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Effect of functionalized CNTs and liquid crystalline polymer
on thermo-oxidative stability of polyethylene-based hybrid
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the heat stability of polymers

thermotropic liquid crystalline
y a5 been known to exhibit excellent
m—clrcgical oropfrties, thermal endurance, chemical sta-
})‘ nd le#® melt viscosity [1, 2]. Due to the rigid rod-
lik Ccules of LCP, it can be preferentially aligned to
form microfibrils under elongational or shear forces during
meit processing and in situ reinforces the polymer matrix
after cooling down. This type of the blend is called in situ
composite [3]. Moreover, LCP can act as the processing
lubricant by lowering the melt viscosity of blend system. In
this regard, many research works have been extensively
performed to date in order to substitute the conventional
thermoplastics and to widely develop commercial appli-
cations of LLCP or its composites [4-6]. However, the
practical application of LCP is limited for use as a polymer
matrix compared with conventional thermoplastic poly-
mers because LCP is relatively expensive.
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During the past few decades, the investigations on
polymer-based nanocomposites have been extensively
interested to find their promising alternatives to traditional
composites because of their ability to display synergisti-
cally advanced characteristics with small amounts of
nanofiller. The typical improved properties include barrier
properties, flame retardation, thermal stability, chemical
and dimensional stabilities and mechanical properties when
compared with their micro- and macrocomposite counter-
parts and their neat polymer matrices [7-9]. Carbon nan-
otubes (CNTs) are one of the interesting nanofillers which
can potentially be used in many applications rangjpgs=#

. Yy es
sed
application of maleic anhydride grgftefl PE

form the covalent bond to the T syfsidce [2
Recently, Miiller et al. [16] investigated the'(fgysi n_of
CNTs into polyethylene by an additive-astwgle (AsB
melt mixing method. The main results show the
improved CNT dispersion with additive loading.
Recently, Kim et al. [25] investigated the effect of
modified CNT on physical properties of LCP-based
nanocomposites. They found that the incorporation of CNT
plays a crucial role in improving the thermal stability by
acting as effective physical barriers against the thermal
decomposition in the LCP nanocomposites. Morcover, the
mechanical properties of the nanocomposites were
enhanced resulting from the synergistic effect combining
good interfacial adhesion and uniform dispersion of CNT.
This feature has motivated our affords to utilize CNT and
LCP as the hybrid fillers for advanced composite materials
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with the realized benefit of practical application in indus-
trial field such as electronic and electric appliances. The
presence of LCP interfacial bonded with CNT is expected
to reduce agglomeration CNT. Under conventional melt
mixing. the enhanced dispersion state of CNT is expected
to achieve by LCP-assisted dispersion of CNT. Thereby,
the improved physical properties of the composite materi-
als can be expected. However, the suitable functionalized
CNTs are one of the main factors affecting the interaction
with LCP phase.

The main objective of this work is to improve the
-oxidative stability of high-density PE by modifi-

of\CNTs. The improved dispersion
oq[e >l up the thermo-oxidative sta-

yene lagll). The nanofillers used in the pre-
work4y e ppfStine, hydroxyl- and carboxylic-func-
d mulgvall CNTs purchased from Chengdu
Chefhicals Co., Ltd. (China). The hydroxyl- and
carhewsTic-functionalized multiwall CNTs have a func-
tionalized content of 1.76 and 1.23 mass%, respectively.
Buik density. outer diameter, length, specific surface area
and purity of all types of CNTs were reported to be
028 gem ", 20-30 nm, 20-30 mm, >110 m* g~
and >95%, respectively. Thermotropic liquid crystalline
polymer (LCP), a microfiller, used in this work was Rodrun
LC3000, supplied by Unitika Co. Rodrun LC3000 is a
copolyester of 60 mol% p-hydroxy benzoic acid (HBA)
and 40 mol% PET with a melting point of 220 °C and a
density of 1.41 g cm ™. The molecular mass for LCP was
not obtainable, since no solvent was found to dissolve
Rodrun LC3000.
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Preparation of composites

The polyethylene-based composites containing various
compositions of LCP and CNTs were prepared by melt
extrusion using a single-screw extruder (Haake Rheomex,
Thermo Electron (Karlsruhe) GmbH, Karlsruhe, Germany),
with a screw diameter of 16 mm, length-to-diameter (L/D)
ratio of 25, a die diameter of 2 mm and a screw speed of
100 rpm. The temperature profiles for the preparation of
the PE-based composites were 190-225 °C. The tempera-
ture profiles shown here represent the temperatures at
hopper zone, two barrel zones and heating zone in f

designated as shown in Table 1. T
and LCP fillers was fixed at | an

gated using simultaneous
Instruments SDT Q600,
The neat matrix and its jc
were loaded in alumina drucible @
heated from ambient teperaturg
heating rates. The measufement
flow rate of 100 mL mir
simultaneously recorded
ies Explorer software. T
and DSC data were done tsin
Analysis 2000 software (vdsic

The isothermal tests we

Melt viscosity measurements

Rheological behavior in the molten state for PE and its
composites containing CNTs and LCP was characterized
with a plate-and-plate rheometer (Physica Anton Paar,
MCRS5000; Physica Messtechnik GmbH, Germany). The
pellet samples were compression molded at 160 °C into a
sheet of about 1.5 mm thick. The sheet was then punched
into a disk 25 mm in diameter. The complex viscosity (17%),
storage (G') and loss (G”) moduli of all specimens were
measured in the oscillatory shear mode with the strain
iude of 5% within the angular frequency () ranging

e different composite strands

uder the §canning electron microscope
M3460LV, Yokyo, Japan) operated with

a transmission electron
illips, Holland) was used.

and 360 °C for 100 min. The
20 °C min~' from ambient

sample mass with times were registgred. :

745

experiments were performed in air a

100 mL min~". The analyses of isotherma

ripghl
Hll‘ Nhawn i
o

th

re y reveal the different profiles. For the neat PE,

carried out using the same software as those O non-
isothermal investigation.

Table 1 Designations of the composites

Composite Ratio of composition/mass%  Designation
LCP/PE 10790 Cl
CNT/PE 1/99 Cc2
LCP/CNT/PE 10/1/89 HC1
LCP/HO-CNT/PE 10/1/89 HC2
LCP/CNT-COOH/PE  10/1/89 HC3

the TG curve reveals at least two steps of mass loss at a
temperature range of around 250-550 °C. The degradation
mechanism of PE normally begins at the weak link site
along the polymer chain once the thermally induced scis-
sion has occurred. The reaction of PE is responsible for the
propene product, and the other gives rise to 1-hexene [26].
The addition of the LCP and/or CNT into the PE matrix
clearly improves the thermo-oxidative stability of the
matrix. This is due to the good inherent thermal stability of
the fillers. Tt is generally known that the CNT filler has
been known to possess excellent thermal conductivity.
Therefore, the improvement in thermal stability of the
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stability of the composites. This ay bR ¥
adhesion between LCP and pristine y
alized CNTs is not good enough,Noenge resu
dispersion state of the CNTs. Intewgstingly?y the™a
thermo-oxidative stability is observed fa
posite of carboxylic-functionalized CN
The DTG profiles shown in Fig. 2 suggest coit
tion for the composites. As seen from Fig. 2a. most san=
ples exhibit multi-DTG peaks during degradation due (©
complex decomposition behavior. For instance, C1 and
HC1 exhibit the second major mass loss stages at around
440 °C which mainly involves the degradation of PET
block of LCP [8]. The DTG peak of CNT, normally
appeared at about 600 °C [8], is not clearly observed for
the hybrid composites due to the use of small amount of
CNTs. For C2 composite, the presence of pristine CNT
alone also affects the degradation mechanism of PE [26] as
clearly seen from the appearance of several small DTG
peaks at 425-475 °C in comparison with decomposition

reac-
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%‘re perature/°C

%c DTG (b) curves of PE, Cl1, C2, HCI,
A ahgating ghe of 10 °C min~! in air

i of l:c t PE. Interestingly, HC2 and HC3 seem

th W com- bchayg’
N S1€ ,@BHQM it mafor DTG peaks at around 424 and 437 °C,

respegle®ly. Beyond the major stage of the degradation,
the DTG peak for HC2 and HC3 is not clearly observed.
The obtained results indicated that the mass loss stages of
the polymers change with filler loading and functionalized
groups on CNT surface. To clearly compare the decom-
position rate around the initial stage of degradation after
the moisture has been evaporated, the DTG curves were
expanded as shown in Fig. 2b. Under heating from ambient
temperature to 300 °C, the decomposition rates of all
samples are nearly the same and lie in a small narrow range
of 0.1-0.4% min~'. At higher temperature, the decompo-
sition rate of PE firstly changes at ~310 °C followed by
C2 (~315 °C), C1 or HC1 or HC2 (~320 °C) and HC3
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(~395 °C), respectively. In case of HC3, the thermo-ox-
idative resistance is significantly improved as secn from a
maintainable constant value of decomposition rate which
is prolonged up to ~395 °C. Moreover, the thermo-ox-
idative resistance for C1, HC1 and HC2 revealed from the
DTG curves is nearly the same and higher than those of
C2 and PE.

Table 2 shows the summarized data of thermo-oxidative
decomposition for the neat matrix and its composites. Tyset
represents the onset degradation temperature. 7,,,, repre-
sents the temperature at the maximum mass loss rate, (do/
d)imax. The subscripts 1, 2 and 3 represent the first, g

e
v

fore, the presence of carboxylicfusc
or

and

Table 2 Dynamic TG and simultancous DSC data of thermo?
in air

HEL

enthalpy (AH,) associated with the major degradation stage
of all materials are also presented in Table 2. Melting
temperature (7,,) of PE slightly decreases with fillers
loading. The exothermic degradation process is observed
for all the samples due to the fact that the concurrent and
further degradation mechanisms in air tend to involve the
formation reaction. PE shows a very broad degradation
exotherm that stretches from 250 to 550 °C with a peak
maximum (7,) at ~400 °C. Beyond this region, the
remaining signal of PE is unstable as evident by the
appearance of several minor peaks at 430-550 °C. It is
ean _hat the minor DSC peaks for PE degradation are also

for all composites will be
dection of morphology. Note

der isothermal test at 300, 320 and
PE and (€2 exhibit more rapid

340

. . . ;s o]
€ftion for PE and its composites at a heating rate of 10 °C min

Sample Dynamic TG data Simultaneous DSC data
Tomed  Twaxt/  (d0/dDmax1/%  Tinaxa!  (do/dDmaxal % Tinaxs/  (do/df)inaxa/%  Char yield at Tw/ AH./ Ty AHd/_ l
°C @ min~' °C min~"' °C min~"' 600 °C/% °C klg?' °C Kig

PE 376 396 18.6 406 23.5 462 26.6 0 136 0.20 406 11.2

Cl 399 400 26.3 442 40.8 462 8.31 0 135 0.17 410 873

€2 380 398 157 429 11.2 446 10.8 0 135 0.18 406 11.2

HC1 382 391 15:5 402 14.4 453 6.09 0 135 0.17 406  9.13

HC2 405 390 7.81 425 24.5 - - 0.27 134 0.16 426 9.40

HC3 412 437 36.6 - - - - 0.07 134 0.16 439 7.33
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Heat flow

Fig. 3 Simultaneous DSC curves of]
for PE, C1, C2, HCI, HC2 and HC,
in air
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at ati ate of\ 0|°C minf

decomposition under heatiffe fogthe 0 ™tnl Mpre
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shows the highest stabilify compdetsamyissal
examined. Upon heating 8t 360 °CE il is\ t

that a slow decompositign is clegifly\obscrve 3,
whereas the all other samples rapid] adge- sapiiidates

the highest isothermal stafyility of HE3 snmiar (
obtained from the nonis th@nl VEStight)
shows the isothermal decorpo gt
its composites containing
sents the time at maximum

contribution of these steps to the overall degradation rate
changes with both temperature and extent of reaction. This
means that the effective activation energies determined
from thermal analysis data alone are not capable of
revealing this type of reaction complexity. Therefore, to
avoid the need to know decomposition mechanism required
for some model fitting, a model-free approach is widely
used for kinetic analysis. In this work, the reliable isocon-
versional method, namely Flynn-Wall-Ozawa (F-W-0)
method [28, 29], was applied in order to quantitatively
evaluate the thermo-oxidative stability of polymers under
isgthermal test. F~=W-0O is a relatively simple method

E,
1.0516 =%
"RT 1)

70 hea\\g rate in\ °C min™!, A is a pre-expo-
al yact . 1dp activatifn energy (kJ mol™"), T'is an
c jtemperatuney ( i§ an universal gas constant
‘ (o) 1s an integral reaction type of
Narnally, E} value calculated by the
ds is cllled apparent activation
sum valde of activation energies of
ical decgmposition processes. Fig-
>t of hedting rates on TG profile

en Se-t t
the lca
)y S fl

Imax values of the neat matrix gare Mos the shor
comparable. (do/dt)y,,, of all smp incregESxwith ture
increasing isothermal temperatu 2 at 36 ]

ples, indicating that the presence o
functionalized CNT inhibits the deco ess O

A @B
decrease with increasing isothermal temperature$=agte thaf,
under heating at 360 °C, much higher amount of char le
observed for HC3 composite compared among all samples
examined.

Evaluation of activation energy for thermo-oxidative
decomposition

Nonisothermal activation energy
In general, thermal degradation of polymers usually

involves multiple steps that are most likely to have dif-
ferent mechanism and activation energies. The relative

@ Springer
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various

at tt

ng that the degradation mechanism var-
7ss loss. As clearly observed from E, values,
the #”cxhibits the highest thermo-oxidative stability
under dynamic heating.

Isothermal activation energy

Generally, for solid-state degradation reaction, the rate of
decomposition (da/dr) can be described by [30-32]

X k) £(2) @)

=
where k(7) represents the reaction rate constant and f(«) is a
conversion function. By substituting the Arrhenius equa-
tion, k(T) = Ae %/RT Eq. (2) becomes
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Table 3 Isothermal decompositiofyda
Sample 300 °C \ {-?o

toyd (do/df)y,/  Char '@
mi 7
)

360 °C

fnad (dofdD)ngs/ Char

min % min~' yield/%" min % min~"' yield/%"
PE 13.4  0.009 78.2 169  0.050 34.6
Cl 134 0.005 93.0 14.9 269 0.033 34.9
C2 13.9  0.008 81.8 14.6 179 0.053 387
HCI 134 0.006 90.3 15.1 - 259 0023 44.8
HC2 143 0.006 87.9 16.3  0.006 87.9 147 0.013 75.8 229 0.053 29.9
HC3 13.6  0.006 93.1 153 0.006 88.8 13.6  0.010 87.5 159  0.009 87.2
* Char yield is determined after heating for 100 min

-E,/RT

do = f(«) Ae~B/RT (3) gla) =Ae /™ (4)
dr

where ¢ is a degradation time. By taking the natural loga-

By the integration of Eq. (3), the integral type of kinetic rithm of Eq. (4), the isoconversional equation is derived:

function, g(a), is obtained:
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(a) 110 B E,
Int=1n g(a) —InA +k——7—, (5)
100 T Equation (5) is called standard isoconversional method
[33]. The natural logarithm of time ¢ corresponding to a
90 - certain mass loss a is linearly dependent on the reciprocal
\ of temperature 7. Provided that the order of decomposition
°\:° reaction n keeps constant within the temperature and mass
& ek E loss interval under consideration, E, can be calculated in
= : terms of the slope of the linear relationship of Ins versus
70 7 1/T. To evaluate the E, value at a particular mass loss
| according to the standard isoconversional method, the plot
60 1 20 i of In sus /7" was investigated. Three straight lines
1 a ﬁI) in™o the particular mass losses of 3, 5 and 7
5 f‘- mass’l?ﬁ sigcted examples, PE and HC3, are illus-
502:)0 900 400 ';S, parent £, values evaluated from the
Temperat e/oé\' slpes ines for the selected samples are
li§ted|}in eWesults of E, evaluation from
(b) 35 . Sgthdrimal) in%g w the similar trend as those
i the/monisOgermal ond However, the calculated E,
o B Tty fafe mich \igher und&r nonisothermal than under
3.0 7 “ A O . s es
1 S Q
eplggigal prppefti@s
2.5 1
< - [s,yorts F techniqye was first employed for
- S1% st el aetigrl between Jthe fillers in the compos-
sl 02% 1R 5 {tes. atety] thé useful fnformation could not be
1 | a5 A ‘ 1= " ‘ airfel > PT1 on dpe to an.overlappi.ng
159 | aqm Uj ¢ 'al.c on viscoelastic properties
(s G b rifeoToR asurgment is one of the simple
i s C‘\ > ted widely fged gorfchgracterization of interaction
A5 . 'ﬂ . v S in Nk ¢ o.{@ blends. Figure 7 shgws t.he
14 15 16 ‘% . . RGAT en (a@e dence of complex viscosity
100Q/ 7/ R! (] all an ud@ . All flow curves exhibit shear
; % pg behdylor, visgosity decreases with increase in
Fig. 5 Nonisothermal TG curves at hdgtin tes ¢ 1573 - J . i ;
20 °Cmin™" (a) and isoconversional plog fl&um N losscs ok shear ra shek cncy). It is seen that, especially at

1,2, 3,4 and 5% using W-F-0 method (Nfor C1 gwip NN — 1Pt lenc: plex viscosities of C1 and C2 are

Table 4 Nonisothermal activation energy (£,) of Pig ng_)[%ldﬂwtah“g calcyefled using Flynn—Wall-Ozawa method

Mass loss/% E, (r*)/kJ mol™"

PE Cl HClI HC3
1 79.4 (0.9669) 69.1 (0.9902) 65.6 (0.9998) 68.9 (0.9613)
2 71.4 (0.9829) 70.6 (0.9963) 68.2 (0.9910) 70.6 (0.9730)
3 75.7 (0.9856) 74.1 (0.9840) 71.1 (0.9667) 85.1 (0.9680)
4 85.5 (0.9665) 78.9 (0.9766) 74.3 (0.9613) 99.9 (0.9940)
S 89.4 (0.9822) 81.5 (0.9827) 80.9 (0.9723) 101 (0.9871)
Average 80.8 74.8 72.0 85.2

* r means the correlation for the linear fit analysis
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comparable and slightly higher than that of the neat matrix.
In case of LCP-containing composite (C1), the presence of
LCP normally lowers the melt viscosity of the composite
system. However, as reported previously [34], the LCP can
be clearly functioned as the lubricating agent under loading
with high content (>10 mass%). It is seen that the further
increase in the melt viscosity is observed for the hybrid
composites. In particular for HC3, the complex viscosity at
low frequency shows the highest value. The obtained
results clearly indicated the effective interaction between
the LCP and carboxylic-functionalized CNT for the HC3

/eq ~N——

Table 5 Activation energy () for isothermal degra tmn./f;ﬂanH
/ersiona

selected composites in air calculated using standard isC®agy

method

Mass loss/%

E, (r*)/kJ mol™'

PE Cl HCl HC3
3 3.24 (0.9854) 12.8 (0.9196) 3.40 11.8 (0.9061)
5 4.50 (0.9888) 44.5(0.9195) 25.1 57.2(0.9553)
7 10.2 (0.9856) 82.5 (0.9705) 45.5 89.3 (0.9354)
Average 5.98 46.6 247 52.8

* r means the correlation for the linear fit analysis

10"
w/rad s~1

103 L 1
10°

Fig. 7 Plots of complex viscosity as a function of angular frequency
(a) and expanded region from 1 to 100 rad s~ (b) for polyethylene
and its composites at 225 °C
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sample. It is interesting to note that, at high frequency, the
melt flow curve of each sample is converged togcther and
the viscosity values are nearly the same. This means that
the effects of filler loadings and interaction between the
fillers cannot be prolonged under melt flow state at high
shear force (frequency). These results agree well with the
PET/CNT nanocomposites reported by Jin et al. [35]. They
report that effect of functionalized CNT in melt viscosity is
mostly pronounced at low frequency and the relative effect
diminishes with increasing frequency. Moreover, they
found that the melt viscosity of PET/diamine CNT is
clearly higher than that of the PET/pristine CNT comgp
ites due to the partial cross-linking betwe e -l
functionalized CNT. f‘ra

The elastic and viscous characterig c@t bl
systems can be considered from theH]&0%-Storaet
ulus (G') and loss modulus (G”), rg€p y .*‘ ot
of w. The plots of G’ and G as gffu o
matrix and its composites are g o@n ’
of G and G" at low frequeficy geneg
mation about long-range (bgyond en ¢
relaxation, while the valugs at hig
information about short-ragg oti
relaxation [36]. It is scenftha
increase with increasing] frequengy,
coelastic properties dependence
molecular motion. Moreoyer, G”
higher than G’ in the frequency rapg
indicating that the viscou§ propert
As seen from the expandeg c@s
seen that HC3 shows the highe:
the neat polymer matrix shdws
This indicates that the presdpc
matrix with forming fillerill ¢
important role in hindering thé\chat Qi
an increase in chain rigidity. It ‘::%
hybrid composites (HC1, HC2 anlg 3) ex
viscoelastic value compared to the inar@inu ;
ponents) composites (C1 and C2). Mordgver’ cpossing
of G’ and G” curves is observed at frequere hlJ

u‘{in
100 rad s™", indicating that the elastic propertwaggf ;ﬁ

samples are pronounced at high frequency.

Morphology

Figure 9 shows the SEM (column I) and TEM (column II)
images of the composites. For SEM images, the composites
with the presence of LCP (C1, HC1, HC2 and HC3) clearly
show the droplets morphology of LCP phase with the
diameter of 0.5-3 pm. The relatively lower diameter of
LCP droplets is clearly observed for HC3. In case of TEM
images, the pullout trace of LCP domains is clearly

@ Springer
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'l composite as seen from Fig. 91-a (see
he pullout effect for LCP is mostly observed for
all LCP-containing composite systems resulting from the
ultracutting process during the sample preparation for TEM
analysis. For C2, the aggregation with poor dispersion state
of the pristine CNT is observed (see arrows in Fig. 91I-b).
In case of the hybrid composites, the morphology of the
nanotubes is focused. The nonuniform dispersion of the
nanotubes in HC1 and HC2 is clearly found as seen from
Fig. 9ll-c, II-d. Better dispersion of the nanotube aggre-
gates compared to other composites is observed for HC3
(Fig. 911-e). Moreover, the TEM image at the LCP/CNT-
COOH interface is observed as seen in Fig. 10a. It is
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Fig. 9 SEM (column I) and
TEM (column I) images for
aCl, b C2, ¢ HCI, d HC2 and
e HC3

clearly seen that some part of the CNT-COOH is adhered
on the LCP surface indicating the presence of interaction at
the interface. Based on the morphological results, the
proposed dispersion states of CNTs and LCP in the PE-
based composites with and without the presence of inter-
face interaction can be schematically drawn as shown in
Fig. 10b, c¢. As known that LCP can be immiscibly

dispersed in the thermoplastics during melt mixing.
Therefore, the better dispersion of LCP interacted with
carboxylic-functionalized CNT through hydrogen bonding
would assist the dispersion of the nanotube [25]. Moreover,
the interfacial bonding between the functionalized nan-
otubes and LCP would improve the LCP domains as seen
from Fig. 91-c.
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