249-013-0169-z
http://dx.doi.org/10.1016/j.jfluchem.2013.10.003
http://dx.doi.org/10.1002/app.24938
http://dx.doi.org/10.3390/polym4020889
http://dx.doi.org/10.1002/app.43800
http://dx.doi.org/10.1016/j.polymer.2012.07.036
http://dx.doi.org/10.1002/pc.20054
http://dx.doi.org/10.1002/pc.10011
http://dx.doi.org/10.1002/pen.20751


Polymers 2020, 12, 911 14 of 15

21. Kalkar, A.K.; Deshpande, V.D.; Kulkarni, M.J. Nonisothermal crystallization kinetics of poly (phenylene
sulphide) in composites with a liquid crystalline polymer. J. Polym. Sci. Pol. Phys. 2010, 48, 1070–1100.
[CrossRef]

22. Yang, R.; Chen, L.; Zhang, W.Q. In situ reinforced and flame-retarded polycarbonate by a novel
phosphorus-containing thermotropic liquid crystalline copolyester. Polymer 2011, 52, 4150–4157. [CrossRef]

23. Xia, Y.; Zhang, H.; Wang, Q. Study on in situ reinforced composites of thermoplastic resins: A novel TLCP
with low melting temperature. J. Thermoplast. Compos. 2016, 29, 37–47. [CrossRef]

24. Antoun, S.; Lenz, R.W.; Jin, J.I. Liquid crystal polymers. IV. Thermotropic polyesters with flexible spacers in
the main chain. J. Polym. Sci. Pol. Chem. 1981, 19, 1901–1920. [CrossRef]

25. Song, J.Y. Synthesis and characterization of a series of wholly aromatic copolyesters containing
2-(α-phenylisopropyl) hydroquinone moiety. J. Polym. Sci. Pol. Chem. 1999, 37, 881–889. [CrossRef]

26. Zhao, C.S.; Chen, L.; Wang, Y.Z. A phosphorus-containing thermotropic liquid crystalline copolyester with
low mesophase temperature and high flame retardance. J. Polym. Sci. Pol. Chem. 2008, 46, 5752–5759.
[CrossRef]

27. Tjong, S.C.; Meng, Y.Z. Morphology and mechanical characteristics of compatibilized polyamide 6-liquid
crystalline polymer composites. Polymer 1997, 38, 4609–4615. [CrossRef]

28. Laurence, N.; Hakima, M.J. Richness of Side-Chain Liquid-Crystal Polymers: From Isotropic Phase towards
the Identification of Neglected Solid-Like Properties in Liquids. Polymers 2012, 4, 1109–1124.

29. Zhang, L.; Yao, W.; Gao, Y. Polysiloxane-Based Side Chain Liquid Crystal Polymers: From Synthesis to
Structure-Phase Transition Behavior Relationships. Polymers 2018, 10, 794. [CrossRef]

30. Chen, X.F.; Shen, Z.; Wan, X.H. Mesogen-jacketed liquid crystalline polymers. Chem. Soc. Rev. 2010, 39, 3072.
[CrossRef]

31. Apfel, M.A.; Finkelmann, H. Synthesis and properties of high-temperature mesomorphic polysiloxane
(MEPSIL) solvents: Biphenyl- and terphenyl-based nematic systems. Anal. Chem. 1985, 57, 651–658.
[CrossRef]

32. Jin, Y.; Fu, R.; Guan, Z. Low-temperature side-chain liquid crystalline polysiloxanes used as stationary phases
for capillary gas chromatography. J Chromatogr. A 1989, 483, 394–400. [CrossRef]

33. Finkelmann, H.; Kock, H.J. Investigations on liquid crystalline polysiloxanes 3. Liquid crystalline elastomers-a
new type of liquid crystalline material. Makromol. Rapid Commun. 1981, 2, 317–322. [CrossRef]

34. Dubois, J.C.; Barny, P.L.; Mauzac, M. Behavior and properties of side chain thermotropic liquid crystal
polymers. Acta Polym. Sin. 1997, 48, 47–87. [CrossRef]

35. Hu, J.S.; Zhang, B.Y.; Zhou, A.J. Side-chain cholesteric liquid crystalline elastomers derived from a mesogenic
crosslinking agent: I. Synthesis and mesomorphic properties. Eur. Polym. J. 2006, 42, 2849–2858. [CrossRef]

36. Yao, W.; Gao, Y.; Zhang, C. A series of novel side chain liquid crystalline polysiloxanes containing cyano-
and cholesterol-terminated substituents: Where will the structure-dependence of terminal behavior of the
side chain reappear? J. Polym. Sci. Pol. Chem. 2017, 55, 1765–1772. [CrossRef]

37. Wang, G.; Xiong, Y.; Tang, H. Synthesis and characterization of a graft side-chain liquid crystalline polysiloxane.
J. Organomet. Chem. 2015, 775, 50–54. [CrossRef]

38. Zhang, Y.; He, X.Z.; Zheng, J.J. Side-chain cholesteric liquid-crystalline elastomers containing azobenzene
derivative as cross-linking agent-synthesis and characterisation. Liq. Cryst. 2018, 45, 1–12. [CrossRef]

39. Malik, T.M.; Carreau, P.J.; Chapleau, N. Characterization of liquid crystalline polyester polycarbonate blends.
Polym. Eng. Sci. 1989, 29, 600–608. [CrossRef]

40. Chang, J.H.; Choi, B.K.; Kim, J.H. The Effect of Composition on Thermal, Mechanical, and Morphological
Properties of Thermotropic Liquid Crystalline Polyester with Alkyl Side-Group and Polycarbonate BIends.
Polym. Eng. Sci. 2010, 37, 1564–1571. [CrossRef]

41. Chan, H.S.; Leng, Y.; Gao, F. Processing of PC/LCP in situ composites by closed-loop injection molding.
Compos. Sci. Technol. 2002, 62, 757–765. [CrossRef]

42. Nanda, M.; Tripathy, D.K. Rheological behavior of chlorosulfonated polyethylene composites: Effect of filler
and plasticizer. J. Appl. Polym. Sci. 2012, 126, 46–55. [CrossRef]

43. Thalib, S.; Huzni, S. The effect of particle compositions on the activation energy of the pa6/bagasse composite.
IOP Conf. Ser. Mater. Sci. Eng. 2019, 602, 012086. [CrossRef]

http://dx.doi.org/10.1002/polb.21997
http://dx.doi.org/10.1016/j.polymer.2011.06.047
http://dx.doi.org/10.1177/0892705714563563
http://dx.doi.org/10.1002/pol.1981.170190804
http://dx.doi.org/10.1002/(SICI)1099-0518(19990401)37:7&lt;881::AID-POLA4&gt;3.0.CO;2-D
http://dx.doi.org/10.1002/pola.22890
http://dx.doi.org/10.1016/S0032-3861(96)01082-8
http://dx.doi.org/10.3390/polym10070794
http://dx.doi.org/10.1039/b814540g
http://dx.doi.org/10.1021/ac00280a019
http://dx.doi.org/10.1016/S0021-9673(01)93140-1
http://dx.doi.org/10.1002/marc.1981.030020413
http://dx.doi.org/10.1002/actp.1997.010480301
http://dx.doi.org/10.1016/j.eurpolymj.2006.07.007
http://dx.doi.org/10.1002/pola.28547
http://dx.doi.org/10.1016/j.jorganchem.2014.10.026
http://dx.doi.org/10.1080/02678292.2017.1397782
http://dx.doi.org/10.1002/pen.760290906
http://dx.doi.org/10.1002/pen.11804
http://dx.doi.org/10.1016/S0266-3538(02)00051-9
http://dx.doi.org/10.1002/app.36459
http://dx.doi.org/10.1088/1757-899X/602/1/012086


Polymers 2020, 12, 911 15 of 15

44. Muksing, N.; Nithitanakul, M.; Grady, B.P. Melt rheology and extrudate swell of organobentonite-filled
polypropylene nanocomposites. Polym. Test. 2008, 27, 470–479. [CrossRef]

45. Hemmati, M.; Rahimi, G.H.; Kaganj, A.B. Rheological and Mechanical Characterization of Multi-Walled
Carbon Nanotubes/Polypropylene Nanocomposites. J. Macromol. Sci. B. 2008, 47, 1176–1187. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.polymertesting.2008.01.008
http://dx.doi.org/10.1080/00222340802403396
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiment 
	Materials 
	Synthesis of 4-allyloxybenzoic Acid (AOBA) 
	Synthesis of 4-allyloxybenzoyl Chloride 
	Synthesis of 4-hydroxyphenyl-4-ethylbenzoate (HPEB) 
	Synthesis of 4-ethylbenzoic Acid-4-allyloxybenzoic Acid Hydroquinone Diester (M) 
	Synthesis of PSCTLCP 
	Preparation of MH/LLDPE/PSCTLCP Composites 
	Characterization 
	Structural Characterization 
	Differential Scanning Calorimetry (DSC) 
	Polarized Light Optical Microscopy (POM) 
	Thermogravimetric (TG) 
	Torque Rheometer 
	High Pressure Capillary Rheometer 
	Scanning Electron Microscope (SEM) 
	Tensile Testing 


	Results and Discussion 
	Characterization of PSCTLCP 
	Processability of MH/LLDPE/PSCTLCP Composites 
	The Facture Morphology of MH/LLDPE/PSCTLCP Composites 
	Mechanical Properties of MH/LLDPE/PSCTLCP Composites 

	Conclusions 
	References

