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Graphene is a single layer of sp>-bonded carbon
atoms forming a two-dimensional honeycomb struc-
ture. It could be considered as a basic structural ele-
ment of all other graphitic carbons. Many physical
properties of graphene have been characterized
experimentally and some of them are higher than
those of any other known materials. For example, it
exhibits a Young’s modulus of 1TPa and ultimate
strength of 130 GP. The very high thermal conduc-
tivity of above 5000 W-m-K~! corresponds to the
upper bound of the highest values for SWCNTs
[DOI: 10.1021/n10731872]. Additionally, it has
high electrical conductivity of around 6000 S-m™'.
Especially, graphene is completely impermeable to
any gas [DOI: 10.1021/n1801457b]. It has very
large surface area and tunable surface properties.
Based on these valuable characteristics, in the last
decade, graphene has been viewed as promising
material for many applications including polymer
nanocomposites (PNCs).

However, due to the inertness, graphene is not com-
patible with most of polymers. Thus, it must be
appropriately modified to provide it with suitable
functional groups which are able to have good dis-
persion and strong interactions or even forming
covalent bonds with the chemical moieties in poly-
mers. Using graphene oxide (GO), an oxidized form
of graphene, and its various derivatives have widely
been considered as the most promising approach for
the preparation of graphene. GO contains several
oxygen functionalities such as hydroxyl and car-
boxyl groups and it is readily compatible with a
nanocellulose (NFC) in form of suspension. Taking
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this advantage, we combined them together to form
a mechanically strong and conductive composite
film [DOI: 10.1039/C1JM12134K]. NFC/graphene
porous structure has been used effectively as host
matrix for sulphur impregnation in lithium sulphur
batteries [DOI: 10.1016/j.jpowsour.2013.12.081].
In a study on polyimide graphene composite film
[DOI: 10.1016/j.polymer.2011.09.033], GO has been
treated with ethylisocyanate and the resulted modi-
fied GO was seen as good reinforcement in poly-
imide (PI). Electrical conductivity of the PI/graphene
composite film is above the antistatic criterion. Poly-
mer and graphene can also be combined in PNCs
via grafting-to or grafting-from approaches [DOI:
10.1002/marc.201100527]. By grafting-to/grafting-
from approaches, covalent binding between poly-
mers graphene sheets is formed, leading to a single
compound of PNCs where graphene forms an inte-
gral part of the polymer chains. However, by these
methods, the covalent bonding can enhance some
properties while it may be negative for some others,
for example, electrical conductivity. Thus, quantita-
tive estimation on the kind of chemical functional-
ization and degree of the functionalization on the
single layer properties such as mechanical and elec-
trical properties would be highly valuable [DOI:
10.1021/ma401606d].

In general, chemical modification of graphene is an
effective way to widen the utilization of graphene
in PNCs for different purposes. GO has been used
as starting material to modify the structure of
graphene as it contains several active groups which
are hydroxyl, carboxyl and epoxide functionalities.
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Abstract. The presence of carboxyl groups in carboxylated nitrile butadiene rubber (XNBR) allows it to be cured with dif-
ferent agents. This study considers the effect of crosslinking of XNBR by magnesium aluminum layered double hydroxide
(MgAIl-LDH), known also as hydrotalcite (HT), on rheometric, mechano-dynamical and barrier properties. Results of
XNBR/HT composites containing various HT loadings without conventional curatives are compared with XNBR com-
pound crosslinked with commonly used zinc oxide. Hydrotalcite acts as an effective crosslinking agent for XNBR, as is
particularly evident from rheometric and Fourier transform infrared spectroscopy (FTIR) studies. The existence of ionic
crosslinks was also detected by dynamic mechanical analysis (DMA) of the resulting composites. DMA studies revealed
that the XNBR/HT composites exhibited two transitions — one occurring at low temperature is associated to the 7}, of elas-
tomer and the second at high temperature corresponds to the ionic transition temperature 7;. Simultaneous application of
HT as a curing agent and a filler may deliver not only environmentally friendly, zinc oxide-free rubber product but also

ionic elastomer composite with excellent mechanical, barrier and transparent properties.

Keywords: rubber, mechanical properties, carboxylated nitrile rubber, crosslinking, ionic elastomers

1. Introduction

Carboxylated acrylonitrile butadiene rubber (XNBR)
is a terpolymer composed of acrylonitrile, butadi-
ene and monomers containing carboxyl groups,
such as acrylic and methacrylic acids. XNBR con-
tains different active functional groups, including
nitrile groups (—CN), carboxylic groups (-COOH),
and alkene groups. All of these groups can partici-
pate in the crosslinking reaction, leading to the for-
mation of different types of bonds, mainly covalent
and ionic. Lateral carboxyl functionalities -COOH
provide additional curing sites and make possible to
use curing agents that can react with them con-
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tributing to the formation of ionic bonds [1, 2]. The
conventional curing agents for XNBR that lead to
ionic crosslinks are generally based on salts and
oxides of multivalent metals (e.g., ZnO, MgO, CaO),
where the crosslinking reaction occurs through the
formation of the corresponding salt of the metal ion
[3]. Recently, it has been demonstrated that magne-
sium aluminum layered double hydroxides (MgAl-
LDHs) may act not only as a filler but also as a cur-
ative for XNBR, because of the Mg-Al-OH frame-
work [4]. Pradhan et al. [5] reported that LDH has
considerable potential for use as a reinforcing nano-
filler in elastomers and also as a curing agent in car-
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boxylated elastomers. The mechanical properties of
XNBR/decane sulfonate-modified LDH nanocom-
posites were enhanced due to the secondary interac-
tions that occur between carboxylated rubber and
layered double hydroxide filler. The use of LDHs has
been already reported in elastomer composites of
ethylene-propylene-diene rubber (EPDM) [5-9],
acrylonitrile-butadiene rubber (NBR) [10], chloro-
prene rubber (CR) [11], silicone rubber (SR) [12, 13],
and polyurethane PU [14—16] and solution styrene-
butadiene rubber (SSBR) [17]. However, in the lit-
erature, there is no information on the impact of
high loadings of unmodified magnesium aluminum
layered double hydroxide used as a filler and a cur-
ing agent on the crosslinking process in XNBR. Lay-
ered double hydroxides (LDHs), also known as
anionic clays, are minerals consisting of stacks of
positively charged metal hydroxide layers (1:1,
brucite-like) with interlayer anions that maintain
the overall charge neutrality [18]. LDH is character-
ized by a layered structure and hexagonal particles
with lateral dimensions of 50400 nm. LDH parti-
cles are often very large and it is difficult to produce
the single LDH sheets by the exfoliation because of
strong electrostatic attraction between the layers
and interlayer anions due to the surface charge den-
sity [19]. On the contrary to cationic clays that
occur abundantly on the Earth, only a few anionic
clays have been found in nature (e.g. hydrotalcite,
MgsAl,(OH)4CO3-4H,0), and most LDHs are syn-
thesized in the laboratory [20]. LDHs have attracted
researchers attention due to their interesting proper-
ties, such as their layered structure, simplicity of syn-
thesis, possibility of controlling particle size and
aspect ratio by changing the reaction conditions and
their highly designable characteristics. LDHs are
widely used for the preparation of polyolefin nano-
composites with improved thermal properties, for
example, the poly(ethylene terephthalate) (PET)/
LDH nanocomposites exhibited enhanced thermal
stability relative to pure PET [21]. Recent research
has demonstrated that incorporation of LDHs into a
rubber matrix can remarkably enhance polymer prop-
erties such as mechanical, thermal and reduce gas
permeability [6, 13]. Some other physicochemical
properties were also improved, compared to the one
of neat polymers or composites that contain con-
ventional fillers. Das et al. [10] developed a rubber
composite based on zinc-stearate-modified LDH

with NBR that does not require the incorporation of
Zn0O and stearic acid in the sulfuric curing system.
In our work, the advantage of using unmodified mag-
nesium/aluminum LDH in elastomer systems (XNBR
or its hydrogenated counterpart HXNBR) lays in
the possibility of full replacement of conventional
metal oxide curatives used for functionalized elas-
tomers (XNBR, HXNBR), particularly ZnO, which
is believed to be harmful for the environment [22].
While crosslinking XNBR with a conventional sul-
fur vulcanizing system or ZnO is well known and
commonly used, the application of magnesium alu-
minum layered double hydroxides MgAIl-LDH for
crosslinking process of XNBR is still a relatively
new approach. This work presents the influence of
hydrotalcite HT on the curing characteristics,
mechanical and barrier properties of the XNBR
composites. The results from XNBR/HT compos-
ites containing various filler loadings of HT (2.5, 5,
10, 20 and 30 parts per hundred rubber, phr) with-
out any conventional curatives are compared with
the results from XNBR compound crosslinked with
commonly used zinc oxide to demonstrate that this
mineral has potential to be an interesting alternative
to zinc oxide. The HT may provide the metal ions for
metal-carboxylate curing, however it was found that
quite high loadings of HT filler are needed for the
preparation of composites with mechanical parame-
ters that are comparable to those of XNBR/ZnOS5.
However, the addition of large amounts of inexpen-
sive and easily synthesized filler is advantageous
because it reduces the cost of the final product.

2. Experimental

2.1. Materials

The carboxylated acrylonitrile-butadiene rubber
XNBR used in this study was Krynac® X 750 (7 wt%
carboxyl groups content, 27 wt% acrylonitrile con-
tent, Mooney viscosity (ML (1+4) 100°C) 47 and
zinc oxide were supplied by LANXESS (Leverku-
sen, DE). Magnesium aluminum layered double
hydroxide named hydrotalcite was obtained from
Sigma Aldrich (652288, Schnelldorf, DE) was used
in its unmodified form as a reinforcing filler for
XNBR rubber and simultaneously played the addi-
tional role of a curative for XNBR. The compound-
ing ingredients and the amounts used for this study
are presented in Table 1.
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Component X XZnO5 XHT2.5 XHTS XHT10 XHT20 XHT30
XNBR 100 100 100 100 100 100 100
HT 0 0 2.5 5 10 20 30
ZnO 0 5 0 0 0 0 0

2.2. Characterization of hydrotalcite

2.2.1. X-ray diffraction analysis (XRD)
Room-temperature powder X-ray diffraction pat-
terns were collected using a PANalytical X Pert Pro
MPD diffractometer in Bragg-Brentano reflecting
geometry with (CuK,) radiation from a sealed tube
(Almelo, Netherlands). Data were collected in the
26 range of 2-70° with a 0.0167° step and 20-s
exposition per step.

2.2.2. X-ray photoelectron spectroscopy (XPS)
The surface elemental composition of HT was deter-
mined by X-ray photoelectron spectroscopy (XPS)
analysis to confirm its stoichiometric composition.
XPS spectra was recorded by using an X-ray photo-
electron spectrometer Prevac (Rogow, Poland)
equipped with hemispheric electron energy ana-
lyzer SES 2002, VG Scienta (Uppsala, Sweden)
with an aluminum (mono) K, source (1486.6 eV).
The aluminum K, source was operated at 15 kV and
25 mA. For hydrotalcite sample, a high-resolution
survey (pass energy 50 eV) was performed in the
appropriate spectral regions. All core level spectra
were referenced to the C Is neutral carbon peak at
284.6 eV.

2.3. Preparation of XNBR/HT composites

The samples were prepared using an internal mixer
Brabender Measuring Mixer N50 (Duisburg, DE).
The rubber compounds were processed at a rotor
speed of 50 rpm (revolutions per minute), and the
initial temperature was set to 70°C. After approxi-
mately 5 minutes of rubber mastication, the HT
(2.5, 5, 10, 20 and 30 phr) was added. The total time
of compounding in the internal mixer was 20 min-
utes. Subsequently, the compounded rubbers were
milled in a laboratory-scale open two-roll mixing
mill.

2.4. Curing behavior

The curing characteristics of XNBR composites
were determined using a MonTech Moving Die
Rheometer MDR 3000 (Buchen, DE) at 160°C for
120 minutes. A sinusoidal strain of 7% and fre-

quency of 1.67 Hz was applied. The optimum cure
time (#99), scorch time (,), minimum torque (Spin),
maximum torque (Smax), and delta torque (AS) were
determined from the curing curves. The mixed
stocks were cured in a standard hot press at 160°C
for 9.

2.5. Infrared spectroscopy ATR-FTIR
Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra were recorded on a Thermo Sci-
entific Nicolet 6700 FT-IR spectrometer (Waltham,
MA, USA) at room temperature with a resolution of
4 cm™' and a 64-scan signal from 600-4000 cm™' in
absorbance mode.

2.6. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was per-
formed by means of a Dynamic Mechanical Ana-
lyzer TA Instruments Q 800 (New Castle, USA) oper-
ating in a tension mode at a frequency of 10 Hz in
the temperature range of -80 to 100°C and at a heat-
ing rate of 2°C/min.

2.7. Crosslink density

The vulcanizates were subjected to equilibrium
swelling in toluene for 48 h at room temperature.
The swollen samples were then weighted on a tor-
sion balance, dried in a dryer at a temperature of
60°C to a constant weight, and reweighed after 48 h.
The crosslinking density was determined based on
Flory-Rehner’s equation [23]. The Huggins param-
eter of the elastomer-solvent interaction y was cal-
culated from Equation (1) [24-26]:

5= 0.487 + 0.2287, (1)

where J; is the volume fraction of elastomer in the
swollen gel.

2.8. Stress-strain behavior

The tensile properties were carried out with a
ZWICK 1435 tensile testing machine of Zwick
Roell Group (Ulm, DE). The moduli at 100, 200 and
300% elongation, tensile strength, and elongation at
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break were measured at room temperature with a
crosshead speed of 500 mm/min according to the
PN-ISO 37-2005 standard. For this purpose, five
different dumbbell-shaped specimens were tested,
and the average value of each formulation was
reported.

2.9. Air permeability

The through-plane air permeability of the compos-
ites was determined using the manometric method
in accordance with the ASTM standard D1434,
using circular samples of 30 mm in diameter and
1 mm in thickness. The tests were conducted using
atmospheric air at room temperature.

2.10. UV aging

The UV aging studies were conducted for rubber
composites using an UV2000, Atlas solar simula-
tion chamber (Linsengericht, DE). The measure-
ment lasted for 120 h and consisted of two alter-
nately repeating segments with the following
parameters: a day segment (radiation intensity of
0.7 W-m™2, temperature of 60°C, duration of 8 h), a
night segment (without UV radiation, temperature
of 50°C, duration of 4 h). After UV aging the stress-
strain tests were performed. The UV aging coefti-
cients K were calculated according to the relation-
ship Equation (2):

(TS"EB) ypier aging

K = 2
(TS.EB)before aging

where TS — tensile strength [MPa], EB — elongation
at break [%]. The crosslink densities of the samples
subjected to UV radiation were measured through a
swelling method with toluene as the solvent, which
was described above.

2.11. Scanning electron microscopy (SEM)
The fractured surfaces of the prepared materials were
inspected using a scanning electron microscopy
with a microscope SEM HITACHI S800 (Tokyo,
Japan) at the accelerating voltage of 15 kV. Prior to
SEM observations, liquid nitrogen-fractured sur-
faces of the composites were Au/Pd sputtered (with
a thickness of approximately 10 nm).

3. Results and discussion

3.1. Hydrotalcite surface properties

Figure 1 presents the X-ray diffraction data for syn-
thetic hydrotalcite. The interlayer distance d, calcu-
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Figure 1. X-ray diffraction patterns of unmodified hydro-
talcite HT

lated according to the Bragg’s equation, was found
to be 0.77 nm. The XRD analysis of unmodified
MgAI-COs3*" structure showed the basal reflections
(003), (006), (009), which correspond to d-spacings
0f 0.77, 0.34 and 0.26 nm respectively. The sample of
hydrotalcite did not contain any impurities, as gen-
erally, such materials are easily synthesized with a
high degree of purity. The atomic content for hydro-
talcite surface composition was determined by XPS
analysis to confirm its stoichiometric composition.
The total amount of magnesium, aluminum, oxygen
and carbon was taken as 100%, the atomic percent-
age of each element is given in Table 2. Based on the
obtained data we could confirm that the ratio of
magnesium to aluminum is approximately the same
as stoichiometric ratio of the elements specified on
the basis of chemical formula
MgsAly(OH)4CO3-4H,0. Also, the oxygen content
is comparable to the typical content of the mineral.
However, the atomic percentage of carbon on the

Table 2. XPS atomic content for hydrotalcite surface com-

position
Atom ¢ | o | Al | Mg
[atomic %]
Hydrotalcite | 392 | 422 [ 45 [ 141

Table 3. Binding energies of the main peaks for the hydro-

talcite
Photoelectron line positions Chemical environment
[eV]
Al 2p 73.9 Al-OH
Mg 2p 49.6 Mg-OH
O ls 531.6 Oxygen bonds in hydroxyl groups
Cls 284.6 Adventitious carbon
Cls 289.0 COz>
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surface of the filler particles exceeds the expected
value. This may result from a surface contamination
with impurities derived from the decomposition of
carbon compounds adsorbed from the air. Table 3
shows binding energies of the main peaks for
hydrotalcite sample. For XPS C 1s there are two
components, one appears at £B = 284.6 eV, which
corresponds to so-called ‘adventitious carbon’ layer
(C—C bonds, contamination) and second one appears
at EB = 289.0 eV, which corresponds to inorganic
carbonates, here CO3>". Summarizing, surface analy-
sis of hydrotalcite confirmed its stoichiometric com-
position and at the same time indicated that the sur-
face of mineral is covered with a thin layer of
carbon.

3.2. Curing studies

Figures 2 and 3 present the variation in the normal-
ized elastic (§") and viscous (S”) components of the
torque versus time, respectively. The curves were
obtained from a MDR rheometer at 160°C. Figure 2
shows the influence of an increase in the amount of

—=— XNBR

—e— XNBR/Zn0O5
7 —=— XNBR/HT2.5
—— XNBR/HTS
—<&— XNBR/HT10
61 —<— XNBR/HT20
—— XNBR/HT30

MNormalized elastic modulus, S' [dNm)]

L L L L L L L L L P

0 10 20 30 40 50 60 70 80 90 100 110 120
Time [min]

Figure 2. Normalized elastic component (S’) of the torque

as a function of time for XNBR compounds
crosslinked at 160°C

HT on the curing curves compared with the curves
for the crosslinking XNBR with 5 phr of ZnO and
pure XNBR. In the case of pure XNBR, self-cross-
linking is possible through the formation of anhy-
dride linkages between two carboxylic groups,
however this process may occur at rather more
severe conditions than 160°C [1, 2, 27]. The curves
show the continuous growth of the elastic compo-
nent S’ due to the increase of crosslinks of XNBR
with ZnO as well as HT at each concentration (2.5,
5, 10, 20 and 30 phr). The difference between max-
imum torque S'max and minimum torque S'in, Which
is called the torque increment AS’ (Table 4), gradu-
ally rises with the content of HT which reflects an
increment of the crosslink density and thus, an
improvement in the mechanical properties. It can be
clearly observed that an increase in the amount of
HT leads to a greater number of crosslinks and con-
sequently higher values of S". However, a plateau
(Figure 2) was reached faster when ZnO was used
as a curing agent, in the case of HT, the plateau was
achieved more slowly during the analyzed reaction

3 T——xNBR

—e— XNBR/Zn05
—— XNBR/HT2.5
{ —%— XNBR/HT5
—C— XNBR/HT10
—<— XNBR/HT20
—&— XNBR/HT30

o]
1

-
1

MNormalized viscous modulus, S" [dNm]

Ot T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120
Time [min]

Figure 3. Normalized viscous component (S”) of the torque
as a function of time for XNBR compounds
crosslinked at 160°C

Table 4. Rheometric properties of XNBR/HT composites crosslinked at 160°C

Smi S’ AS’ t t CRI
Sample name [dNm] [dNm] [dNm] [mzn] [mgi(;u [min]
X 0.5 14 0.9 0.0 0 -
XZn05 0.5 53 48 7.9 59 1.96
XHT2.5 0.6 24 18 27.6 90 1.60
XHT5 0.6 3.1 25 1.8 87 1.33
XHT10 0.8 3.6 2.8 7.0 83 1.32
XHT20 0.9 49 4.0 5.1 79 1.35
XHT30 14 6.6 52 41 77 1.37

Note: S'min — minimal torque; S'max — maximum torque; AS’ — torque increment; ¢, — scorch time; fop — optimum cure time, CRI — cure rate

index 100/(t90 —h).

378



Laskowska et al. — eXPRESS Polymer Letters Vol.8, No.6 (2014) 374-386

time. However, the scorch time for XNBR/HT com-
posites was shorter than that for XNBR/ZnO, and ¢,
parameter (Table 4) was strongly dependent on the
HT loading (decreasing with an increase in HT
amount). As can be observed from the curves, there
is practically no induction time. The compounds
begin to vulcanize almost immediately, what is char-
acteristic of crosslinking with metal oxides [28].
The presence of the MgAl-LDH also affects the vis-
cosity of the compounds, resulting in higher values
for normalized viscous component S” (Figure 3). It
is well known from the literature that the increase in
viscous component S” with time, is due to the forma-
tion of ionic bonds [27-31]. The curve correspon-
ding to the curing with the ZnO, which also forms
ionic crosslinks, showed a similar behavior to that
observed for XNBR cured with HT. For each HT
concentration, S” curves that increased with the reac-
tion time were obtained, which is a characteristic of
ionic vulcanization. Furthermore, as the HT loading
increases, the value for the viscous component
increases and here, S” increased until it reached a
plateau for each sample, regardless of the curative
type used. In our opinion, curing with HT undoubt-
edly gives rise to ionic crosslinks. Table 4 presents
the rheometric parameters of the XNBR com-
pounds. From the values of #y it can be concluded
that the optimum curing time slightly decreases
with an increase in the amount of HT. The cure rate
index (CRI) indicates that a faster curing reaction
was achieved when ZnO was used compared to that
of XNBR/HT. Based on the rheometric data rubber
compounds were subsequently cured in a standard
hot press at 160°C, at the optimum cure time (Z99)
for the samples. It should be mentioned that
crosslinking of XNBR with HT yields high trans-

XNBR/ZnO 5 phr  XNBRJ/HT 30 phr
varency Transparency Transparency Trans

parei ncy Transparency Tran

pare acy Transparency Tran

pare. ncy Transparency Trans

parel acy Transparency Tran

0OF€ire; .. mreer . ~ACY Transparency Tran.

Figure 4. Opacity of XNBR with 5 phr of ZnO and optical
transparency of XNBR with 30 phr of HT

parent properties in the final composites, even
when such high content as 30 phr of HT is added
(Figure 4). Optical transparency, which can be a
desirable characteristic, was not observed in case of
XZnOS5 composite that was opaque. The trans-
parency of rubber composites filled with LDHs has
already been reported for NBR vulcanized with sul-
fur [10] and SSBR also vulcanized using a conven-
tional sulfur cure system [17].

3.3. FTIR studies

Figures 5 and 6 show the ATR spectra of the sample
without crosslinking agent (XNBR pure), the sample
cured with ZnO (5 phr) and crosslinked with vari-
ous amounts of HT (5, 10, 20 and 30 phr) at 160°C.
Each spectra shows the existence of two principal
absorption peaks for the XNBR compounds at 2928
and 2844 cm™! due to the —CH, groups on the rub-
ber backbone. Another strong absorption peak that
appears at 2237 cm™! is due to the CN-group in the
acrylonitrile component. Those peaks remain
unchanged during the crosslinking process for all
investigated samples (Figure 5). The most impor-
tant region of spectrum is the range between 1800
and 1500 cm™!, where peaks result from the >C=0

0.30
{ — XNBR pure
025 XNBR/Zn05
. XNBR/HTS
4 —eeo. XNBR/HT10
020 ——— XNBR/HT20
. XNBR/HT 30 1436 cm-"
P A 1687 o 1366 cm™
= 0.154 2928 p— cm / ||
@ 1 2&44 cm- \ -
= 1
Z 0.104 2237 em-' 1697 cm I |lI
. /L\ ‘ 1730 cm-! | / f
0.054 | :
[ A~ {4 }ﬂw& & |
000 =TT F { R W
A T v T v T v T v T b T T T T v T
3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000

Wavenumber [cm™]

Figure 5. ATR spectra of XNBR compounds with various loadings of HT
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0.12
|— XNBR pure
XNBR/ZnO5 1
0.10 - XNBR/HT5 1587 cm
] XNBR/HT10 3\
.............. XNBR/HT20 » /
0.08 XNBRMT30 1097 oM .ﬂ.I
2 1 1610 cm-' | |
S 0.06 A\ '\
F—: ] 1639 cm | | 1582 cm-!
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] ~h
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Figure 6. ATR spectra (1850-1500 cm™!) of XNBR con-
taining various loadings of hydrotalcite HT

group of the carboxylic component in the rubber
(Figure 6). The uncured sample shows two bands at
1697 and 1730 cm™', which disappear in the sample
crosslinked with ZnO and their intensities decrease
when XNBR is cured with increasing amount of
HT. This is due to the chemical change from weak
acid to ionic bonds or slat formation. The first peak
(1697 cm™) is attributed to carbonyl stretching of
hydrogen-bonded acid dimer, whereas the second
one (1730 cm™) is due to carbonyl stretching of
monocarboxylic acid. The peak for —-COOH appear-
ing at a wavelength of 1697 cm™! is reduced and a
new peak at 1587 cm™! is observed for the sample
cured with ZnO, that is attributed to the formation
of ionic clusters between —COO~ groups and Zn>"
ions of ZnO, or. For samples crosslinked with HT
the intensity of peaks at 1697 and 1730 cm™',
related to carboxylic groups, decreases with increas-
ing content of metal hydroxide filler, what suggests
that HT has evident influence in the dimer forma-
tion [1], and emphasizes the decrease of free acid
groups with increasing HT amount [5]. According

to the obtained data it can be assumed that the cross-
linking occurs only with the -COOH groups of the
elastomeric chain. The ionic bonds formed from the
carboxylic groups and the magnesium aluminum
layered double hydroxide generate some new bands
at 1639, 1610 and 1582 cm™!, which intensities
slightly increase with HT content. According to the
work of Pradhan, such a new band which appears at
1582 cm™! corresponds to the C=O stretching vibra-
tion of the metal carboxylate salt [5], that may be
some type of confirmation of the chemical interac-
tion between XNBR and HT. Table 5 shows the
interpretation of existing peaks.

3.4. Dynamic mechanical analysis (DMA)

Figure 7a—7c show the variation of tand, storage
modulus (£") and loss modulus (£”) with tempera-
ture for XNBR compounds at an oscillation fre-
quency of 10 Hz. The values of 7y, T; and E" are
showed in Table 6. As expected, the £’ for XNBR
containing the highest amount of HT (30 phr) was
the best of all tested samples, consequently the peak
height of tan 0 was reduced significantly (Figure 7a,
Table 6). The incorporation of increasing amounts
of layered mineral gradually reduces the amplitude
of tan ¢ that indicates reinforcement by the filler
which hinders the mobility of the rubber chains due
to molecular confinement. The presence of HT at
each content increases the curves of £’ as well as the
maximum for £” and shifts tan 6 towards higher
temperature in comparison to the neat XNBR, as a
consequence of the increase in the crosslink density.
The increase of storage modulus £’ with increasing
HT concentration is probably due to the strong inter-
facial interactions between HT particles and XNBR
matrix. The neat XNBR sample gives only one tran-

Table 5. Peak assignments of FTIR spectra for XNBR composites

Wavemgnber Assignment
[em™]
3420 Stretching of -O-H
2928 Asymmetric stretching of the methylene group —CH,
2844 Symmetric stretching of the methylene group —CH,
2237 Stretching vibration of nitrile triple bonds in XNBR
1730 Carbonyl stretching of monocarboxylic acid
1697 Carbonyl stretching vibration of H-bonded -COOH group
1640-1670 Stretching of C=C
1610 Carbonyl stretching of magnesium hydroxycarboxylate salt
1587 Asymmetric carbonyl stretching vibration of zinc carboxylate salt
1582 Asymmetric carbonyl stretching vibration of magnesium carboxylate salt
1436 CH deformation, in-plane deformation of methylene group
1366 Asymmetric stretching of carbonate counter-ions CO3>~
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Figure 7. (a) Plot of tand, (b) plot of storage modulus £’ (c) plot of loss modulus £” versus temperature, (d) ionic transition
region for XNBR composites. Vibration frequency, 10 Hz

Table 6. Dynamic mechanical measurements at 10 Hz of XNBR/HT composites

Sample name T, from E” T, from tand Height of tan o T; from tan o E’ at 25°C
[°Cl] [°C] -] [°Cl [MPa]
X —22.2 -9.9 1.59 - 2.3
XZnO5 -18.2 -5.9 1.06 75.4 52
XHTI10 -18.0 6.8 1.30 45.6 5.6
XHT20 -18.0 6.8 1.20 45.6 7.1
XHT30 -18.0 6.8 1.16 51.6 10.4

sition corresponding to the glass transition tempera-
ture of elastomer (7, = —9.9°C), however it can be
observed from Figure 7d that there occurs an addi-
tional high temperature relaxation corresponding to
ionic temperature transition 7;. This is particularly
evident for XNBR cured with ZnO (7; = 75.4°C).
This transition, is associated with the formation of
ionic structures and occurs over a wide range of tem-
peratures. In general, it is attributed to the hard phase
arising from the formation of ionic clusters or con-
glomerates [27, 32]. Those clusters or ionic associ-
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ates begin to relax and weaken at the ionic transi-
tion temperature and consequently the elastomer
loses its rigidity [28]. Figure 7d shows that the T;
peak height slightly increases with the HT content
in XNBR formulation as well as shifts towards
higher temperatures up to 51.6°C when 30 phr of
HT is added. Table 6 shows the calculated values
for the rubber glass transition and the ionic transi-
tion, obtained from the loss modulus £” and tanod
versus temperature curves.
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3.5. Mechanical properties and crosslink
density

Table 7 shows the mechanical properties and the
crosslink density values (v) of the XNBR compounds
cured with ZnO or alternatively with HT at various
loadings. Apparently, an improvement in the tensile
strength was observed for all vulcanizates filled
with HT compared with the neat XNBR, what can be
attributed to the existence of an ionic/polar interac-
tion between HT and rubber. XNBR is a polar rub-
ber that contains —CN and —COOH functionalities
and appears to be compatible with polar fillers con-
taining basic —OH groups, such as layered double
hydroxides. Evidently HT exhibited a reinforcing
effect on the XNBR, which raised the moduli at 100,
200 and 300% elongation, and the tensile strength
of the XNBR/HT composites gradually increased
with increasing amounts of HT. Moreover, the pres-
ence of HT remarkably reduced the elongation at
break of the XNBR composites compared to the
unfilled neat gum, probably due to the reduced free
volume as a result of the interaction between the
filler and the matrix, as well as the higher crosslink
density. The incorporation of ZnO in XNBR pro-
duced an ionic elastomer with higher mechanical
parameters what is probably related to stronger inter-
actions between ZnO particles and rubber matrix.
However, we can observe that HT also effectively
participates in crosslinking reaction of XNBR and
contributes to obtain strong and stiff elastomeric com-
posites. The crosslink density is an important param-
eter influencing rubber properties. Table 7 shows
that the tear strength and the 300% modulus of the
rubber containing 10 phr of HT are seen to be higher
than those of the comparative neat rubber as well as
XNBR cured with ZnO. What is worth to note is
that network density of vulcanizates remarkably
increases with an increasing level of HT in the XNBR

Table 7. Mechanical properties of XNBR/HT composites

compounds. The trend observed here is in harmony
with that recorded in the case of the tensile strength
and the increment in torque AS’, which is further
confirmation that layered double hydroxide may
play a role not only as a reinforcing filler but also as
a curative agent for functionalized elastomers such
as XNBR.

3.6. Barrier properties

The dependence of air permeability on the XNBR
composition is presented in Figure 8. An uncross-
linked, neat XNBR sample was too weak mechani-
cally and was destroyed almost immediately by the
pressure of the gas at the very beginning of the
experiment. It is evident that the air permeability was
reduced with increasing layered double hydroxide
content, what is surely related to the higher network
density of the samples. The barrier properties of
XNBR are enhanced the most by the incorporation
of 30 phr of hydrotalcite, the same sample that was
characterized by the highest amount of ionic cross-
links. The effect of reduced permeability may be
explained through strongly restricted the motion of
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5 101 L0.045 =
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Figure 8. Dependence of air permeability and crosslink
density on XNBR composition

Sample name SE]Q() SEZ()() SE300 TS EB F v
[MPa] [MPa] [MPa] [MPa] [%] [N/mm] [mol/dm?]

X 0.7 0.7 0.6 0.7 1401 3.1 -

XZnO5 1.4 1.9 23 19.0 500 6.3 0.031
XHT2.5 1.0 1.2 1.4 4.5 727 8.2 0.029
XHTS5 1.2 1.7 2.3 8.4 688 9.2 0.032
XHT10 1.9 2.8 4.1 14.5 536 12.8 0.042
XHT20 2.5 43 6.4 16.0 542 12.6 0.054
XHT30 3.3 5.8 8.3 18.6 519 14.3 0.061

SE 100, 200, 300 — stress modulus at 100, 200 and 300% elongation, 7S — tensile strength, £B — elongation at break, /" — tear strength,

v — crosslink density
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rubber chains by hydrotalcite particles that results
in reducing the diffusion of the gas molecules.
Another reason may be that the impermeable hydro-
talcite layers forced a tortuous pathway, which
retarded the diffusion of the gas molecules [33].

3.7. Resistance to UV radiation

Table 8 summarizes the mechanical properties and
crosslink densities of XNBR samples exposed to
ultraviolet light. XNBR generally has poor resist-
ance to ozone, UV radiation and weathering because
double bonds are present in polybutadiene segment
of the chemical backbone. Inorganic compounds,
such as metal oxides provide effective UV screen-
ing. The presence of the layered double hydroxide
enhanced UV stability of XNBR material compared
with that of the corresponding gum rubber matrix or
that crosslinked with zinc oxide, as the aging factor
K increased gradually with the increase in the filler
content. The effect was more pronounced for sam-
ples containing the highest concentration, 30 phr of
HT. From the obtained data we may conclude that
the addition of HT improves UV stability of XNBR
composites.

3.8. Scanning electron microscopy analysis
(SEM)

The micrographs of filler particles and XNBR com-
posite containing 30 phr of HT obtained from scan-
ning electron microscopy are shown in Figure 9a—
9d. Figure 9b, shows that hydrotalcite is character-
ized by a layered structure and hexagonal-shaped
particles with lateral dimensions of 50-400 nm. A
high layer charge density makes LDH extremely dif-
ficult to exfoliate or delaminate into single sheets
compared to cationic clays. However, because of
the polar surface of LDH, a good compatibility with
XNBR (containing polar groups such as nitrile, car-

boxyl), is expected. Moreover, dispersed HT parti-
cles may form strong bonds with rubber matrix,
possibly through the chemical interaction between
the acidic -COOH functionality of XNBR and the
basic —-OH groups on the layered metal hydroxide
particle surface [5]. It is evident from Figure 9c¢, 9d
that HT particles forms agglomerates with an aver-
age size of about 5 um. It can be said that melt mix-
ing of HT with rubber matrix does not provide good
enough dispersion, as some agglomerates were
detected, the state of HT dispersion is not uniform
throughout the whole mass of rubber material.
Because of high content of HT in rubber matrix
(30 phr), which is necessary to obtain composites
with high mechanical properties as well as great
number of crosslinks, the problem of uniform dis-
tribution of HT particles in elastomer matrix
appears.

4. Conclusions

In this study the effect of magnesium aluminum
layered double hydroxide, also called hydrotalcite
(MgAI-LDH, HT), on the crosslink reaction, mechan-
ical and barrier properties of XNBR were exam-
ined. It was found that the HT effectively partici-
pates in the crosslinking reaction of XNBR and
contributes to obtaining strong and stiff elastomeric
composites. The dynamic mechanical analysis
revealed a remarkable enhancement in the storage
moduli and increase in glass transition temperature
when HT is present in the XNBR matrix. The
increase in crosslink density and the improvement
in mechanical properties of XNBR/HT composites
may result from the following types of interactions
between: (a) acidic functionalities of XNBR and
basic hydroxyl groups existing on the filler sheets,
(b) polar functional groups of XNBR and polar sur-
face of filler, (c) ~COOH and metal ions provided

Table 8. Mechanical properties of XNBR/HT composites subjected to UV radiation

SE SE SE TS EB K v
Sample name [Mll’(:]] [Mli(;)] [MIT;)] [MPa] [%] [-] [mol/dm?]

X 0.9 0.9 0.9 12 1202 - 0.019
XZnO5 1.9 25 33 6.0 400 02 0.028
XHT2.5 15 17 2.0 28 510 02 0.049
XHTS5 1.6 19 23 32 470 02 0.051
XHT10 2.0 27 3.8 53 460 03 0.066
XHT20 32 47 6.1 8.0 420 0.4 0.094
XHT30 3.8 5.6 72 1.1 480 0.6 0.107

SE 00, 200, 300 — stress modulus at 100, 200 and 300% elongation, 7S — tensile strength, £B — elongation at break, K — aging coefficient,

v — crosslink density.
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Figure 9. SEM micrographs of (a), (b) particles of hydrotalcite HT, (c), (d) XNBR composite with 30 phr of hydrotalcite HT

by HT (ionic bonds). The simultaneous application
of HT as a curing agent and a filler may deliver not
only an environmentally friendly, zinc oxide-free rub-
ber product but also an ionic elastomer composite
with excellent mechanical, barrier and transparent
properties. However, obtaining material with afore-
mentioned parameters requires high loadings of HT.
Application of large amounts of an inexpensive and
easily synthesized filler is economically beneficial
due to the reduction of the cost of the final product.
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Abstract. Bio-based thermoplastic elastomers (TPE) containing natural rubber and poly(lactic acid) were prepared by melt
blending in an internal mixer. The blend ratio was 60% of natural rubber and 40% of poly(lactic acid). Dynamic vulcaniza-
tion of natural rubber was performed with the sulfur system. The 2 mm — thick sheet samples were prepared by compres-
sion molding. The objective of this study was to investigate the effect of plasticization of PLA on the mechanical and
physical properties of the derived TPE. Four plasticizers were selected: tributyl acetyl citrate (TBAC), tributyl citrate
(TBC), glycerol triacetate (GTA), and triethyl-2-acetyl citrate (TEAC). The investigated properties were the tensile proper-
ties, tear strength, thermal ageing and ozone resistance, hardness, resilience, tension set and compression set. All plasticiz-
ers increased the strain at break. TBAC and TBC increased the stress at break. All plasticizers decreased the tear strength,
hardness and resilience, and slightly changed the tension and compression set. TBAC seemed to be the best plasticizer for
the TPE. The presence of 4 pph (parts per hundred resin) of plasticizer provided the highest strength and tensile toughness
and the strain at break increased with the increasing plasticizer content. The plasticizers decreased the T, and Tt of the PLA

and did not affect the degree of crystallinity of PLA in the TPE.

Keywords: biopolymers, natural rubber, poly(lactic acid), polymer blend, thermoplastic elastomer

1. Introduction

Bio-based polymers have recently been receiving
much attention. These polymers or their monomers
are derived from renewable resources and they
could be biodegradable or non-biodegradable. Poly
(lactic acid) or PLA is a well-known biodegradable,
bio-based polymer. It has been widely used as a
commodity plastic over past years. Lactic acid is
the monomer for PLA and is derived from normal
microbial fermentation process mainly from natural
carbohydrates such as sugar or starch. Natural rub-
ber (NR) is perhaps the oldest bio-polymer used for
more than one hundred years. Although NR is mainly
derived from the Hevea Rubber tree, it is not readily

*Corresponding author, e-mail: varaporn.t@psu.ac.th
© BME-PT

biodegradable. Research on the biodegradation of
NR is being conducted by our research group.
Recently, there was an article that reported the bio-
degradation of latex gloves prepared from vulcan-
ized NR [1]. Thus a polymer blend between PLA
and NR is interesting because this polymer blend is
a totally bio-based polymer. Due to the brittleness
of PLA, NR is used as a toughening agent for PLA
[2—6]. PLA/NR blends in other forms have not been
reported except from our group and we have
reported on a thermoplastic natural rubber prepared
from PLA and NR [7].

A thermoplastic elastomer (TPE) is an interesting
polymer. It shows elastomeric properties at room
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temperature and can be processed as a typical ther-
moplastic in the melting state. TPEs could be classi-
fied into 3 types based on preparation methods or
chemical structure: (1) a triblock copolymer, (2) a
thermoplastic polyurethane and (3) a polymer blend
between thermoplastic and elastomer. When NR is
used as the elastomer phase in type 3, this TPE is
referred to as thermoplastic natural rubber (TPNR)
or NR-based TPE. Generally, a typical thermoplas-
tic has been made from polypropylene, polyethyl-
ene and polyamide and the elastomer phase has var-
ied. In order to activate or accelerate biodegradation
of NR-based TPE, a biodegradable plastic such as
PLA should be employed. There are lots of publica-
tions of TPE and TPNR, but there has been no pub-
lication of a TPE prepared from a blend of PLA and
NR except for the one publication [7]. This TPE
could be referred to as a bio-based TPE. Generally
NR in a TPE must be vulcanized during mechanical
blending with the thermoplastic in order to obtain
dispersed NR particles. It is still questionable that
NR may be biodegradable because its backbone
consists of only carbon-carbon double bonds and
does not have ester linkages. Furthermore, a vul-
canized NR might be more difficult to degrade due
to it being crosslinked molecules. Our group is seek-
ing to isolate some microorganisms with the poten-
tial to rapidly degrade NR and vulcanized NR. We
believe that perhaps a PLA/NR bio-based TPE
would be a polymer with a high possibility for
biodegradation. Such a TPE would be useful for
many applications. Biodegradation would perhaps
first occur by removal of the PLA, then, hopefully,
some microorganisms could attack the restructured
NR phase.

A TPE made from PLA blended with NR shows a
relatively low strain at break, i.e., less than 300%,
because the PLA is a brittle plastic. The strain at
break of PLA is ~5%. The conventional TPE is made
from a ductile plastic such as polypropylene, poly-

S0 0
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Figure 1. Chemical structure of plasticizers
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ethylene or nylon. As a result, its strain at break is
higher than the TPE prepared from PLA. In order to
increase the strain at break, modification of NR and
PLA has been considered. It has been established
that mastication of NR increases the strain at break
of TPE [7]. The second approach was modifications
to PLA. It was assumed that a ductile PLA could
increase the strain at break of TPE because PLA
exists as a continuous phase. A simple method for
increasing the ductility of PLA is plasticization and
there are many known plasticizers of PLA such as
tributyl citrate (TBC) [8—13], tributyl acetyl citrate
(TBAC) [8, 9, 13—15], triacetin or glycerol triac-
etate (GTA) [9, 11, 16] and triethyl acetyl citrate
(TEAC) [8, 9, 17].

The objective of this study was to investigate the
effect of plasticizers incorporated into PLA on the
mechanical and physical properties of the PLA/NR
TPE. Four plasticizers were selected including TBC,
TEBC, TEAC and GTA. The effect of the plasti-
cizer content was also evaluated. The characteriza-
tion of TPEs was carried out by scanning electron
microscopy, differential scanning calorimetry and
dynamic mechanical thermal analysis.

2. Experimental

2.1. Materials

PLA Ingeo®4042D from NatureWorks LLC. (Min-
netonka, MN, USA) and block NR (STR5CV60)
from Jana Concentrated Latex Co. Ltd. (Songkhla,
Thailand) were employed. Four types of plasticizers
were selected: tributyl acetyl citrate (TBAC), trib-
utyl citrate (TBC), triethyl acetyl citrate (TEAC) and
glycerol triacetate (GTA). Their molecular weights
are 402, 360, 318 and 218 g/mol, respectively. Their
chemical structure was shown in Figure 1. All plasti-
cizers were obtained from Sigma-Aldrich Inc. (Mil-
waukee, WI, USA) and used without treatment.
Commercial grade curatives for NR included sulfur,
an accelerator, an activator and an antioxidant. All

o}

o]

o]
TEAC GTA
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Table 1. NR compounding formula

Chemical Weight
NR 100
Stearic acid 2
Zinc oxide 5
Dibenzothiazyldisulphide (MBTS) 1.5
Antioixdant (Wingstay® L) 1
Sulfur 1

chemicals were commercial grades and used as
received. NR compound formulation was tabulated
in Table 1.

2.2. Sample preparation

Melt blending was carried out in an internal mixer
(Brabender® Mixer 350E, Duisburg, Germany) with
a rotor speed of 100 rpm at 155°C. The ratio between
the PLA and NR was 40:60 by weight. The plasti-
cizer was weighted according to parts per 100 parts
of the blend (pph). The content of the curatives was
based on the NR. NR was primarily loaded and
masticated for 1 min before adding the PLA. The
plasticizer was mixed with PLA before being loaded
into the internal mixer. Curatives were added at the
last step when a constant torque was obtained after
adding PLA. The residence time in the internal mixer
was 420-600 s. Compression molding was carried
out (Kao Tieh (KT7014), Taipei, Taiwan) at 155°C
under a pressure of 0.3 kg/m? for 420 s followed by
a pressing at room temperature for 600 s to obtain a
2 mm thick sheet. The blends were kept in a desic-
cator before testing.

2.3. Testing of physical properties

All physical properties including the tensile proper-
ties, tear strength, tension set, compression set,
thermal ageing and ozone resistance, hardness and
resilience were carried out according to the ASTM
listed in Table 2. The tensile properties, tear resistance
and tension set were tested at a crosshead speed of
500 mm/min. The thermal ageing and ozone resist-

Table 2. Mechanical and physical testing methods

ance were reported in terms of changes in the ten-
sile properties after testing. The thermal aging resist-
ance test was performed at 70°C for 7 days. The
ozone exposure was carried out under a concentra-
tion of 50 parts per hundred million (pphm) at 40°C
for 6 h. The percentage change (A) in the tensile prop-
erties (the tensile strength and the strain at break)
was calculated according to Equation (1):

A—-0
(0]

100 (1)

A(%) =
where O was the original value, and 4 was the value
after ageing by heat or ozone. Increases are indi-
cated as positive and decreases as negative. The
tension set and the compression set were calculated
according to Equations (2) and (3), respectively:

L.—1L
Tension set [%] = 100-———- 2)
LOT
T..—T
Compression set [%] = € "€.100 (3)
Toc - Tzc

where Lot was the initial length (20 mm) before test-
ing and L1 was the length after testing. For the com-
pression set test, Toc was the initial thickness of the
specimen (12.5 mm), 7¢ was the specimen thickness
after testing and 7¢ was the thickness of a test bar
(9.4 mm).

2.4. Material characterizations

Thermal analysis was conducted using a differential
scanning calorimeter (DSC) (Perkin Elmer®DSC7,
Norwalk, CT, USA) in a nitrogen atmosphere. The
samples were heated from 30 to 100°C at a heating
rate of 10°C/min. The heat of fusion of the pure crys-
talline PLLA (AH.) was 93 J/g [2]. A Rheometric
Scientific® DMTA V (Piscataway, NJ, USA) was
used for determination of the dynamic mechanical
thermal analysis (DMTA) under the following con-
dition: frequency 1 Hz, heating rate 3°C/min, strain

Property Test method Equipment Manufacturer
Tensile properties ASTM D412 C
Tear resistance ASTM D624 C Instron®5569 Bucks, UK
Tension set ASTM D412
Compression set ASTM D395 Memmert®400 Air Oven Schwabach, Germany
Thermal ageing resistance ASTM D573 Tabai® gphh-200 Geer Oven Taipei, Taiwan
Ozone resistance ASTM D1149 Toyosieki® EG2001 Tokyo, Japan
Hardness Shore A ASTM D2240 Shore Durameter® PTC408 New York, USA
Resilience (vertical rebound) ASTM D2632 Shore Resiliometer®SR174000 New York, USA
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control 0.01% and dual cantilever mode. Scanning
electron micrographs were recorded using a JEOL®
JSMS5800LV (Tokyo, Japan). All specimens were
immersed in liquid nitrogen for 6 hr and immedi-
ately fractured prior to coating with gold. The NR and
PLA on their fractured surfaces were etched by petro-
leum ether and dimethyl formamide, respectively.

3. Results and discussion

3.1. Effect of plasticizer type

3.1.1. Mechanical properties of bio-based TPE
In this section the plasticizer content was 4 pph.
The tensile properties were the main criterion used
to determine the effect of the plasticizer type on the
mechanical properties of the present bio-based TPE.
The stress-strain curves of TPEs with and without
plasticizer are shown in Figure 2. Their tensile behav-
ior looked similar to a typical thermoplastic elas-
tomer such as a poly(styrene-isoprene-styrene)
block copolymer [18], poly(styrene-butadiene/buty-
lene-styrene) block copolymer [19], silicone rubber
[20], PE/nitrile rubber TPE [21] and nylon-6/EPDM
TPE [22]. The tensile strength or the stress at break
and the strain at break of all TPEs are displayed in
Figure 3. The TBAC and TBC increased the stress at
break of TPE whereas the GTA decreased this prop-
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Figure 2. Stress-strain curves of TPE with and without
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erty. TEAC had no effect on the stress at break of
TPE. All plasticizers increased the strain at break.
According to theory, plasticization causes a lower
glass transition temperature (7,) of the polymer
matrix leading to an increase in flexibility and duc-
tility. This was the reason for the enhancement of
the strain at break. All plasticizers, except GTA,
increased the tensile toughness of the TPE as indi-
cated by the area under each stress-strain curve.
TBAC, TBC and TEAC showed a high promise for
increasing the tensile properties of TPE. According
to Ljunberg and Wesslen [9] the solubility parame-
ter of PLA was 20.1 (J/cm?)"? while Kaczmarek
and Vukovi¢-Kwiatkowska [23] reported this value
was in the range of 19.28-21.73 (J/cm?)'"2. The sol-
ubility parameter of NR was 16.6 (J/cm?)!/? [24].
The solubility parameter of the four plasticizers was
in the range of 18.0-19.6 (J/cm®)'2 [8, 9]. It should
be noted that the solubility parameters of PLA and
all plasticizers were in the same range. There is a
contradiction in ranking of the solubility parameters
of these plasticizers. They could be ranked as TEAC
(19.6 (J/em?)V?) > TBC (18.8 (J/cm?)'?) > TBAC
(18.7 (J/em?)"?) [8], or as TBC (19.6 (J/em?)V?) >
GTA (19.1 (J/em?®)?) > TEAC (18.9 (J/cm?)!7?) >
TBAC (18.0 (J/cm?)"?) [9]. The solubility of NR was
lower than that of PLA and plasticizers, whereas the
solubility of PLA and plasticizers were almost in
the same range. This indicated that PLA should
interact with plasticizers more than NR. The smallest
solubility parameter of TBAC may result in the lower
strain at break compared to the TPE containing
TEAC and TBC. However, the rank of these solubil-
ity parameters cannot explain the lowest tensile prop-
erties of the TPE containing GTA. There are two pos-
sibilities that should be considered. Firstly, the plas-
ticization effect of these plasticizers in TPE may not
be straightforward because TPE was a polymer
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Figure 3. The effect of the plasticizer type on the tensile properties of TPE: (a) the stress at break; (b) the strain at break
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Figure 4. The effect of the plasticizer type on the tear
strength of TPE

blend. The presence of the NR phase and the curing
agents may interfere with the plasticization effi-
ciency of the plasticizer. Secondly, the lowest molec-
ular weight of GTA may cause the lowest intermol-
ecular attraction of PLA leading to the lowest ten-
sile strength and strain. The increment of the stress
at break due to the plasticizer could be explained in
view of the strain hardening of the plasticized PLA
matrix as shown in Figure 2. A higher ductility and
higher stress at break was obtained. GTA seemed to
be the least effective plasticizer for TPE based on the
tensile properties. All plasticizers decreased the tear
strength as shown in Figure 4. The plasticized PLA
was softer and its intermolecular attraction was
reduced because of the penetration of the plasticizer
molecules into the PLA matrix. This was attributed
to a decrease in the tear strength when adding the
plasticizer.

Table 3 represents the effect of the plasticizers on
other physical properties of the TPE. Plasticization
decreased the hardness Shore A and the resilience
of TPE. There was no doubt that the lower hardness
of TPE was derived by adding a plasticizer to the
PLA matrix. The TPE containing TEAC showed a
slight decrease in the hardness and that containing
TBC showed a maximum decrease. Resilience is an

Table 3. The effect of plasticizers on the physical properties

interesting property of the elastomer. It indicates the
ability of a build-up of heat or the damping charac-
teristic of the elastomer. The lower resilience implied
that TPE was able to absorb more energy. The
increase in flexibility of the molecular backbone of
PLA arising from the plasticization was attributed
to more energy absorption. However, it is not accept-
able to draw the conclusion that a high or low hard-
ness/resilience is better because it depends on the
applications for which it will be used. The tension set
and compression set are physical properties that pre-
dict the elastomeric behavior of polymers. Both prop-
erties are a sign of the permanent or plastic defor-
mations after tension or compression. Therefore, a
low value is favorable for an elastomeric material. In
the present study, the sample without plasticizer was
used as a reference. An unchanged or lower value
was the target. Based on this requirement, only
TBAC was suitable for the present TPE. Remark-
ably, GTA increased the tension set of TPE while the
other plasticizers decreased this property. This result
indicated that GTA was not suitable for the present
TPE.

Changes in the tensile properties after thermal and
ozone ageing of TPE are tabulated in Table 4. These
properties are important for polymers, especially for
NR because its carbon-carbon double bond (C=C)
is easily attacked by ozone. In theory there are two
major types of molecular mechanisms occurring in
polymeric molecules during thermal and ozone age-
ing: chain scission and crosslinking. It was not the
aim of the present study to identify the degradation
mechanisms. It was our objective to obtain the min-
imum change in both the positive and negative
value. Although a positive value means an increase
in the property, an increased value may not be desir-
able. Therefore, the least change in view of the
absolute value compared with the TPE without plasti-
cizer was considered. TBAC was the best plasticizer
for thermal ageing and ozone resistance. Concern-

Table 4. The effect of plasticizers on the thermal and ozone

of TPE ageing resistance of TPE

Plasticizer | Hardness | Resilience | Tension set Com];z:sswn Plasticizer I;nermal age;ng Ag)zone ageu;g

4 pph) |[Shore A % % 4 pph b Eb b yt

(4 pph) | [Shore A] [%o] [%o] [%] (4 pph) [%] [%] [%] [%]
None 75+3 45+0 14.00+2.0 95.9+1.3 None 2.2 14.3 8.7 -26.5
TBAC 68+2 32+1 6.50+1.8 95.5+0.9 TBAC -8.5 14.7 -25.5 -6.2
TBC 63+6 26+3 13.10+2.1 100.3+1.3 TBC -30.6 -29.3 -30.4 -27.8
GTA 661 2642 23.72+0.7 100.1+£1.8 GTA 12.4 19.9 -32.0 -84.3
TEAC 73£2 262 10.00+1.5 109.5+0.6 TEAC -30.8 -28.2 -25.0 -26.5
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ing the resistance to thermal ageing, the change in
the strain at break of the TBAC-sample was similar
to that of the None-sample and its stress at break
was decreased by less than 10%. All plasticizers led
to a reduction in the stress at break in the range of
—25 to —32% after ozone exposure. The TBAC-sam-
ple showed the least change in the strain at break
(—6%) whereas the other samples had high reduc-
tion values such as —27 or —84%. Consequently,
TBAC seemed to be the best plasticizer for the
present TPE in terms of the mechanical properties
of the TPE.

All plasticizers used in the present study had been
already selected because they were known for their
ability to plasticize PLA. The effect of these plasti-
cizers on the transition temperature of PLA in the
TPE was also established as described in the fol-
lowing section. Although these plasticizers did not
affect the transition temperature of NR, their effect
on the mechanical properties of NR in terms of the
lubrication effect was also considered. The TPE in
the present study was complex because there were
two polymeric phases. Thus, the affinity between a
plasticizer and each polymer (PLA and NR) and
any interactions between the plasticizer and the
curatives were our concern. This consideration needs
to be studied in detail but it was not in the scope of
the present study.

3.1.2. Characteristics of bio-based TPE

TPE behaves like an elastomer at room temperature
and it can be melted like a thermoplastic. Therefore,
TPE is widely used in the products need some rub-
ber elasticity and can be thermally recycled or

10 um

processed with thermoplastic equipment. The char-
acteristics of TPE made from a polymer blend are pri-
marily controlled by the blend morphology. Nor-
mally the plastic content is less than the rubber con-
tent for the preparation of TPE in order to receive the
rubber characteristic. Theoretically the major com-
ponent becomes a continuous phase in the polymer
blend. In order to make a phase inversion in the
present study, NR which was the major component
became the dispersed phase by a dynamic vulcan-
ization where NR became vulcanized during blend-
ing with PLA. Figure 5 confirmed the occurrence of
the dynamic vulcanization. Dispersed NR particles
were observed in the sample etched with dimethyl
formamide, a good solvent for PLA and a non-sol-
vent of NR (Figure 5a). Figure 5b represents the
SEM micrograph of the sample etched with petro-
leum ether, a good solvent of NR. The continuous
phase of PLA was remarkable and some crosslinked
NR particles that were unable to be dissolved were
also observed. Actually we also did a preliminary
test to investigate the vulcanization of NR itself in
the internal mixer. NR was able to undergo vulcan-
ization under this blending condition. Furthermore,
we had already determined the recyclability of the
TPE, i.e., its ability to return to its original form
(not shown here).

The thermal properties of TPE investigated by DSC
are demonstrated in Figure 6. DSC thermograms
were recorded from the first heating scan. A double
melting peak of PLA was observed that was similar
to the blend of PLA containing 10% of NR [2, 3].
Their glass transition temperature (7}), cold crystal-
lization temperature (7..) and melting temperatures

Figure 5. SEM micrographs of TPE: (a) etched with dimethyl formamide showing the NR particles; (b) etched with petro-
leum ether showing PLA continuous phase and some remained dispersed NR particles
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Figure 6. DSC thermograms of TPE with and without plas-
ticizer

are listed in Table 5. All plasticizers significantly
decreased the T, and T, of PLA, and GTA showed
the most effectiveness in plasticization because it
produced the lowest T, and 7. Only GTA seemed
to influence the 7}, of the PLA whereas the others
showed only a slight decrease in the T},,. The degree
of crystallinity of PLA did not change due to the
plasticization, and their degree of crystallinity was
in the range of 21-22%. The plasticizers enhanced
the chain flexibility of PLA resulting in a faster cold
crystallization process (lower 7). It was assumed
that the cold crystallization contributed to the dou-
ble melting peak. The lower melting peak belonged
to the crystals from the cold crystallization process.
The higher one was from the original crystals derived
from the sample preparation. The significant drop
in Ty, by GTA implied the presence of smaller sized
crystals or more defects in the crystals but the degree
of crystallinity remained constant. It is generally
known that short chain polymer can crystallize faster
than long chain polymer but the crystals containing
more chain ends in the crystalline structure could be
a defect in its crystal and resulted in low 7},,. The ten-
sion set in Table 2 was also evidence indicating more
plastic deformation caused by the short chain PLA in
the TPE containing GTA. This might have an impact
on the low tensile strength of this TPE as well. It

seemed that the molecular weight of the plasticizers
had a strong effect on the 7, and T, of PLA. The
lower the molecular weight of the plasticizer, the
lower was the 7, and T of the PLA. The lowest T, of
the TPE containing GTA may contribute to the low-
est tensile strength and strain at break of the TPE.
Figure 7 exemplifies the temperature dependence
of the loss tangent (tand) of the TPEs derived from
DMTA. All TPEs showed two remarkable a transi-
tion temperatures that were equivalent to the 7, of
NR and PLA and are listed in Table 4. Pure PLA
had a 7, of 79.6°C and was in the same range as the
T, of PLA in the TPE without plasticizers (78.7°C).
The T, of the PLA phase in the TPE was much
decreased by plasticization. In a similar observation
to the DSC result, GTA yielded the lowest 7, of PLA.
Although GTA provided the lowest 7, it did not pro-
vide better mechanical properties than other plasti-
cizers. As a result, from the present study GTA was
not the best plasticizer. The T, of the NR phase did
not change significantly. It showed a broad peak
and the temperature was in the range of —56 to —52°C.
This result substantiated the assumption that the
plasticizers did not affect the thermal transition of
NR. Obviously, the plasticizers increased the tanod
of the PLA phase and decreased that of NR phase.
This behavior was related to the molecular weight
of the plasticizers. The lower molecular weight pro-
2.0
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Figure 7. Loss tangent of TPE with and without plasticizer

Table S. The effect of plasticizers on the transition temperature of TPE

.. DSC? DMTA

Plz:‘stlmhzer T, T . Tonn Torin

@ pph) °C) °C] °C] % X, °Cl °C]
None 60.5 106.8 145.5/153.8 21.42 —54.4 78.7
TBAC 58.8 101.3 145.1/153.6 21.60 -52.2 71.2
TBC 54.5 98.0 140.0/151.3 21.58 -53.7 71.3
GTA 443 85.5 133.3/148.8 22.14 -52.8 62.2
TEAC 52.8 96.8 140.1/151.6 22.39 -56.0 67.6

*Thermal properties of PLA phase
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vided more changes. It should be noted that the
PLA phase in TPE showed another transition tem-
perature above its o transition (7y) and this tran-
sition temperature shifted to a lower temperature
after plasticization. This transition has also been
seen in the PLA blended with 10% NR [2]. It might
be involved with the cold crystallization process.

3.2. Effect of the plasticizer content

In this section, two plasticizers were selected for
determination of the effect of the plasticizer content.
TBAC was used because it provided the best prop-
erties. TBC was used for a cross check of the opti-
mal content. Figure 8 shows the effect of the plasti-
cizer content on the stress-strain curve of TPE and
the mechanical properties of these TPEs are listed
in Table 6. Obviously, 4 pph was the optimal con-
tent for both plasticizers. The strain at break of TPE
increased with the increasing TBAC content. The
modulus at 300% (E30¢v,) or the stress at 300% strain

maximum tear strength. The hardness of the TPE
decreased with any further increase of the TBAC
content while the resilience decreased when the
TBAC content >6 pph (Table 7). The TBAC content
did not show any significant effect on the tension set
and the compression set of TPE. Although the 4 pph
of TBAC provided the maximum strength and ten-
sile toughness, it also produced the lowest strain at
break. The 6—8 pph of TBAC would be appropriate
for applications requiring E300v.

The effect of TBC on the tensile behavior of TPE was
different from that of the TBAC. Deplasticization
may occur in the sample containing 2 pph and this
may have caused the lower tensile properties. The
strain at break increased with the increasing TBC
content, except at 4 and 6 pph when the values were
the same. The stress at break was highest at 4 pph
and, then, decreased with the increasing TBC content.

Table 7. The effect of the TBAC content on the physical

properties of TPE
appeared at a TBAC content >6 pph. The area under
the stress-strain curve could be used to predict the | "BPAC | Hardness | Resilience | Tension set| COmPression
. X K content Shore A 1y o set
energy absorbed for the material failure and desig- (pphy | [ShereAl %] (%] [%]
nated as the tensile toughness. The 4 pph of TBAC 0 7543 450 | 14.0+2.0 95.9+1.4
provided the maximum tensile toughness and the 2 1224 471 8.6+0.8 85.933.1
4 68+2 32+1 6.5+1.8 95.5+0.9
. 6 66+2 34x1 14.4+0.5 945423
Table 6. The effect of th§ plasticizer content on the 3 321 3413 18210 980114
mechanical properties of TPE
E o . Tear
Plasticizer content [1\7[‘)12; [Mll;a] [ o/b | strength
? [N/mm] Table 8. The effect of the TBC content on the physical
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Figure 8. Stress-strain curves of TPE containing different plasticizer content: (a) TBAC; (b) TBC
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It required a greater quantity of TBC than TBAC to
obtain the strain at break >300%. The 2 pph of TBC
slightly changed the hardness and resilience of TPE.
These properties were decreased slightly and tended
to be in the same range when the TBC content
increased (Table 8). The TBC content also had a
slight effect on the tension set and the compression
set of TPE.

The experimental results indicated that the 4 pph of
plasticizer offered the strongest and toughest TPE.
Due to a variety of possible TPE applications, the
specification of the mechanical and physical prop-
erties should be based on the product applications.
For that reason, the plasticizer content could be
>4 pph depending on the product specification.

4. Conclusions

A bio-based thermoplastic elastomer from PLA
blended with NR was developed. Dynamic vulcan-
ization took place during the melt blending and this
was attributed to the phase inversion in the polymer
blends. Thus the blends behaved as an elastomer in
view of their mechanical and physical properties
and as a thermoplastic due to their recyclability.
Plasticization of PLA produced significant effects
on the mechanical and physical properties of the
TPE. It was required to plasticize PLA in order to
obtain the modulus at 300% (E30¢0,). All plasticizers
increased the strain at break of TPE. The tensile
strength of TPE, except for the one containing glyc-
eral triacetate (GTA), also increased after plasticiza-
tion. Changes in the mechanical and physical prop-
erties of TPE depended on the plasticizer type. Sol-
ubility parameter and molecular weight of plasticiz-
ers played a role on the tensile properties and transi-
tion temperature of TPE. The presence of plasticizer
decreased the hardness, the resilience and the tear
strength of TPE because of the increase in chain
mobility/flexibility of PLA. Tributyl acetyl citrate
(TBAC) was the best plasticizer used in the present
study. The appropriate plasticizer content should be
>4 pph depending on the desired properties.
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Abstract. Shape memory polymers (SMPs) are capable of memorizing one or more temporary shapes and recovering to the
permanent shape upon an external stimulus that is usually heat. Biodegradable polymers are an emerging family within the
SMPs. This minireview delivers an overlook on actual concepts of molecular and supramolecular architectures which are
followed to tailor the shape memory (SM) properties of biodegradable polyesters. Because the underlying switching mech-
anisms of SM actions is either related to the glass transition (7;) or melting temperatures (7},), the related SMPs are classi-
fied as T,- or Tiy-activated ones. For fixing of the permanent shape various physical and chemical networks serve, which
were also introduced and discussed. Beside of the structure developments in one-way, also those in two-way SM polyesters
were considered. Adjustment of the switching temperature to that of the human body, acceleration of the shape recovery,
enhancement of the recovery stress, controlled degradation, and recycling aspects were concluded as main targets for the

future development of SM systems with biodegradable polyesters.

Keywords: polymer synthesis, molecular engineering, smart polymers, biopolymers, biodegradable polymers

1. Introduction

Shape memory (SM) biodegradable polymers (SMPs)
and related composites are emerging smart materi-
als in different applications. SMPs may adopt one
(dual-shape), two (triple-shape) or several (multi-
shape) stable temporary shapes and recover their
permanent shape (or other temporary shapes in case
of multi-shape versions) upon the action of an exter-
nal stimulus. The external stimulus may be temper-
ature, pH, water, light irradiation, redox condition
etc. In most cases, however, the SMPs are thermally
activated. The ‘switching’ or transformation temper-
ature (7ians), enabling the material to return to its
permanent shape, is either linked with the glass
transition (7) or with the melting temperature (7y,).

*Corresponding author, e-mail: karger@pt.bme.hu
© BME-PT

Thus, SMPs are often subdivided based on their
switch types into - or 7j,-based SMPs. As reversible
‘switches’ other mechanisms such as liquid crystal-
lization and related transitions, supermolecular
assembly/disassembly, irradiation-induced reversible
network formation, formation and disruption of a per-
colation network, may also serve [1]. The permanent
shape is guaranteed by physical or chemical network
structures. The latter may be both on molecular and
supramolecular levels. Linkages of these networks
are termed net points. The temporary shape is cre-
ated by mechanical deformation above 7Tis. In some
cases the deformation temperature may be below
Tirans values (i.e. T,- and Tiy-linked temperatures) [2].
The macroscopic deformation applied is translated
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to conformational changes of the molecular chains,
molecular segments of the networks or macroscopic
deformation of the ‘switching’ phase. Temporary
shape is fixed by maintaining the deformation via
cooling causing vitrification and crystallization in
T,- and Tp-based SMP variants, respectively. The
deformation energy, stored by this way, is released
when the material is unloaded and reheated above
Tivans- Note that Ty > Ty or Try,. Heating induces con-
formational rearrangements of the molecular chains
and segments of the networks, melting of the crys-
tals formed, release the constraints on macroscopi-
cally deformed phases, respectively, through which
the permanent shape is restored. All what is described
above is related to one-way SMPs. This means that
the external stimulus activates only the change from
the temporary to the permanent shape (dual-shape
variant) or from one temporary to the other one in
multi-shape SMPs. There are, however, two-way
SMPs featuring a reversible shape change between
the permanent and temporary shapes upon external
stimulus.

Many works have been dealing with different SMPs,
and the related knowledge is summarized in reviews
and books [3—7]. SM properties are typically quan-
tified by the shape fixity (Ry) and shape recovery
ratios (R;). Rg means the extent of fixing of the exter-
nally applied deformation in the temporary shape.
Its value is 100% when the applied deformation, set
above Tians, 1 fully kept below T in the tempo-
rary shape. R, is the percentage of the recovery of the
original shape when the material is reheated above
Tirans- Ry = 100% when the original shape of the
material is fully restored. SM properties are usually
determined in cyclic (one or more) thermomechani-
cal tests performed under stress- or strain-con-
trolled conditions. A scheme of shape programming
and recovery in a thermomechanical test is given in
three-dimensional (3D) stress-deformation-temper-
ature plot in Figure 1. Beside of Ry and R,, further
SM characteristics, such as the temperature interval
of recovery, recovery rate and recovery force, can
be measured. An excellent overview on the quan-
tification of SM behavior in cyclic thermomechani-
cal tests was compiled by Sauter et al. [8].
Environmental concerns and public interest for sus-
tainable growth fuel the research and development
(R&D) works to produce and use biodegradable and
biobased polymers. Biodegradable means that the
polymers decompose to carbon dioxide, water and

R= 100%‘& @ Shaping

R, < 100% @ Shape fixing
> (@ Deloading
% @ Recovery
ET
£
[+
o]

R = 100%
R, <100%
Figure 1. Single SM cycles of one-way (1W) SMPs in 3D

plots, schematically. This figure also shows the
reading of the Rrand R, values

biomass under aerobic, while the decomposition
products contain methane after decomposition in
anaerobic conditions. Biobased polymers originate
from biomass, synthesized by microorganisms or
produced by biotechnological routes from monomers
got from renewable resources. Biodegradable poly-
mers can be produced from petrochemical sources,
as well. Poly(e-caprolactone) (PCL), polyester-
amides, aliphatic- aromatic copolyesters belong to
this category. Major part of biodegradable polymers
are polyesters, and in particular, aliphatic poly-
esters. Monomers of the latter can be synthesized
from renewable resources.

Biodegradable polymers, and especially polyesters,
play a key role in medical applications due to their
biodegradability and versatile syntheses resulting in
tailored properties. SM biodegradable polyesters
are predestinated for medical use because the related
‘SM devices’ (e.g. sutures, catheters, stents) should
be present only temporarily in the human body.
Their versatile synthesis is the premise of adjusting
Tirans to the temperature of the body.

Next we shall give an overview on SMP systems
which are composed fully or partly from biodegrad-
able polyesters. This overlook is aimed at introduc-
ing the basic strategies of tailoring the (supra)mole-
cular structures to meet the required performance.

2. One-way SMP (1W-SMP)

It is intuitive that to control the SM properties atten-
tion should be focused on the manipulation of the
switching or fixing structures, or on both. The goals
behind may be different: broadening or narrowing
the temperature interval of the switching transition,
reduction of the switch temperature (i.e. Tians),
enhancing the recovery force and speed, creation of
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additional physical network, substitution of the
physical network by a chemical one, generation of a
temporary networks etc. Next we shall introduce
the actual (supra)molecular design concepts for 7g-
and 7T;,-based SM biodegradable polyesters. This sur-
vey concentrates on general strategies, which can
be adapted to other SM polymer systems, rather to
deliver a detailed listing of the related develop-
ments.

2.1. Molecular structure

2.1.1. Tg-based systems

The working principle of T,-based SMPs is depicted
schematically in Figure 2. As net points, remaining
unaffected during deformation, molecular entangle-
ments and entanglements along with crystalline
domains act in linear (i.e. thermoplastic) amorphous
and semicrystalline systems, respectively. The net
points are structural units of the above physical net-
works.

Semicrystalline poly(L-lactic acid) (PLLA or PLA)
exhibits 7, and T}, in the ranges of 6070 and 150—
170°C, respectively. In its uncrosslinked form the
crystallites and entanglements act as net points.
They can ensure, however, only moderate R and R,
data. Variation of the molecular weight (My), that

affects both entanglement and crystallization, yielded
limited success [9]. Incorporation of hydroxyapatite
nanoparticles up to 50 wt% into poly(D,L-lactide)
(PDLLA) resulted in improved R;. The initial R,
value of PDLLA was enhanced from ca. 80 to 98%
upon filling. This was attributed to H-bonding
between the matrix and nanoparticles creating net
points in an additional physical network-like struc-
ture [10, 11]. Accordingly, a more efficient network
should be configured. Further, Tins usually higher
than Ty, is too high for biomedical applications and
thus its reduction is essential. These two aspects are
targets of the ongoing research. 7, is traditionally
reduced by plasticizers. For this purpose water [12]
and other plasticizers [13] were tried. To avoid the
migration of the plasticizer, especially when added
in high amount, it is straightforward to crosslink the
PLA[13]. So, here we already see an example for the
strategy to influence both the switches and net points
simultaneously. This approach is quite frequent
because manipulation of the switch phase is often
accompanied with a change in the net points and
vice verse. This change is not always wanted but
appears as a necessary ‘byproduct’ of the design
strategy followed. Just one example to underline the
latter: the crystalline phase may diminish with

Permanent shape Temporary shape Permanent shape
Creation Fixation Recovery
T'.rars = Tg T< T; Tlrans > Ts
i % @
V
=
Permanent crosslink

® Net points

~" Switching segments

Figure 2. Molecular mechanisms of the thermally-induced 1W-SM effect in amorphous linear (thermoplastic) and
crosslinked (thermoset) polymers. Note: temporary shape is created by tensile deformation
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crosslinking whereby even a 7;,- based SMP can be
converted in a T,-based one.

Plasticization is, however, not the best tool to manip-
ulate T,. Plasticizer may bleed out with the time, and
facilitates the cold crystallization owing to 7, reduc-
tion, as well. This substantially affects the SM prop-
erties of Ty-based slow crystallizing polymers such
as PLA. A far better method is to reduce the 7, is
the synthesis of copolymers. Linear poly(L-lactide-
co-g-caprolactone)s (PLACLs) were produced by
Lu et al. [14]. The lactide/lactone ratio was varied
between 90/10 and 60/40 which was associated
with a large change in the T, (reduction from 54 to
14°C) and T),, as well. Here again T, adjustment
was accompanied with a notable change in 71,. For
shaping Tirans = T + 15°C, whereas for shape fixing
T'= T, — 15°C were selected. Ry decreased, whereas
R, increased with increasing caprolactone content
of the copolymer. Copolymerization may work also
in the other direction, i.e. toward T, enhancement.
Poly(trimethylene carbonate) (PTMC) itself is an
amorphous elastomer having a T, ~—15°C, which is
very low for many SM applications. By copolymer-
ization of TMC with D,L-lactides the T, of the
resulting copolymer (PTMC-DLLA) could be set
between 11 and 44°C. As Tirans (= 37°C)> T, (= 22°C)
was used for shaping (elongation to 150%), and fix-

ing occurred 7= 0°C [15]. Several works were
devoted to synthesize terpolymers composed of
trimethylene carbonate, L-lactide and glycolide
(PTMC-LLA-GA) [16].

Crosslinking is the favored way to ‘stabilize’ the
network and its net points. Crosslinking usually
brings further benefits with, such as high recovery
stress and rate compared to the linear counterparts.
The group of Lendlein functionalized oligomers
composed of L-lactide and glycolide with UV-cur-
able methacrylate end groups [17]. The comonomer
ratio and length of the chain segments in the corre-
sponding polymer (PLLA-GA) were varied in the
experiments. The 7, values of the photocured ran-
dom PLLA-GA copolymers were between T, = 50—
55°C. Instead of permanent crosslinks, introduced
by various techniques (UV irradiation, high energy
irradiation, peroxide), temporary ones can also be
used. They may be — among others — photo- and
thermoreversible ones. Diels-Alder type reactions
are favored for thermoresponsive SMPs. The beauty
of this approach is that the thermoreversible reaction
allows us to recycle the corresponding polymer via
remelting. As Diels-Alder reaction the cycloaddi-
tion, occurring between furan and maleimide
groups, is preferred. This selection is due to the fact
that the adduct forms and the retro Diels-Alder

Table 1. Selected concepts and their realization for 7,-based SM biodegradable polyesters. Designation: — not reported

T h ‘switching’
Material, emporary shape, ‘switching Permanent shape, ‘fixing’ L.
. T, Ttrans . Concept, realization Reference
composition °C] °C] network, net points
crystalline domains + entanglements .
PLA (PLLA) 6264 Ty+15 . various My PLAs 9
(physical network)
entanglements simulation study: 7, manipulation
PLA 4 <22 ; ¢ 12
? 7 (physical network) by water uptake (<2 wt%)
elastic PLA gel with high amount
PLA ~_50 B permanent crosslinks (< 40 wt%) of plasticizer, cured by 13
(chemical network) electron beam. Swelling by
plasticizer after crosslinking
crystalline domains + entanglements | 7, reduction by copolymerization
PLACL 14-54 I 415 (physical network). At 40 wt% that reduced T, too. Copolymer at 14
€ caprolactone content only high caprolactone content
entanglements amorphous
PTMC ~—15 - entanglements (physical network) | not suited for SM 15
PTMC-DLLA 11-44 Ty +15 entanglements (physical network) |7} increase via copolymerization
PTMC-LLA- 38-42 48 entanglements (physical network) terpolyn.‘@rlzatlon .thriough 16
GA compositional variations
crosslinking of oligo(L-lactide-r-
S B permanent crosslinks by UV glycolide)dimethacrylate. Crosslink
PLLA-GA 3055 irradiation (chemical network) density varied via the My of the 17
monomers and their ratio
furan-functionalized PLA
g g temporary crosslinks crosslinked with maleimide
PLA 30-65 60-100 (thermoreversible chemical network) | functional ‘linkers’ — Diels-Alder 18
cycloaddition
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reaction runs at rather low temperatures. Inoue et
al. [18] reported that the Diels-Alder type
crosslinking of properly functionalized PLA yields
good SM properties. Recall that here Tians (= 60—
100°C) is still linked with the T, for PLA. The SM
function was lost when the material was heated to
T ~ 160°C where the retro reaction, disconnecting the
crosslinks, took place. The above strategies are
summarized in Table 1.

2.1.2. T -based systems

In semicrystalline polymers T, is linked with Tizaps.
To use the melting/recrystallization transition instead
of the glass/rubbery one is beneficial since the for-
mer transition is ‘sharper’ (occurring in a smaller
temperature range) and faster than the latter one.
Similar to T,-based SMPs, chemical (covalent or
thermoreversible) or physical crosslinking (through
phase segregated domains), and their combinations,
may be the ‘net points’ which guarantee the perma-
nent shape. The molecular mechanism, underlying
the SM function in Ty,-activated SMPs, is depicted
schematically in Figure 3.

Accordingly, the polymer is heated above its 7}, and
deformed. The deformation induced temporary
shape is fixed by cooling during which crystalliza-
tions takes place. Ty, is never matched with the crys-
tallization temperature (7;) mostly due to the differ-
ently long molecular chains (undercooling effect).
Recovery occurs after heating above 7, followed
by cooling below T.. Figure 3 also highlights that
the initial crystalline structure may be not be com-
pletely restored after the SM cycle. This means a
reduction in the R, value.

Permanent shape

Creation

trans

Temporary shape

Unlike PLA, the ductility of PCL is very high
which predestinates it for SM applications. The T,
and T}, of PCL are at about —50 and 60°C, respec-
tively. In order to make use of its 7}, as Tians PCL
should be crosslinked by a suitable manner. Other-
wise only the chain entanglements serve as net
points. On the other hand, 7}, of PCL is rather high
for many biomedical applications and thus its
reduction is the other major goal of R&D works.

Physical networks

A novel approach was recommended by Luo et al.
[19] to ‘strengthen’ the physical network of PCL
and thus improve its SM performance. The cited
authors prepared inclusion complexes between a-
cyclodextrin and PCL. Through this host-guest
complexation a peculiar physical network has been
created with ‘naked” PCL segments as ‘switches’
and cyclodextrin-PCL inclusion complex domains as
additional net points. A seldom used crosslinking
technique is to create ionic clusters as net points
through incorporation of ionic monomers in the
main chain [20]. They can be, however, easily incor-
porated into polyesters in polycondensation reac-
tions. The ionic aggregates may restrict the crystal-
lization of the main chain or its segments. Conse-
quently, creation of ionomers may be a reasonable
approach to tune Ty of semicrystalline SMPs.

Chemical networks

Permanent crosslinks in PCL were produced by sol-
gel chemistry [21]. The related pathway contained
the alkoxysilane end grouping of an a,w-hydroxyl
terminated PCL, followed by hydrolysis and poly-

Permanent shape

Fixation Recovery after:
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Figure 3. Molecular mechanisms of the thermally-induced SM effect in semicrystalline linear (thermoplastic) and
crosslinked (thermoset) polymers. Note: temporary shape is created by tensile deformation
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condensation reactions of the terminal alkoxysilane
groups. The created chemical crosslinks maintained
the crystallization ability of PCL. The 7}, and crys-
tallization temperature (7;) of PCL were, however,
affected by the crosslinking degree. This is a further
demonstration that manipulation of the net points
may affect the switching phase (and vice versa).
The resulting material showed both one- and two-
way SM behaviors. In a companion paper the same
authors [22] prepared peroxide crosslinked PCL
with different molecular architectures. In this case
the PCL was terminated by methacrylate and cross-
linked in its melt phase. Polyhedral silsesquioxane
(POSS) containing PCL with acrylate end groups
were also synthesized and photocrosslinked. Naren-
dra Kumar et al. [23] elaborated a synthesis route
for producing thermally and magnetically activated
triple-shape memory polymers using methacrylate
end functionalized crystallizable PCL (7}, = 55°C)
and polyethylene glycol (PEG) (T, = 38°C). The
copolymer was cured by peroxide in presence and
absence of silica coated magnetite nanoparticles.
The outcome was a magnetically active SMP. For
programming of the two temporary shapes the
above Ty, values were considered whereby adapting
one- or two-step shape programming procedures.
Peroxide crosslinked poly(propylene sebacate),
synthesized from biorenewable resources, exhibited
a T,y at about 50°C serving as Tians in the SM cycle.
The value of T),, could be tuned by the peroxide
crosslinking and boehmite nanofillers content
yielding a temperature interval between 37 and
51°C, which is close to the body temperature [24].
Schmidt [25] produced thermosets from oligomeric
g-caprolactone dimethacrylate and butyl acrylate by
peroxide crosslinking. Into the network Fe;O4
nanoparticles were also embedded to trigger the SM
function by electromagnetic activation. The mag-
netite particles in this case worked for the ‘remote’
control of the temperature by transforming the elec-
tromagnetic energy to heat. 7}, of the PCL segments
(43-49°C) was selected as Taps.

UV-induced crosslinking is another possibility. &-
caprolactone diol oligomers can easily be converted
into the related dimethacrylates which can be effi-
ciently photocured [26]. During their SM program-
ming Ty, of the PCL segments served as T, The
latter could be changed between 30 and 50°C via
the My of the PCL diol. The photosets showed
excellent SM properties in multiple cycles. Thus,

Re=86-97% and R, = 92-97% data were measured
after the 5™ cycle. Crosslinkable functional groups
may appear as end or side groups, and even in the
main macromolecular chains. Garle ef al. [27] mod-
ified PCL homo- and copolymers by cinnamate
compound. The UV crosslinkable cinnamoyl side
groups resulted in a crosslinked gel content of about
70 wt%. SM transformation was governed by 7y, of
the PCL segments.

The group of Nagata incorporated UV curable moi-
eties directly into the main chain of the related poly-
mers [28-31]. Thus, photocurable, biodegradable
multiblock SMPs were prepared by polycondensa-
tion from PCL diol, PEG and 5-cinnamoyloxyisoph-
thalic acid [28]. The latter compounds acted as UV
crosslinker without any photoinitiator. The semi-
crystalline photosets exhibited 7, ~ —60°C, and Ty,
in the range of 35-47°C. Both Ryand R, values were
reported above 90% when selecting tensile defor-
mation between 100 and 300% and T%yns =37—60°C.
A similar strategy was followed to produce pho-
tocrosslinked PCL [29] and copolymers [30] com-
posed of e-caprolactone and L-lactide whereby incor-
porating coumarin groups in the man chain. The
coumarin compound may participate in reversible
crosslinking depending on the wavelength. Multi-
block copolymers were also synthesized from PCL
diol and PLA diol via polycondensation with cin-
namic acid compound [31]. Again, the latter was
responsible for reversible photocuring that did not
affect the crystallization of PCL but reduced that of
PLA. Choosing Tians = 40—-60°C, tensile elonga-
tions 100-500% and fixing temperature 22°C, R¢
and R, data between 88 and 100% have been meas-
ured. The authors emphasized that reversible pho-
tocrosslinking may be a promising way to produce
light-sensitive SMPs.

Defize and coworkers [32, 33] used the Diels-Alder
reaction to create temporary crosslinks. They synthe-
sized star-shaped PCLs with furan, anthracene and
maleimide end functionalities, respectively. The
resulting SMPs showed excellent R¢ and R, values,
even after 4 cycles, using Tj, of the PCL as Tians
(= 65°C). The outstanding SM behavior was
restored after recycling of the corresponding sys-
tem. Note that recycling means here the onset of the
retro Diels-Alder reaction running at 7> 105°C.
The anthracene end functionalization, instead of
furan, was foreseen to influence the kinetics of the
adduct formation and its temperature stability.
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Apart from peroxide (free radical-induced) and
photocrosslinking, radiation crosslinking methods
can also be adapted. The Zhou and coworkers [34,
35] used y-irradiation to crosslink PCL is presence
and absence of various sensitizers and studied the
SM behavior as a function of radiation dose and
dosage rate. Recovery of the related PCLs were
studied at 7= 56°C. With increasing radiation dose
the recovery temperature could be decreased due to
a similar decrease in Ty,. Introduction of polyfunc-
tional polyester acrylates proved to be suitable
additives to enhance the crosslinking degree of PCL
upon y-irradiation [35].

Copolymers

Copolymerization is the most widely used tech-
nique to control 7}, and also to tune the biodegrad-
ability of polymers. Biobased polyesters composed
of 1,3-propandiol, sebacic acid and itaconic acid in
various ratios showed excellent SM properties after
crosslinking with peroxide. T.ns could be tuned by
the composition between 12 and 54°C [36]. Bacter-
ial synthesis may yield semicrystalline polyhydrox-
yalkanoates of various compositions and various 7,
data. Ishida et al. [37] have shown how a bacterial
PHA, namely poly(3-hydroxyoctanoate-co-3-hydrox-
yundecanoate), can be crosslinked by POSS deriva-
tive making use of UV-assisted thiol-ene coupling.
The thiol compounds were tetrathiol crosslinker
and thiol functionalized POSS. The feasibility of
Diels-Alder coupling was shown on the example of
biodegradable polyester by Ninh and Bettinger
[38]. In this case hyperbranched poly(glycerol-co-
sebacate) with pendant furan groups was coupled
with bifunctional maleimide crosslinker to produce
an elastomeric material. POSS moieties may serve
as crosslinking sites, as well. This material is, how-
ever, owing to its composition not a T,- but a T-
activated one.

‘Graft’ and multiblock copolymers, both in linear
and crosslinked forms, may have excellent SM prop-
erties, as well. Linear, cyano functionalized poly-
norbornene having long PCL side chains showed
good SM properties according to the report of Yang
et al. [39]. This polynorbornene grafted by PCL
along with the cyano groups in the main chain
showed higher ductility and strength than the
unmodified polynorbornene. Moreover, Ty, of the
phase separated PCL could be well used for T in
SM tests.

There are many possibilities to tailor the properties
of SMPs via their block (segmented) architecture.
Polyurethane (PU)-based systems are the most
widely prepared and studied SMPs. Their develop-
ment started in the 1990s by Hayashi, working for
Mitsubishi Heavy Industries in Nagoya, Japan [40],
and they are still in the focus of both industrial and
academic interests [41]. This is, in particular, due to
the highly versatile PU chemistry. The reason why
we are mentioning them here is that the polyols
used for PU synthesis are typically biodegradable
polyester-based. The interested reader might have
already noticed that the e-caprolactone chemistry
plays an important role in the reported polyester-
related SMPs. PCL diols are traditional building
blocks of PUs. Recently e-caprolactone based oligo-
mers with various molecular architectures became
platform chemicals for PU and polyester syntheses
[42]. The interest behind this development is due to
the complete biodegradability, low T, and relatively
low Ti, of PCL. PCL-based PUs are segmented poly-
mers with excellent SM behaviors. The reaction of
diisocyanate with low My, diol chain extenders yields
the ‘hard’, whereas the PCL chains give the ‘soft’
segments. Pioneering work in this field should be
credited to Kim et al. [43]. It is generally accepted
that the exceptional shape memory behavior of such
PUs is related to their phase segregated morphol-
ogy. For thermoplastic version the hard phase is
responsible for memorizing the permanent, whereas
the soft one for the temporary shape and its fixing
[41, 43, 44]. As a consequence, Tians 1 linked to the
T of PCL. In crosslinked PUs, the crosslinked net-
work guarantees the permanent shape and thus tran-
sitions related to the hard phase may also be
involved in SM programming. The research on SM
PUs has many similarities with that on SM poly-
esters. Peculiar attention was paid at the copolymer
architecture. Enormous efforts have been dedicated
to modify both soft and hard phases in order to
improve the SM performance of both linear and
crosslinked PU-based SMPs. For example, triple
shape memory PU systems were produced recently
by generating intermolecular H-bonds between car-
boxyl groups of the related PU chains and pyridine
rings of cholesteryl isonicotinate mesogenic units.
The SP PU itself contained PCL diol and thus one
of the switch temperatures was the 7, of PCL. The
other switch phase, having ca. 10°C higher temper-
ature than 7}, of PCL, was given by the domains
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hold together by H-bonding. The R¢ and R, data of
the latter was lower than those triggered by T, of
the PCL [45]. Note that this concept falls into the
category of supramolecular assembly — see later.
Relevant strategies followed for 7j,-based SMPs
are listed in Table 2.

2.2. Supramolecular architecturing
Supramolecular structures are scaled above molec-
ular level. Their constituents may be highly differ-

ent nano- and micronsized entities, domains. The
related structures involve nanodimensional molecu-
lar ‘strings’ (in some interpenetrating networks
(IPNs)), disperse or continuous phases in microme-
ter range and even processing-induced higher order
structures (skin-core or multilayer structures). The
SM function of the related systems is further on 7,-
or Ty-based. Scheme of the morphology of the
related SMPs is given in Figure 4. The authors have
to underline here that the above definition differs

Table 2. Selected concepts and their realization for 7,-based SM biodegradable polyesters. Designation: — not reported

Material, Temporary shape, ‘switching Permanent shape, ‘fixing’ N
composition Tm Tirans network. net points Concept, realization Reference
P °Cl °’Cl e
= - - - -
PCL 59 90 entanglements .1nclu510n host-guest .co.mplexa.tlon with 19
complexes (physical network) |cyclodextrin in solution
Poly(oxyethylene- .o . . .
+
block-butylene 36-42 40 E:n}tlar;gizir;e;ii o 11())n1c clusters 1(202‘(1)&;,:(106(1)1[;2;}3;1& formation via 20
adipate) phy poly
crosslinking of suitable end group
PCL 25.57 T, +40 permapent crosslinks functl‘onallzed PCLs.through sol-gel 21,22
(chemical network) chemistry and peroxide. Preparation
of 1W- and 2W-SMPs
conetwork formation using acrylate
permanent crosslinks — functionalized PCL and PEG. PCL
20-40 (PE . PE t 1lizabl
PCL 0-40 (PEG), 40 and 70  |peroxide induced and . G segments crystallizable and 23
>50 (PCL) . exploited for triple-shape memory
(chemical network) . .
function — triggered thermally and
magnetically
pemmn ok ekl pinon
PCL 46-56 70 free radical induced activate dr[},/ inéo §ration 0}; Fe:O 25
(chemical network) oY P Ehe
nanoparticles
permanent crosslinks — crosslinking of oligo(e-caprolactone)
PCL 44-55 70 UV irradiation dimethacrylate in presence and 26
(chemical network) absence of photoinitiator
caprolactone functionalized with
permanent crosslinks by UV | cinnamate group; random and block
PCL 29-55 60 irradiation without initiator copolymers synthesized; 7y, tuning by 27
(chemical network) Myy of the caprolactone segments built
in the network
permanent or temporary crosslinking by photosensitive groups,
PCL, PCL-LLA 3547 37-60 crosslinks by UV irradiation | covalently built in by 28-31
(chemical network) polycondensation
. Diels-Alder reaction of star-shape
temporary crosslinks PCL with furan and maleimide
PCL 44 65 (thermoreversible chemical . 32,33
groups, effect of retro reaction on SM
network) . .
properties studied
permanent crosslinks — crosslinking by high energy
PCL 55-56 52-55 v-irradiation irradiation, also in presence of 34,35
(chemical network) multifunctional sensitizer
Poly(propylene permanent crosslinks — . .
sebacate) 42-54 Tm+20 peroxide induced Tf" dep.ressmn by pqucondensatlon 36
. via varied composition
copolymers (chemical network)
depends on the
actual 7y, of . . L
SM PUs of the T reduction via crystallization in
dlfferen.t . erystallizing broad range dlfferf:nt physical and conﬁnefi space, My chan.ge of the 41,4345
compositions and segment above Ty, | chemical networks crystallizable diols, multiblock and
structures (PLA-, supramolecular architectures...
PCL-based)
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Figure 4. Scheme of the morphology changes during thermally-induced SM cycles in thermoplastic blends, semi and full
IPN structures, respectively. Note: temporary shape is created by tensile deformation

from that one often used for supramolecular materi-
als and supramolecular chemistry. Supramolecular
chemistry deals with compounds with non-covalent
bonds and interactions. Recall that our above classi-
fication covers a much broader range than that one
of supramolecular chemistry.

2.2.1. Blends

Because PLA is highly brittle, it has been blended
with numerous polymers to improve its toughness.
A ‘byproduct’ of this research was the observation
that some blends, in fact, showed SM feature. Lai
and Lam [46] studied the SM performance of PLA/
thermoplastic PU (TPU) blends at 70/30 and 50/50
compositions. TPU was found in dispersed form at
70/30 ratio, while a bicontinuous phase structure was
concluded for the PLA/PU = 50/50. After deform-
ing the specimens at Ty = 25, 80 and 120°C, the
recovery was assessed in the temperature range 7' =
20 to 160°C. Note that the selected Tians data are
below and above of the 7, of the PLA (ca. 80°C).
Ry, R, and the recovery stress strongly depended on
Tirans and recovery temperatures. With increasing
Tiwans Rf increased while an adverse trend was
observed for R,. Zhang et al. [47] demonstrated SM

behavior for PLA toughened by a polyamide-12
based elastomer, which was incorporated up to
30 wt%. For Tyans of the tensile loaded specimens
room temperature was selected, which is in between
the 7, of the polyamide elastomer (7, ~—-50°C) and
that of the PLA (7, = 75°C). Recovery was trig-
gered at temperatures above the T, of PLA. TPU
elastomer (7, ~ —35°C) was blended with PLA in
10 wt% with and without multiwall carbon nano-
tubes (MWCNT) after various surface treatments
[48]. The latter was introduced in 10 wt% to achieve
electroresponsive SM. For temporary shaping 7, of
PLA was considered. R, decreased with increasing
number of the electroactivated thermal cycles. This
was attributed to the formation of ‘frozen in’ crys-
tals in the dispersed PLA phase. PLA/PCL blends in
the compositions range of 100/0 to 60/40 were pro-
duced with and without additional MWCNT by
Amirian et al. [49]. The phase segregated blends
exhibited two T, and two Ty, values. The latter
increased with increasing amount of MWCNT. For
Tirans = To(PLA) + 15°C, while for shape fixing
To(PLA) —15°C were chosen. R, was measured at
T =70°C where the melting of PCL is also involved.
As a consequence, both Rf and R, decreased with
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increasing PCL content of the blends. Ry was mar-
ginally affected, while R, went through a maximum
as a function of the MWCNT content (0-3 wt%)
during the tensile deformation SM tests. PCL worked
as efficient switching phase also in styrenic thermo-
plastic rubbers, such as styrene-butadiene-styrene
block copolymer [50]. Ry increased steeply before
leveling off above 30 wt% PCL content. An oppo-
site tendency, almost a mirrored picture of the Ry
course, was found for R, as a function of the PCL
content that was varied in the whole composition
range. This behavior was traced to the actual mor-
phology of the blends. As long as the thermoplastic
rubber phase remained continuous excellent Ry and
R, data were measured.

Crosslinking is a useful tool to improve the SM
behavior as already quoted. This technique has been
adapted for PLA/PEG blends investigated in the
range of 100/0 to 70/30. Crosslinking occurred by
adding blocked polyisocyanate. T, of the amorphous
phase, composed of both PLA and PEG, served to
select the Tians. Both Rpand R, increased with increas-
ing amount of the polyisocyanate crosslinker. The
crosslinking reduced also the recovery time of the
corresponding blends [51].

The above treatise makes clear that acceptable SM
properties can be achieved mostly by blend with
bicontinuous phase structure (cf. Figure 4). The sta-
bilization of the latter is, however, very challeng-
ing. It is the right place to mention that to distin-
guish between thermoset-containing semi [PN and
IPN systems the term bicontinuous was used for
thermoplastic blends.

2.2.2. Processing-induced structure

Radjabian et al. [52] used spun PLA filament,
wound in helical form, for SM testing. The filament
itself has a complex processing-induced supramole-
cular structure which does not change in the SM
cycle. Thus, R, did not change with Tins (70-90°C),
but remained still modest (~50%). By contrast, Ry
deceased with increasing Tians. Wang et al. [53]
reinforced PLACL by in situ produced micro- and
nanofibers from poly(glycolic acid) (PGA). The
authors generated the PGA fibers in PLACL through
in line extrusion stretching. Note that this method
basically follows the microfibrillar composite con-
cept of Fakirov ([54] and references therein). The
lactide/lactone ratio of 82/18 resulted in an amor-
phous PLACL with a 7, of 22°C. For the temporary

shape Tians = Ty + 15°C, and for its fixing T'=
T, — 15°C were selected. The PGA phase supported
both shape fixing (restraining the molecular chain
movement) and recovery (acting as additional net
points).

Du et al. [55] investigated effects of layered archi-
tecture and blend morphology on the SM behavior
using TPU and PCL. The TPU/PCL ratios set were
75/25, 50/50 and 25/75, respectively. The layered
structure was achieved by a special multilayer coex-
trusion technique. The layer thickness varied with
the composition ratio whereby keeping the number
of layers and the overall thickness of the multilayer
film as constants. 7, of PCL served as Tirans
(= 70°C) during shape creation that was fixed at 7' =
21°C. Ry of the multilayer film was the higher the
lower its PCL content was, and it changed as a func-
tion of the thermomechanical cycles only margin-
ally. The TPU/PCL blend at 50/50 ratio outperformed
the multilayer film with respect to Ry at the same
PCL content. On the other hand, all other blends
showed inferior Ry data to the multilayer film.

2.2.3. Supramolecular networks

Combination of crosslinkable resins with linear and
crosslinkable biodegradable polyesters may result
in various structures. Micron-scaled dispersion of
the linear polyester in a crosslinked thermoset sys-
tem is the usual prerequisite of toughness improve-
ment of the latter. The dispersion is generated by
phase separation upon curing. Such systems may
show SM properties though this is not yet reported
for systems with biodegradable polyesters. Far more
interesting are, however, those systems which fea-
ture conetwork, semi interpenetrating (semi IPN)
and full IPN structures.

Conetworks

Conetworks are chemically crosslinked networks in
which none of the constituents forms a continuous
phase. In ideal case the conetwork is on molecular
level. Its formation is, however, often accompanied
with ‘homocrosslinking” and the related domains
are on supramolecular level. That is the reason why
we are treating them here. Conetworks differ
markedly from the grafted IPN structure in which
both phases are continuous and chemically coupled.
Li et al. [56] prepared conetwork structured ther-
mosets by the peroxide induced copolymerization
of methyl methacrylate and PCL dimethacrylate.
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The poly(methyl methacrylate)/CL ratio was varied
between 80/20 and 20/80. The related systems
exhibited a single 7, that changed as a function of
composition in a broad range (7, = 110...-20°C).
The broad T, relaxation may be used to memorize
multiple shapes via careful programming. The
authors showed that the related conetwork may
show quadruple SM, i.e. ‘remembering’ to three
temporary shapes. The prerequisite for that is that
the energy stored in the partitioned 7, range during
temporary shaping should be sufficient enough for
shape fixing during cooling. Erden and Jana [57]
modified SM PU with polybenzoxazine. The pre-
cured benzoxazine with its phenolic hydroxyl
groups can react with the polyisocyanate whereby
forming a conetwork with the polyurethane. Poly-
benzoxazine appeared in the PU matrix in phase
segregated nanoscale domains. They can be treated
as net points of a second fixing phase in addition to
the hard segments of the PU. Cocrosslinking with
benzoxazine shifted the 7, of the corresponding
systems toward higher temperatures. At the same
time the recovery stress was doubled compared to
that of the reference PU. Enhancing the recovery
stress is a very actual research direction to meet the
demand of sensors and actuators.

Epoxy (EP)-PCL conetworks were produced by
Liitzen et al. [58]. Crystalline PCL domains, over-
taking the role of ‘switch’ phase, were covalently
integrated into the cationically polymerized EP net-
work. The EP/PCL ratio has been varied between
85/15 and 60/40. After deformation at Tians = 70°C
and fixing at 7= 20°C, R¢of 100% was measured.

Semi interpenetrating networks (semi IPNs)

Unlike conetworks, semi IPNs are composed of two
continuous phases from which one is of thermo-
plastic nature. It is intuitive that the related entan-
gled structure should contribute to the onset of SM
properties. This was confirmed recently [59]. It is
worth noting that entangling of the phases in semi
and full IPN structures is never on molecular level
though the materials may feature one single 7, [60].
‘Full’ IPN denotes that both constituent continuous
phases are crosslinked polymers. Semi IPNs may not
only have SM, but also self healing properties.
Though the term ‘shape memory assisted self heal-
ing’” was coined by the Rodriguez ef al. [61], the
concept should be credited to Karger-Kocsis as
quoted by Yuan et al. [62].

The group of Rodriguez et al. [61] produced semi
IPNs containing high Mw PCL as thermoplastic and
tetrathiol crosslinked low My PCL diacrylate as
thermoset phase. The linear/network PCL ratio was
studied between 0/100 and 80/20. At 200% tensile
deformation Ry increased slightly, whereas R;
decreased sharply with increasing amount of the
thermoplastic PCL. Self healing was demonstrated
on partially broken double edge notched tensile
loaded specimens making use of the essential work
of fracture protocol [63]. Healing happened by wet-
ting, diffusion and randomization of the linear PCL
component above its Ty, viz at 7= 80°C.

Quasi semi IPN structure can be produced by other
ways. Such a structure is given when electrospun
PCL nanofiber mat is infiltrated by EP followed by
curing of the latter. This material showed triple
shape behavior. For setting the two temporary shapes
T, of PCL and T, of EP served. T, of EP was below
the 7}, of PCL [64]. Fej6s et al. [65] not only con-
firmed this concept on the same material combina-
tion but compared the SM behavior with that of a
‘real’ semi IPN structured EP/PCL at the same com-
position (cf. Figure 5). The latter was generated in
one-pot synthesis via phase segregation. The stor-
age modulus vs temperature traces of the PCL
nanoweb containing EP and semi IPN structured
EP/PCL were similar (cf. Figure 6). The dynamic
mechanical analysis (DMA) traces clearly show
that both EP systems have a bicontinuous phase
structure because their storage moduli do not drop
at the T, of EP which would happen for PCL dis-
persed in the EP matrix. Instead of that, the moduli

Figure 5. Etched (with methylene chloride) fracture surface
of EP/PCL (= 77/23 wt%) displaying a semi IPN
structure. Note: the lacy structure is due to the
partially removed PCL phase
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Figure 6. DMA traces (storage modulus vs temperature) of
the EP with electrospun PCL nanoweb, semi IPN
structured EP/PCL and the constituting PCL and
EP. Notes: the PCL content in the EP/PCL combi-
nations was 23 wt%.

run in between those of the PCL and EP. The SM
properties of the EP/PCL with semi IPN structure
were somewhat better than that with the electrospun
PCL nanofiber mat. Note that the above semi IPN
version should have self healing activity, which
was, however, not yet tested.

Interpenetrating networks (IPNs)

Full IPN structured thermosets are also suitable
SMP systems. It was shown by Zhang et al. [66].
The IPN structure was composed of crosslinked PU
(PLGA-based diol crosslinked by polyisocyanate)
and crosslinked PEG dimethacrylate (cured by UV
irradiation). The content of the latter was varied
between 0 and 50 wt%. The IPNs were amorphous
and exhibited a rather broad 7}, range (7, between —23
and 63°C) that served for selection of 7i,,s. Both Ry
and R, data were reported over 93%. Kanazawa and
Kawano filed a patent on electron beam crosslinked
PLA/polystyrene having semi IPN or full IPN
structures [67].

3. Two-way SMP (2W-SMP)

The 2W effect in bulk SMPs is linked with the pres-
ence of a reversible melting/crystallization switch-
ing segment. Accordingly, for 2W-SMPs Tians = Trn.
This is, however, only a necessary but not sufficient
prerequisite. 2W-SMPs exhibit two distinct features
compared to 1W-SMPs. First, the shape change
occurs between two temporary ones. Second, to trig-
ger the reversible shape change a certain stress should
be steadily maintained. The preoriented chain seg-

T

m

T ‘ETT?T

Deformation

Figure 7. Single and multiple SM cycles of 2W-SMPs in 3D
plots, schematically. Note that reversible shape
change occurs between two temporary shapes
whereby maintaining the stress.

ments crystallize upon cooling. This extends the
specimen due to the crystallization heat released.
Upon heating, the crystallites melt and the material
contracts, shrinks. It is obvious that in order to meet
the requirement, viz to return in the initial tempo-
rary shape during heating, the related structure
should be crosslinked. In a linear system namely
viscous flow would occur excluding the SM func-
tion. This, 2W-SMPs possess crosslinked (co)net-
works. During their design the network deformabil-
ity should be adjusted to the deformation (in this
case stress)-induced crystallization capability of the
switch segments. This means that the My of the
switching phase should be higher than that of the
mean My between crosslinks. The SM cycle of a
2W-SMP is given in Figure 7. PCL-based 2W-SMPs
were already produced and tested by Pandini and
coworkers [21, 22].

Recently, another strategy was proposed to produce
2W-SM polymers. Behl et al. [68] suggested that
creation of a special molecular conetwork (skele-
ton) containing reversible crystallizing/melting seg-
ments can overtake the job of external stress. Impor-
tant prerequisites of this strategy are: presence of
nanoscaled crystalline domains which are kept
aligned by the skeleton network (thereby overtak-
ing the role of external loading) and a broad melting
range of the related crystallites. In the reversible
shape change, i.e. extension upon cooling and con-
traction upon heating, only a given population of
these crystals takes part. The concept has been
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proven also for a conetwork composed of crys-
talline PCL (exhibiting a very broad melting range)
and poly(n-butyl acrylate) having the necessary
elasticity.

4. Conclusions

Biodegradable polyester-based SMPs are mostly
used in and developed for applications in the human
body (surgical sutures, catheters and stents). That is
the reason why many R&D works addressed the
adjustment of T, related to Tpy, or Ty, respectively,
to the body temperature. The other aspect, usually
covered in the related research, is the biodegradabil-
ity. Note that the SM characteristics are markedly
reduced with the degradation time. This was shown
on example of PCL-based systems degraded in vitro
[69]. Tirans adjustment to body temperature and con-
trolled biodegradability will remain preferred
research topics further on [70]. Research on the SM
behavior of bacterially synthesized aliphatic poly-
esters will be intensified.

There are, however, some general trends with SMPs.
Nowadays considerable research efforts are under-
taken to produce 1W multi-shape and 2W-SMP sys-
tems. Besides, ensuring multi-functionality (such as
shape memory combined with self healing) become
an emerging issue. Instead of direct thermal, many
works are in progress to trigger the SM function by
indirect heating via electric and magnetic fields.
For this purpose suitable inorganic nanofillers are
incorporated. The possibility of remote actuation
will be extended for the SM performance of nanos-
tructures such as electrospun nanofiber structures
[71]. Chemically-induced SM functions, especially
those triggered by water swelling and dissolution,
will be investigated. SM hybrid composites will
become under spot of interest [72]. Apart from exper-
imental works, modeling and simulation studies
will be increasingly performed. From the viewpoint
of (supra)molecular design the following tenden-
cies can be predicted:

Linear SMPs: creation of additional physical cross-
links through host-guest complexation and ionic
clustering. For their realization researcher will adapt
achievements from other fields, for example for
ionic clustering the works on solid electrolytes may
show the right directions [73]. Further attempts will
be made to stabilize the bicontinuous structures of
blends by adding nanofillers, polymeric coupling

agents and even by selective crosslinking. Note that
the latter means a transition toward semi IPN.
Crosslinked SMPs: conetworks, semi and full IPNs
will become under spot of interest. They offer many
benefits, such as enhanced recovery stress, broad T,
range, multiple 7, relaxations or 7}, values (impor-
tant for multi-shape programming). The non-poly-
ester compounds in these crosslinked networks will
be derived from renewable resources. So, petro-
based EP will be replaced by epoxy functionalized
plant oils [74]. Exploring various reversible cross-
linking mechanisms, known under the heading of
‘click chemistry’, seems to be a very promising
route.
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Hyperbranched polysiloxane functionalized graphene oxide
for dicyclopentadiene bisphenol dicyanate ester
nanocomposites with high performance
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Abstract. We report an efficient and novel method to functionalize graphene oxide (GO) with hyperbranched polysiloxane
and successfully compound them with dicyclopentadiene bisphenol dicyanate ester (DCPDCE) to prepare nanocomposites.
X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectra (FT-IR) were employed to examine the sur-
face functionalization of GO. The effects of functionalized GO on the curing reaction, mechanical, dielectric and thermal
properties of DCPDCE resin were investigated systematically. Results of DSC show that the addition of modified GO can
facilitate the curing reaction of DCPDCE and decrease the curing temperature of DCPDCE. Compared with pure DCPDCE
resin, the impact and flexural strengths of the nanocomposite materials are improved markedly with up to 66 and 50%
increasing magnitude, respectively. Meanwhile, the modified GO/DCPDCE systems exhibit lower dielectric constant and
loss than pure DCPDCE resin over the testing frequency from 10 to 60 MHz. In addition, the thermal stability and moisture

resistance of modified GO/DCPDCE nanocomposties are also superior to that of pure DCPDCE resin.

Keywords: nanocomposites, graphene oxide, cyanate ester, mechanical properties, dielectric properties

1. Introduction

Cyanate ester resin has been regarded as the candi-
date with the great competition to fabricate advanced
functional/structural materials for electronic and
aerospace industries due to its excellent integral
properties, such as outstanding mechanical proper-
ties, good molding workability as well as outstanding
dielectric properties, etc. [1-3]. Unfortunately, like
most thermosetting resins, the biggest shortcoming
of cyanate ester resin is its brittleness, which is the
major disadvantage to restrict further expansion into
the advanced industrial applications. Therefore, the
potential applications as cost-effective replacement
of engineering polymers by composite materials
based on cyanate ester resin have attracted consider-
able attention and has been widely investigated. To

*Corresponding author, e-mail: Hongxiayan@nwpu.edu.cn
© BME-PT

improve the toughness, several methods have been
developed to modify cyanate ester resins, such as
polymer blending [4, 5], filling with mineral fillers
[6, 7] and fiber reinforcement [8]. The advantage of
these methods is that the fracture toughness can be
improved dramatically. However, it is found to be
difficult to obtain a resin system with both good
mechanical and dielectric properties; in other words,
the improvement of mechanical properties is gener-
ally accompanied by a decrease the other properties
of the original cyanate ester resin. Therefore, there is
a great interest to develop a new method to overcome
the key shortcomings of original cyanate ester resin
at the same time without deteriorating its original
outstanding properties including excellent thermal
property, dielectric property and moisture resistance.
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Graphene, which is recognized as one of the strongest
materials in the world, has generated much excite-
ment among materials scientists due to its unique
physical, chemical, and mechanical properties [9,
10]. Polymer/graphene nanocomposites have been
intensively studied in the recent years with the aim
to obtain high-performance materials [11-17]. How-
ever, pristine graphene is not quite ready for using
as a filler due to the strong tendency of the mono-
layer graphene sheet to form irreversible agglomer-
ates into monolayer graphite through strong n-n
stacking and van der Waals interaction. Poor dis-
persability in most common organic polymers has
been a hurdle in the way of exploitation [18]. There-
fore, processing and dispersion of graphene in the
polymeric hosts constitute the main challenge to
use it in nanocomposites, the control of the interfa-
cial interaction being crucial [19-21].

Hyperbranched polymers are special kinds of poly-
mers with highly branched structure, they have
good solubility, low melt viscosity, and extremely
high density of functional groups, so they can be
utilized advantageously as surface modifiers [22].
Anchoring the hyperbranched polymers on the sil-
ica nanoparticles [23] and carbon nanotubes [24]
has been studied for improving solubility of the
inorganic materials, and the obtained hybrid nano-
particles exhibited some novel properties. Among
reported hyperbranched polymers so far, hyper-
branched polysiloxanes are beginning to attract
interests as new organic inorganic hybrid materials
because they combine the unique chemical structure
of polysiloxane and hyperbranched topology struc-
ture, and thus possess low viscosity, high reactivity,
low surface energy and interface tension [25, 26].
Gu’s group [27-29] investigated the effects of hyper-
branched polysiloxane on the properties of cyanate
ester resin, and the results show that hyperbranched
polysiloxane has good compatibility with cyanate
ester matrix and the incorporation of hyperbranched
polysiloxane in cyanate ester leads to an obvious
improvement in the mechanical and thermal proper-
ties. In order to develop graphene-based cyanate
ester nanocomposites with high performance, hyper-
branched polysiloxane functionalized graphene
oxide (GO) can be a useful method for achieving
homogeneous dispersion of GO sheets in polymeric
matrix because the hyperbranched polysiloxane can
offer stronger interactions between matrix and GO
by covalent linkage. In this paper, we propose a

facile method to modify dicyclopentadiene bisphe-
nol dicyanate ester by introducing GO functional-
ized by a hyperbranched polysiloxane which con-
tains active —C=CH, groups, expecting dispersal of
GO in dicyclopentadiene bisphenol dicyanate ester
resins. The effects of functionalized GO on the cur-
ing reaction, mechanical, dielectric and thermal
properties of dicyclopentadiene bisphenol dicyanate
ester resins were investigated to develop high per-
formance materials.

2. Experimental

2.1. Reagents and materials

The GO nanosheets were produced from natural
graphite flakes by the modified Hummers’s method
[30]. Dicyclopentadiene bisphenol dicyanate ester
(DCPDCE, >99% pure) was purchased from Jiangdu
Wugiao Resin Plant (Jiangsu, China), the structure
of DCPDCE was shown in Figure 1. Methylbis
(dimethylallylsiloxy)silane was prepared according
to the literature [31]. Vinyltriethoxysilane was pur-
chased from Jingzhou Jianghan Fine Chemical Co.
Ltd (Hubei, China). Platinum-carbon catalyst (Pt/C)
was purchased from Shaanxi Kaida Chemical Engi-
neering Co. Ltd (Shaanxi, China). Ethanol, carbon
tetrachloride and hydrochloric acid (HCI) were pur-
chased form Tianjin Fuyu Fine Chemical Co. Ltd
(Hebei, China). Acetone was purchased from Tian-
jin Ruijinte Chemicals Co., Ltd (Tianjin, China).
Distilled water was produced by our laboratory.
Other reagents were all commercial products with
analysis grades.

- Sldoloo-

Figure 1. The structure of DCPDCE

2.2. Preparation of vinyltriethoxysilane
grafted GO

GO nanosheets (1.0 g), vinyltriethoxysilane
(10.0 mL), ethanol (95%, 100 mL) and distilled water
(15.0 mL) were combined in a glass beaker. HCI
(0.1 mol/L) was slowly dropped into the glass
breaker with stirring to adjust the pH value to 3~4.
Then the mixture was dispersed through ultrasoni-
cation for 2 h. After that, the solution was trans-
ferred into a 250 mL three-neck round-bottom flask
equipped with a mechanical stirrer, reflux-con-
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Figure 2. The synthesis route of vinyltriethoxysilane grafted GO

denser and thermometer. Then the mixture was
heated to 60~70°C and held for about 5 h. The syn-
thetic route was shown in Figure 2. After the reac-
tion, the mixture was filtrated and washed with ace-
tone to remove the unreacted vinyltriethoxysilane.
Finally, the resulting product was collected and
dried in a vacuum oven at 50°C for 12 h.

2.3. Preparation of hyperbranched
polysiloxane functionalized graphene
oxide (HBPGO)

In a four-neck round-bottom flask holding a nitro-

gen inlet, mechanical stirrer, reflux-condenser, con-

stant-pressure funnel and thermometer, vinyltri-
ethoxysilane grafted GO (0.2 g), Pt/C catalyst (6 mg)
and carbon tetrachloride (100 mL) were added. At
25°C, the methylbis(dimethylallylsiloxy) silane

(1.0 g) was slowly dropped into the flask through

the constant-pressure funnel. The reaction mass was

then slowly heated to 50°C at which the reaction
continued for 5 h. The synthetic route was shown in

Figure 3. After the reaction, the product was filtered

and washed with copious amounts of ethanol (95%).

Finally, the resulting product was collected and

dried in a vacuum oven at 50°C for 24 h before use.
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Figure 3. The synthesis route of HBPGO

2.4. Preparation of HBPGO/DCPDCE
nanocomposites
The DCPDCE was heated to 100°C in a glass beaker
and kept at this constant temperature until melting.
The appropriate amount of HBPGO was then care-
fully mixed with the melted DCPDCE using a
mechanical high shear dispersion process. The mix-
ture, consisting of prepolymer and HBPGO, was
heated to 140°C in an oil bath and kept at this tem-
perature for 15~20 min with stirring. Then the mix-
ture was put into a preheated mold with release
agent followed by degassing at 140°C for 1 h in a
vacuum oven. After that, the mixture was cured and
post-cured via the procedures of 160°C/1h +
180°C/1 h +200°C/2 h +220°C/2 h and 240°C/2 h,
respectively. Finally, the mold was cooled to room
temperature and demolded to get the samples of
HBPGO/DCPDCE systems.
The samples of pure DCPDCE resin were prepared
in the same manner as above. All samples were
dried at 120°C under vacuum for 6 h and kept in a
dry environment prior to testing.

2.5. Characterization

Fourier Transform Infrared (FTIR) spectrum was
recorded between 400 and 4000 cm™! with a resolu-
tion of 2 cm™! on a Nicolet FTIR 5700 spectrometer
(USA). The samples were mixed with potassium
bromide (KBr) powder, to form the homogeneous
mixtures using a grinder, and then the mixtures
were compression moulded at 10 bar pressure to
make a thin disc for the test.

X-ray photo-electron spectroscopy (XPS, Thermal
Scientific K-Alpha XPS spectrometer) was used to
investigate the surface elemental composition of
GO and HBPGO. The analysis was performed under
1027 Torr vacuum with an AlKa X-ray source using
a power of 200 W.

Transmission electron microscopic (TEM) images
were obtained by a HITACHIS-600 (Japan) trans-
mission electron microscope operating at 200 kV.
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For TEM samples preparation, GO and HBPGO
were dispersed in ethanol and chloroform, respec-
tively. The dispersions of GO/ethanol and HBPGO/
chloroform were dropped on a copper grid for TEM
imaging, respectively.

Gel time was measured on a temperature-controlled
hot plate by the standard knife method, the time
required for the resin to stop legging and becomes
elastic is recorded as the gel time.

Differential scanning calorimetry (DSC, MDSC2910,
TA Instruments) experiments were performed at a
heating rate of 5°C/min in a nitrogen atmosphere,
heating from 25-350°C.

Impact strength was determined according to GB/T
2571-1995. Samples were cut into strips of
(50£0.02)x(7£0.02)*(4+0.02) mm> by a cutting
machine. The impact strength tests were performed
using a Charpy impact machine tester (XCJ-L,
China). Five samples were tested for each composi-
tion, and the results are presented as an average for
tested samples.

Flexural strength was measured according to GB/T
2570-1995. Samples were cut into strips of
(80+0.02)%(10+0.02)x(4+0.02) mm?. The flexural
tests were performed using an electronic universal
testing machine (RIGER-20, China) at a crosshead
speed of 2 mm-min~'. Five samples were tested for
each composition, and the results are presented as
an average for tested samples.

Scanning electron micrographs (SEM) were per-
formed on a HITACHIS-570 instrument. For SEM
samples preparation, the fracture surface of the spec-
imens was sputtered with a thin layer (about 10 nm)
of gold by vapor deposition on a stainless steel stub
using a vacuum sputter coater.
Thermogravimetrical analysis (TGA) tests were
performed by using Perkin Elmer TGA-7 (USA) at

400.0 k
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250.0 k4
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Figure 4. Board scan XPS spectra of GO (a) and HBPGO (b)

a heating rate of 10°C/min in a nitrogen atmosphere
from 25 to 800°C.

The dielectric constant and loss factor were meas-
ured by a high frequency QBG-3 Gauger and a
S914 dielectric loss test set (China) at the frequency
range from 10 to 60 MHz. The sample dimension was
(25+0.02)x(25+0.02)x(3+0.02) mm?. For each con-
dition, five samples were tested the data was aver-
aged.

The water absorption of a sample was determined
by swelling the sample in distilled water for 48 h at
100°C. The sample dimension was (10+0.02)x
(10£0.02)x(3+0.02) mm?>. The percentage of water
absorbed by the specimen is calculated using equa-
tion. Percentage of water absorption = (w, — wy)/wy.
Where w is the initial weight of the sample and w,
is the weight of the sample after immersion in water
for 48 h at 100°C.

3. Results and discussions

3.1. Characteristics of HBPGO

X-ray photoelectron spectroscopy (XPS) is used for
the investigation of elementary composition on the
surface of the GO and HBPGO. Figures 4a and 4b
show the board scan XPS spectra of the GO and
HBPGO, respectively. Table 1 lists the elementary
composition of HBPGO. Compared the board scan
XPS spectrum of the GO (Figure 4a) with that of
HBPGO (Figure 4b), successful grafting of the hyper-
branched polysiloxane onto the GO can be con-
firmed due to the detection of silicon (Si) element.
The Si element only derives from the hyperbranched
polysiloxane, the C element and the O element derive
from both the HBPGO and the GO.

Further evidence on the successful grafting of the
hyperbranched polysiloxane onto the GO and the
covalent bonding between the GO and the hyper-
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branched polysiloxane chains can be demonstrated
by FTIR spectra, as shown in Figure 5. Compared

Table 1. Elementary composition of HBPGO

Bonding energy Atom composition
Element Peak
[eV] [%%]
C 285.15 Is 40.78
(0] 532.85 Is 40.97
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Figure 5. FTIR spectra of GO (a), vinyltriethoxysilane
grafted GO (b) and HBPGO (c)

the FTIR spectrum of the GO with that of HBPGO,
significant changes in the range of 3500 to 500 cm™!
can be observed, which indicates the occurrence of
chemical reaction. The details are discussed as fol-
lows.

Figure 5a shows the FTIR spectrum of the GO.
Intense absorption peak at 3421 cm™! represents
hydroxyl (~OH) groups, and the strong intensity
may be affected by the absorbed water molecules.
Peaks at 1626, 1055 and 1737.79 cm™! are gener-
ated by C=C, C-0O and C=0 vibrations, respec-
tively. Peaks at 864 and 1250 cm™! are generated by
bending and stretching vibrations of epoxy groups.
Therefore, it can be concluded that the oxygen-con-
taining functional groups of GO mainly are hydroxyl,
epoxy and carboxyl groups. In the case of vinyltri-
ethoxysilane grafted GO, as seen in Figure 5b, the
peaks at around 3424, 1737 and 1622 cm™!, which
are assigned to —OH, C=0 and C=C, respectively,
continue to be observed, and peaks at 1254 and
909 cm™! are generated by bending and stretching
vibrations of epoxy groups. New peaks at 1130 and
1564 cm™!, are assigned to Si-O—C and Si—-C=C
vibrations, respectively and are clearly visible.
After the grafting of the hyperbranched monomers
on the surface of vinyltriethoxysilane grafted GO,
an obvious change can be observed in the FTIR
spectrum as shown in Figure 5c, a new peak is found
at 1041 cm™!, which is ascribed to Si-O-Si vibra-
tion. These results provide an evidence of the suc-
cessful covalent grafting of the hyperbranched
polysiloxane onto the GO through the chemical
reaction.

The nanosheets morphology of GO and HBPGO
were investigated by TEM imaging as displayed in
Figure 6. TEM analysis (Figure 6a) shows that the
GO nanosheets are very thin and have some wrin-
kles and folded regions, and the surface of the GO
nanosheets is fairly smooth, which is consistent with
the morphology typically reported in the literature
[32, 33, 17, 37]. In contrast, HBPGO (Figure 6b)
exhibits a different morphology. Compared with
GO, the nanosheets of HBPGO become less trans-
parent, and some black regions on the surface of
HBPGO can be observed. The black regions of
HBPGO can be attributed to the hyperbranched
polysiloxane layer attached onto the GO surface
from both sides.

417



Zhang et al. — eXPRESS Polymer Letters Vol.8, No.6 (2014) 413—424

Figure 6. TEM images of GO (a) and HBPGO (b)

3.2. Curing behavior of HBPGO/DCPDCE
system

Gel time is generally used to evaluate the curing
behavior of a resin, a shorter gel time indicates a big-
ger curing activity. Figure 7 depicts the gel time of
DCPDCE resin and HBPGO/DCPDCE systems at
different temperatures, it can be observed that the
addition of HBPGO can effectively decrease the gel
time of DCPDCE, indicating that the addition of
HBPGO can catalyze the gelation of DCPDCE.
This phenomenon is mainly attributed to the inten-
sive promotion of the curing reaction of DCPDCE
by —OH groups in the molecule of HBPGO [34],
and the copolymerization between active —C=CH,
at the end of molecular chains of HBPGO with
—OCN in DCPDCE [27].

120

—=— 0.0 wt%
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1é0 1';’0 1!;0 1‘;][! 260 2;0
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Figure 7. Dependence of gel time on temperature for
DCPDCE and HBPGO/DCPDCE systems

In order to further confirm the role of HBPGO on
the curing reaction of DCPDCE prepolymer, compar-
ative DSC analyses of DCPDCE resin and 0.6 wt%
HBPGO/DCPDCE composites at the heating rate of
5°C/min were carried out, and the corresponding
curves are depicted in Figure 8. The whole peak of
DCPDCE appears at the temperature from about
180 to 221°C, while that of HBPGO/DCPDCE sys-
tem is between 160 and 196°C. Comparing with
DCPDCE, the maximum curing temperature of
HBPGO/DCPDCE shifts to lower temperature by
about 15°C, demonstrating that the whole curing
process of DCPDCE can be accelerated by a small
amount of HBPGO loading. The decreased curing
and post-curing temperature is beneficial to manu-
facture cyanate ester-based composites for indus-
trial application.

8
6+ HBPGO/DCPDCE

Heat flow [Wig]

0 50 100 150 200 250 300 350
Temperature [*C]

Figure 8. DSC curves of DCPDCE and 0.6 wt% HBPGO/
DCPDCE system
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3.3. Mechanical properties of
HBPGO/DCPDCE system

Figure 9 shows the impact strengths of DCPDCE
and HBPGO/DCPDCE systems. It is observed that
all the HBPGO/DCPDCE composites exhibit higher
impact strengths than pure DCPDCE resin, and the
0.6 wt% HBPGO/DCPDCE system has the maxi-
mum impact strength (16 kJ/m?), which is increased
by 66% compared with that of pure DCPDCE, indi-
cating that the addition of HBPGO can significantly
improve the toughness of DCPDCE resin. Figure 10
shows the flexural strengths of DCPDCE and
HBPGO/DCPDCE systems, and a similar trend can
be observed. The 0.6 wt% HBPGO/DCPDCE sys-
tem has the maximum flexural strength (142 MPa),
which is increased by about 50% compared with
that of pure DCPDCE resin. Therefore, it can be con-
cluded that the addition of HBPGO can efficiently
improve the mechanical properties of DCPDCE
resin. The enhancement of impact and flexural
strength may be attributed to the outstanding mechan-
ical properties of GO and the increased interface

Impact strength [kJ/m?]

00 02 04 06 08
Content of HBPGO [wt%]
Figure 9. Relationship of impact strength on HBPGO con-
tent for HBPGO/DCPDCE systems
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Figure 10. Relationship of flexural strength on HBPGO
content for HBPGO/DCPDCE systems

bonding strength between GO and matrix. On one
hand, the chain of hyperbranched polysiloxane
grafted on the surface of GO nanosheets can bring
stronger mutual exclusion and steric hindrance
effect, thus the restacking of GO nanosheets is
restrained and the agglomeration tendency of GO in
matrix can be controlled effectively. On the other
hand, the -C=CH, groups in the molecule of HBPGO
can react with -NCO in DCPDCE, leading to
improved interfacial bonding strength between GO
and matrix. For the HBPGO/DCPDCE system, the
probability of forming a strong organic-inorganic
combination will be enhanced. Therefore, the
mechanical properties of HBPGO/DCPDCE system
are increased as the contents of HBPGO from 0.0 to
0.6 wt%. However, when the fillers content is high
enough (>0.6 wt%), the mechanical properties of
the composites decrease with the increasing con-
centration of fillers. When the content of nanosheets
is too large, the concentration of GO nanosheets is
big enough to form aggregates, and thus reducing the
mechanical properties. But the 0.8 wt% HBPGO/
DCPDCE system still possesses much better mechan-
ical properties than neat resin.

In order to further confirm the effect of HBPGO on
the toughness of DCPDCE resin, SEM images of
the fracture surfaces of samples after impact tests
are taken and shown in Figure 11, it can be observed
that pure DCPDCE resin has a smooth and river-
like fracture surface (Figure 11a), exhibiting a typi-
cal brittle feature. While with the addition of HBPGO
into DCPDCE resin, the fracture surfaces become
rougher and are accompanied with more ductile
sunken areas, which is consistent with the improved
impact strength of the nanocomposites. In the case
of 0.2 wt% HBPGO/DCPDCE system, as shown in
Figure 11b, the surface becomes coarse and some
ductile sunken regions can be observed, which can
absorb the energy of fracture and hinder the crack
propagation. For the 0.6 wt% HBPGO/DCPDCE
system, as shown in Figure 11c, the fracture surface
of the composite is much rougher than those of pure
DCPDCE and 0.2 wt% HBPGO/DCPDCE system,
and there exist large amount of ductile sunken areas,
exhibiting a typical rough feature. However, when
the concentration of HBPGO is 0.8 wt%, as shown
in Figure 11d, large clusters in the matrix appear
due to the aggregation of HBPGO at high concen-
tration, which will lead to more rapid crack initia-
tion and impact failure. Therefore, the impact
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Figure 11. SEM images of the fracture surfaces of the HBPGO/DCPDCE systems with various contents of HBPGO

(a: 0.0 wt%, b: 0.2 wt%, c: 0.6 wt%, d: 0.8 wt%)

strength of the nanocomposite with high HBPGO
content is decreased. The features of the fracture
surfaces of HBPGO/DCPDCE systems accord well
with the mechanical properties.

3.4. Dielectric properties of
HBPGO/DCPDCE system

One of the most attractive features of DCPDCE

resin is its excellent dielectric properties including

low and stable dielectric constant (2.8-3.2) and loss
(0.002—0.008) over a wide range of frequency, which
enables DCPDCE resin to be used in many advanced
industries. Therefore, it is necessary to retain the
outstanding dielectric properties of the original
DCPDCE resin to develop a new modified DCPDCE
system. Figures 12 and 13 show dependence of
dielectric constant and loss factor on frequency for
pure DCPDCE resin and other modified systems,
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Figure 12. Dielectric constants of DCPDCE resin and
HBPGO/DCPDCE systems versus frequency

respectively. It can be seen that the dielectric con-
stant and loss values of HBPGO/DCPDCE system
are lower than that of pure DCPDCE resin, and the
higher the HBPGO concentration is, the lower the
dielectric constant and loss. Meanwhile, the dielec-
tric constant and loss of HBPGO/DCPDCE system
remain stable over the testing frequency band from
10 to 60 MHz. With regard to a composite, its dielec-
tric properties are determined by those of both
matrix and fillers as well as interfaces [35]. Firstly,
GO is an insulator, with oxygen atoms randomly
attached at graphene sites, which undergo conver-
sion from sp?-hybridized carbon atoms in graphene,
to sp>-hybridized carbon in GO. This process reduces
conjugation and confines n-electrons [36]. So GO
exhibits very low dielectric constant values. When
GO sheets are used as interlayers in the polymer
matrix, there is much less electron mobility. Wang
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Figure 13. Dielectric loss factors of DCPDCE resin and
HBPGO/DCPDCE systems versus frequency
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et al. [37] investigated the effect of NH,-functional-
ized GO on the dielectric constant of polyimide,
and the results showed that the addition of GO/
modified GO can efficiently decrease the dielectric
constant of polyimide matrix. HBPGO has excel-
lent dielectric properties due to the chemical struc-
ture of polysiloxane and special unoccupied spaces
of hyperbranched polymers as well as the outstand-
ing dielectric properties of GO, so modified
DCPDCE systems with higher HBPGO concentra-
tion have smaller dielectric constant values. Sec-
ondly, the addition of HBPGO into CE resin pro-
motes the self-polymerization of -NCO groups,
thus increases the productivity of symmetrical tri-
azine rings [38]. As a result, the modified DCPDCE
system tends to form networks with greater symme-
try and larger space hinder, which is beneficial for
reducing the dielectric constant and loss. Thirdly,
the incorporation of nanofillers can fill the space
between polymeric chains of DCPDCE, so the num-
ber of movable molecular chains and polarized
groups in the network is decreased [39], which also
provides contribution to the decrease in dielectric
constant and loss. In addition, a good adhesion
between HBPGO and DCPDCE matrix will reduce
the interfacial polarization and restrict the mobility
of chain segments, leading to reduced dielectric
constant and loss factor. Therefore, both the dielec-
tric constant and loss factor of HBPGO/DCPDCE
system decrease compared with those of pure
DCPDCE resin.

3.5. Thermal properties of HBPGO/DCPDCE
system
Overlay TGA and DTG curves of DCPDCE resin
and 0.6 wt% HBPGO/DCPDCE system are shown in
Figure 14. It can be seen that the modified DCPDCE
system has higher decomposition temperatures than
pure DCPDCE resin. The decomposition tempera-
ture at 5% weight loss of pure DCPDCE resin is
390°C, while that of HBPGO/DCPDCE system is
405°C. The char yield at 800°C of pure DCPDCE is
38%, while that of HBPGO/DCPDCE system is
46%. The higher decomposition temperatures and
char yields of the composite materials suggest that
the HBPGO/DCPDCE system possesses better ther-
mal stability than pure DCPDCE. The enhanced ther-
mal stability of the HBPGO/DCPDCE nanocom-
posite may be mainly attributed to the excellent
thermal stability of HBPGO, and the increased
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Figure 14. Overlay TGA and DTG curves of DCPDCE and
0.6 wt% HBPGO/DCPDCE system

cross-linking degree of HBPGO/DCPDCE system
which results from the catalytic effect of HBPGO in
DCPDCE [27], as well as the fact that the mobility
of polymer segments at the interfaces between the
HBPGO and the DCPDCE matrix is suppressed by
strong interactions [40]. In addition, compared with
pure DCPDCE, the HBPGO/DCPDCE system is
subject to a mass loss proceeding in two major
steps. The former mass loss is attributed to the degra-
dation of triazine rings, while the latter mass loss
may mainly be caused by the pyrolysis of HBPGO
because the thermal stability of the hyperbranched
polysiloxane grafted on the surface of GO is better
than that of triazine rings.

3.6. Water absorption of HBPGO/DCPDCE
system

Outstanding moisture resistance is a very important
property of a material, especially those requiring
stably high performance, because in general absorbed
water will decline almost all properties of the origi-
nal material including thermal, mechanical and
dielectric properties, etc., so very low water absorp-
tion is one important target for developing new
resin systems with high performance [41]. One of
the advantages of the DCPDCE resin is its low water
absorption. Figure 15 gives the water absorption val-
ues of HBPGO/DCPDCE systems and that of pure
DCPDCE resin for comparison. It can be seen that
the water absorption decreases from 0.57 to 0.51 wt%
with the small addition (0.2 wt%) of HBPGO into
DCPDCE resin, and which continually decreases
with the continuous increase of HBPGO content in
HBPGO/DCPDCE systems. In case of 0.6 wt%
HBPGO/DCPDCE system, its water absorption is

0.6

- IR

0.2

Water absorption[wt%]

0.1

0.0

0.0 0.2 0.4 06 08
Content of HEPGO [wt%]

Figure 15. Water absorption of DCPDCE resin and HBPGO/
DCPDCE systems

0.35 wt%, which is much lower than that of pure
DCPDCE resin. The improvement of water-resis-
tant property of HBPGO/DCPDCE systems may be
ascribed to the following reasons. Firstly, as dis-
cussed earlier, the addition of HBPGO can effec-
tively promote the curing reaction of DCPDCE, and
thus leads to increasing conversion of the -OCN
groups, which is a positive role on reducing the
water absorption of DCPDCE resin. Secondly, Si-
O-Si chains in HBPGO have excellent hydrophobic
properties, which is beneficial to improve the water-
resistant property of HBPGO/DCPDCE systems.
Thirdly, a large number of functional groups on the
HBPGO surface can enhance inorganic/organic
phase compatibilization at the interface, which can
effectively prevent water from entering the network
of nanocomposties.

4. Conclusions

A kind of high-performance polymer composite has
been fabricated using DCPDCE resin as matrix and
GO as filler employing the method of melting mix-
ing, in which the GO was modified with a hyper-
branched polysiloxane before use in order to improve
its dispersability and compatibility with the DCPDCE
matrix. The incorporation of HBPGO into DCPDCE
resin can not only effectively promote the curing
reaction of DCPDCE, but also brings a lot of
changes in the properties of HBPGO/DCPDCE nano-
composite materials. The impact and flexural
strengths are increased obviously with suitable con-
tent of HBPGO within the matrix. In addition, the
HBPGO/DCPDCE systems also exhibit better dielec-
tric property, thermal stability and moisture resist-
ance than pure DCPDCE resin. Especially, when

422



Zhang et al. — eXPRESS Polymer Letters Vol.8, No.6 (2014) 413—424

the concentration of HBPGO is 0.6 wt%, the best
overall performance of HBPGO/DCPDCE nanocom-
posites can be achieved.
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Abstract. Vulcanization property and structure-properties relationship of natural rubber (NR)/silica (SiO;) composites
modified by a novel multi-functional rubber agent, N-phenyl- N'-(y-triethoxysilane)-propyl thiourea (STU), are investi-
gated in detail. Results from the infrared spectroscopy (IR) and X-ray photoelectron spectroscopy (XPS) show that STU
can graft to the surface of SiO, under heating, resulting in a fine-dispersed structure in the rubber matrix without the con-
nectivity of SiO, particles as revealed by transmission electron microscopy (TEM). This modification effect reduces the
block vulcanization effect of SiO; for NR/SiO,/STU compounds under vulcanization process evidently. The 400% modulus
and tensile strength of NR/SiO,/STU composites are much higher than that of NR/SiO2/TU composites, although the crys-
tal index at the stretching ratio of 4 and crosslinking densities of NR/SiO, composites are almost the same at the same
dosage of SiO,. Consequently, a structure-property relationship of NR/SiO,/STU composites is proposed that the silane chain
of STU can entangle with NR molecular chains to form an interfacial region, which is in accordance with the experimental

observations quite well.

Keywords: rubber, multi-functional rubber agent, structure-property relationship, silica

1. Introduction

In recent years, polymer/inorganic filler composites
have attracted great attention, not only in industry,
but also in academia, for inorganic filler, such as
silica (Si0O;), montmorillonite and halloysite nano-
tube can introduce great improvement in the mechan-
ical properties of polymer/inorganic filler compos-
ites even at low dosage of filler [1]. Among these
fillers, silica is believed to be one of the most impor-
tant inorganic fillers applied to reinforce rubber vul-
canizates because the compounding of silica offers
a number of advantages on the mechanical proper-
ties of vulcanizates, such as excellent thermal stabil-
ity, tensile strength, good tear and abrasion resist-

*Corresponding author, e-mail: zxjia@scut.edu.cn
© BME-PT

ance [2, 3]. However, because of great discrepan-
cies in polarity between the non-polar diene poly-
mer and polar silica, primary particles of SiO, tend
to aggregate due to the thermo-dynamical incom-
patibility driving force caused by hydrogen bonds
among primary particles [4, 5]. Research revealed
that on a larger scale, up to macroscopic scale, the
silica spatial distribution is homogeneous, with no
sign of connectivity at 5% and with connectivity at
15% [6].

On the other hand, except for the well dispersion of
SiO, particles, the interfacial adhesion between
polymer matrix and SiO, particles is another essen-
tial factor for the mechanical properties of compos-
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ites [7], as the weak interfacial adhesion would
cause catastrophic damages to the matrix under
applied stress. Thus, improvements in the interfacial
adhesion between the two phases, as well as good
dispersion of inorganic filler particles, have been
realized in the preparation of polymer-filler hybrid
composites using coupling agents [8]. Nakamura et
al. [9] investigated the effect of the number of silox-
ane units on the mechanical properties of polyiso-
prene/SiO, composites by using silanes with dialkoxy
and trialkoxy structures. The reinforcement effect
introduced by the silane treatment of silica was
found depend strongly both on the entanglement
between the silane chain and polyisoprene rubber
matrix and on the crosslinking reaction between the
mercapto group of silane and polyisoprene rubber
in the interfacial region, which is in accordance
with results from other researches [7]. However,
silane coupling agents can only modify the surface
of Si0,, promoting a good dispersion of SiO, in the
rubber matrix. It has been realized that, except for
the fine-dispersion of filler in rubber matrix, if the
silane coupling agents possess another function of
rubber agents, like acceleration function, the prop-
erties of rubber composites will be significantly
promoted [8].

Moreover, binary accelerator systems are being
widely applied in the rubber industry and become
increasingly popular based on the fact that such
binary systems can effectively facilitate the vulcan-
ization process to be carried out at a lower tempera-
ture within a short time [10—12]. Among these binary
accelerator systems, thiourea (TU) and its deriva-
tives are favorable for improvements in the vulcan-
ization process and mechanical properties of rubber
composites [13, 14]. Kurien and Kuriakose [15] syn-
thesized a sort of TU derivative, namely amidino
thiourea (ATU), and studied the vulcanization prop-
erties of NR with binary accelerator systems includ-
ing tetramethylthiuram disulphide (TMTD), mer-
capto-benzothiazyl disulphide (MBTS), or cyclo-
hexyl-benzthiazyl-sulphenamide (CBS). The induc-
tion time and optimum curing time of the formula-
tions with ATU or TU were shorter than that of the
control references without ATU or TU. However,
all these TU derivatives only can accelerate the vul-
canization process of rubber composites. Conse-
quently, how to combine the accelerating property of
TU and surface modification function of coupling

agent together still attracted great attentions both in
academy and in industry.

In this work, a multi-functional rubber agent, N-
phenyl-N'-(y-triethoxysilane)-propyl thiourea (STU),
was used to prepare NR/SiO, composites and the
vulcanization property, as well as structure-proper-
ties relationship, was investigated in detail.

2. Experimental

2.1. Materials

Natural rubber ISNR-3 was used, and the other
ingredients, such as zinc oxide (ZnO), stearic acid
(SA), N-cyclohexyl-2-benzothiazole sulfonamide
(CBS), thiourea (TU) and sulfur (S) were commer-
cial grades. Precipitated silica (SiO,), with the par-
ticle diameter of about 900 nm and BET surface
area of 144.44 m?/g, was kindly supplied by Huim-
ing Chemical Industry Co. Ltd, Wanzai County,
China. The synthesis of STU was performed by mix-
ing y-aminopropyl triethoxysilane and phenyl isoth-
iocyanate drop by drop in a stoichiometric level
under the room temperature for 24 hours. The details
in FTIR and "H-NMR of STU are given as follow:
FTIR, cm™! (neat): 3275br, (vNu); 3060w, (Ven,
arom.); 2974m, 2927m, 2887m (vcy, alif.); 1597m
(phenyl); 1536s (vene, B-band); 1450m (ve_c¢, arom.);
1165m (vc=s); 1078s (vsio gy) [16—-18].

"H-NMR, § (CDCls): 8.14 (w, 1H, N'H); 7.37 (m, 2H,
Hinm); 7.26 (m, 1H, H,); 7.18 (m, 2H, H,y); 6.25
(w, 1H, NH); 3.73 (s, 6H, ethoxy CH,); 3.61 (m, 2H,
v-CHy); 1.68 (m, 2H,B-CH,); 1.13 (s, 9H, ethoxy
CH3); and 0.55 (m, 2H, a-CH,). The chemistry struc-
ture of STU is displayed in Figure 1.

o m

a fY
(CH,~CH,~0%-8i~CH,~CH,-CH,-N H—'ﬁ,—NH @ P

S
Figure 1. The chemistry structure of STU

2.2. Preparation of NR/SiO; compounds

The formulations of NR/SiO, compounds are sum-
marized in Table 1 and Table 2.

NR was passed through the roller three times on an
open two-roll mill (160 mmx320 mm) at room tem-
perature with the nip gap of about 1 mm, then other
ingredients, such as SiO,, ZnO, SA, TU or STU, CBS
and sulfur, were added to the glue stock one by one
within ten minutes. After that, the compounds were
stored for eight hours before the rheometer testing.
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Table 1. The formulation of NR/SiO,/STU composites [phr]

Sample NR STU ZnO SA CBS S SiO,
STU-Si0,-0 100.0 0.92 5.0 2.0 2.64 1.5 0.0
STU-Si0,-10 100.0 0.92 5.0 2.0 2.64 1.5 10.0
STU-Si0,-20 100.0 0.92 5.0 2.0 2.64 1.5 20.0
STU-Si0,-30 100.0 0.92 5.0 2.0 2.64 1.5 30.0
STU-Si0,-40 100.0 0.92 5.0 2.0 2.64 1.5 40.0
STU-Si0,-50 100.0 0.92 5.0 2.0 2.64 1.5 50.0

Table 2. The formulation of NR/SiO,/TU composites [phr]

Sample NR TU ZnO SA CBS S SiO,
TU-Si0,-0 100.0 0.20 5.0 2.0 2.64 1.5 0.0
TU-Si0,-10 100.0 0.20 5.0 2.0 2.64 1.5 10.0
TU-Si0,-20 100.0 0.20 5.0 2.0 2.64 1.5 20.0
TU-Si0,-30 100.0 0.20 5.0 2.0 2.64 1.5 30.0
TU-Si0,-40 100.0 0.20 5.0 2.0 2.64 1.5 40.0
TU-Si0,-50 100.0 0.20 5.0 2.0 2.64 1.5 50.0

2.3. Characterization

The vulcanization research was carried out by a
MDR (UR-2030SD, U-Can Limited Corporation,
Taiwan, China) at 133°C. The compounds were
cured at 133°C according to their optimum vulcan-
ization time. The mechanical properties, such as
400% modulus, tensile strength, and elongation at
break, were measured according to ISO/DIS37-
1994 specifications. U-CAN electron tensile testing
machine was used with the crosshead speed of
500 mm/min. All mechanical testing was under-
taken at 25°C.

The possible chemical interactions between STU
and SiO, were probed by infrared spectroscopy (IR)
and X-ray photoelectron spectroscopy (XPS). For
preparation of samples, SiO, and STU/SiO, (0.92/30,
phr) model compounds were placed on a vulcaniz-
ing press machine at a setting time of 15 min under
133°C, followed by Soxhlet extraction experiment
of the model compounds using boiling benzene
(100°C) within 24 h, and then were dried to constant
weight. The IR measurement of model compounds
was recorded on a Bruker Vector 33 infrared spec-
troscopy in the range of 4000~400 cm™!. Also, XPS
spectra of the model compounds were recorded by
using an X-ray photoelectron spectrometer (Kratos
Axis Ultra DLD) with an aluminum (mono) K,
source (1486.6 eV). The aluminum K, source was
operated at 15 kV and 10 mA. All core level spectra
were referenced to the Cis neutral carbon peak at
284.7 eV.

The crosslinking density [19] test was performed on
the base of swelling equilibrium measurement. The
swelling equilibrium test was carried out by immers-
ing samples in the toluene for 4 days. After that, the
surface toluene was blotted off quickly with tissue
paper. The specimens were immediately weighed
on an analytical balance and then dried in a vacuum
oven until the samples became constant weight and
reweighed. The calculation was made according to
the reference [20].

For the observation by transmission electron micro-
scopy (TEM), the specimens were ultramicrotomed
into thin pieces of about 100 nm in thickness with
Leica EMUCG6 under liquid nitrogen atmosphere.
Then the observations were obtained using a Tecnai
12 transmission electron microscope (FEI Com-
pany, Holland) with an accelerating voltage of
100 kV.

The strain-induced crystallization (SIC) of NR/SiO,
composites was performed on a WAXD apparatus
(Philips X' Pert PRO, Holland) with Ni-filtered Cu
K, radiation(A = 0.154 nm) at a generator voltage of
40 kV and generator current of 40 mA. The 26
scanning rang was varied from 5 to 30°, with a step
of 0.017° and a measuring time of 16.24 s per step.
The degree of SIC (X) is calculated on the basis of
peaks fitting during which a 20 range from 10 to 30°,
including crystalline and amorphous, was taken. X,
is defined as the ratio between the single integrated
intensity of crystal (200 or 120 reflection was taken)
A and the total integrated intensity of crystalline
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and amorphous peaks A 4+, in the 20 range, as
expressed in the following Equation (1):

A
XC=A° x 100% (1)

ct+a

3. Results and discussions
3.1. Characterization of model compounds
3.1.1. IR spectroscopy

Figure 2 shows the IR spectra of SiO, and STU/Si0,
model compounds. The peaks at 3441 and 1103 cm™
—— sio,

—— Si0ySTU
§i0/STV _ C A
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Figure 2. The IR spectra of SiO, and STU/SiO, model
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are assigned to the stretching vibrations of —OH
groups on the surface of SiO, and Si—O groups,
respectively. In the spectrum of STU/SiO, model
compounds, the stretching vibration of Si—O groups
does not change, whereas the peak at 3423 cm™! is
associated with the stretching vibration of —NH
groups with the bending vibration at 1550 cm™'.
Two reasons may be responsible for the unconspic-
uous representation of —OH groups. First, partial
hydroxyl groups have reacted with the siloxane
groups of STU, leading to a decrease in the amount
of —OH groups. Second, the silane molecules have
grafted to SiO, particles and covered on the surface
of SiO, particles, which would give rise to the
shielding effect for -OH groups. In the dotted line
ellipse domain, the peaks located at 2983 and
2945 cm™! are ascribed to stretching vibrations of
methyl and methylene. Moreover, the characteristic
stretching vibrations of benzene ring (1597 cm™)
and C=S (1165 cm™) have disappeared, illuminat-
ing that a pyrolysis reaction of STU occurs during
heating press [21].

3.1.2. XPS analysis

In order to substantiate the formation of chemical
bonds between SiO, and STU, XPS survey was per-
formed on the model compounds. The formation of
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Figure 3. The XPS fitting peaks of model compounds: a) Oy, and b) Siy, of SiOy; ¢) Oy and d) Siz, of STU/SIO,
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Table 3. The characteristic parameters of fitting peaks of
model compounds SiO; and STU/SiO,

Sample Sizp O1s
Si0O, - 103.6 - - 532.7 | 533.8
STU/SiO, 102.8 | 103.6 | 104.4 | 532.0 | 532.7 | 533.4

chemical bond will cause a variation in the binding
energies of certain atoms related to the chemical
bond. The XPS spectra of SiO, and STU/SiO, model
compounds are depicted in Figure 3 and Table 3.
The characteristic signal due to silicon (Sip, at
103.6 eV) of SiO; is detected, meanwhile, that for
STU/SiO; model compounds is split into three char-
acteristic signals, 102.8, 103.6 and 104.4 eV, respec-
tively, indicating two new different chemical envi-
ronments of silicon atom have been introduced to
the surface of SiO,. Moreover, one can see that there
are two different binding energies, 532.7 and
533.8 eV, of Oy; in pure SiO,, whereas, three evident
peaks are found in the Oy spectra of STU/SiO,
model compounds, confirming the successful mod-
ification of SiO, particles by STU, as shows in Fig-
ure 4. The silanol groups of STU can react with the

(CH3—CH2—O}3—Si—CH2—CH2—CH2—NH—ﬁ—NH—O +
s

Letters Vol.8, No.6 (2014) 425-435

hydroxyl groups on the surface of SiO, with the
elimination of ethanol [8] and phenyl isothio-
cyanate molecules under heating. The modification
of SiO, will further prohibit the agglomeration of
Si0; particles, as well as the physical adsorption of
SiO; to rubber agents.

3.2. Vulcanization property of NR/SiO;
compounds

The vulcanization parameters of NR/SiO,/TU com-
pounds and NR/SiO,/STU compounds are showed
in Table 4 and Table 5, separately. In Table 4, the
scorch time (75;) and optimum curing time (7¢90)
increase with increasing SiO,, even at low SiO;
dosage, indicating that SiO; particles can delay the
vulcanization process. From the lowest torque
(ML), ML value, as well as the MH value, dramati-
cally change with the incorporation of SiO;, eluci-
dating a bad dispersion of SiO,, that is, particles con-
nectivity, in the NR matrix. In Table 5, the scorch
time (75;) and optimum curing time (7.99) also
increase with increasing SiO,, however, compared
with NR/SiO,/TU compounds, one can see that a

S=C=N© +

Figure 4. Schematic of STU modified silica particles
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Table 4. The curing characteristics of NR/SiO,/TU com-

pounds (133°C)
T, T, ML MH
Sample [mﬁ.] [n:igl':] [dN-m] | [dN'm]

TU-Si0,-0 1.68 6.77 0.08 13.71
TU-Si0,-10 530 11.10 0.28 15.15
TU-Si0,-20 8.68 16.13 0.39 17.30
TU-Si0,-30 8.90 17.78 1.16 22.60
TU-Si0,-40 6.98 1827 2.79 2837
TU-Si0,-50 9.03 2827 4.08 31.07

Table 5. The curing characteristics of NR/SiO,/STU com-

pounds (133°C)

T, T ML MH
Sample [mﬁn] [mcigl':] [dN-m] | [dN'm]
STU-Si0,-0 3.10 8.15 0.05 13.20
STU-Si0»-10 475 9.81 0.10 14.43
STU-Si0,-20 5.63 10.97 0.10 14.97
STU-Si0,-30 6.97 13.52 0.30 18.97
STU-Si0,-40 8.27 18.85 1.75 2627
STU-Si0,-50 9.53 26.53 521 32.66

more moderate increase in the NR/Si10,/STU com-
pounds, suggesting a lower physical adsorption of
Si0, particles to rubber agents. Meanwhile, when
the incorporation of SiO, is lower than 30 phr, the
ML or MH of NR/SiO,/STU compounds evolves to
high value slightly, which is quite different from
NR/SiO»/TU compounds. This can be attributed to
the modified effect of STU.

3.3. Morphology of NR/SiO, composites

TEM technology is competent for analyzing the
dispersed morphology of SiO; particles in the rub-
ber matrix. Figure 5 is the TEM graphs of STU-
Si0,-30 vulcanizate (a) and TU-Si0,-30 vulcan-
izate (b). As is readily seen, a result can be expected
that the dispersion degree of Figure 5a seems to be
more homogeneous than Figure 5b, which suggests
that STU facilitates SiO, particles to disperse in NR
matrix uniformly. In Figure 5a, the size of silica
aggregation is reduced to a certain extent and not
evident connectivity of SiO, particles is found, that
is, the SiO; particles aggregations have been isolated
by NR rubber matrix due to the modified effect of
STU, as depicts in Figure 4. However, in Figure 5b,
an opposite phenomenon is observed that SiO, par-
ticles trend to agglomerate seriously and the con-
nectivity between particles has been formed, which
can be assigned to the formation of hydrogen bonds
among SiO, particles by thermodynamical driving
force [7] and the huge difference in compatibility
between silica particles and NR matrix.

3.4. Strain-induced crystallization (SIC) of
NR/SiO; composites

It has been recognized long ago that the excellent

tensile property of NR originates from SIC. The

details of strain-induced crystallization of NR/SiO,

Figure 5. The TEM photographs of STU-SiO,-30 vulcanizate (a) and TU-SiO,-30 vulcanizate (b)
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Figure 6. Equatorial diffraction profiles at selected strain values of vulcanizates as a function of strain under stretching at
the 20 angle range of 5-30°: STU-SiO,-10 vulcanizate (a), TU-SiO,-10 vulcanizate (b), STU-Si0,-30 vulcan-

izate (c¢) and TU-Si0,-30 vulcanizate (d)

composites experiments have been expressed in
section 2.3. and the crystal index (CI) is calculated
according to Equation (1). In this section, four NR/
Si0; composites, STU-Si0,-10, STU-Si0,-30, TU-
Si0,-10 and TU-Si0,-30, is adopted to illuminate
the SIC of NR/SiO;, composites according to the
dispersion state of SiO, in the NR matrix. The dif-
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fraction profiles of STU-Si0,-10, STU-Si0,-30,
TU-Si10,-10 and TU-Si0,-30 under different ratio
at the 20 angle range of 5-30° are shown in Figure 6,
indicating that NR is a typical strain-induced crys-
tallization material. Figure 7 illuminates the strain
dependence of CI of NR/SiO, composites. In Fig-
ure 7a, when the stretching ratio is lower than 2.5,
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Figure 7. Variation of CI of NR with different vulcanization systems during the stretching process: filler content at 10 phr (a)

and filler content at 30 phr (b)
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not crystallization can be observed in STU-Si0,-10
and TU-Si0,-10 composites. After that, a steep up-
turning appears, indicating the orientated NR mole-
cules begin to crystallize. The SIC rate of TU-SiO,-
10 is higher than that of STU-Si0,-10, however, as
the stretching ratio reaches 4, the CI is not apparent
difference between STU-S10,-10 and TU-SiO,-10.
As one can see in Figure 7b, the initial crystalliza-
tion strains of STU-Si10,-30 and TU-Si0,-30 are at
the stretching ratio of 2, suggesting the incorpora-
tion of SiO, induces the NR molecules to crystal-
lize. With respect to Figure 7a, the SIC rate of STU-
Si0,-30 increases faster than that of TU-Si0,-30 at
the stretching ratio of 2~3, illustrating the rubber
molecules in STU-Si0,-30 are readily to orientate.
At the stretching ratio of 4, the CI is almost the
same between STU-S10,-30 and TU-Si10,-30.

3.5. Structure-property relationship of
NR/SiO; composites

The stress-strain behavior of NR/SiO, composites

is displayed in Figure 8 and Table 6. Compared the

difference between ML and MH (AM = MH — ML)

in Table 4 and 5 with the crosslinking densities in
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Table 6 for NR/SiO, composites, the discrepancy
between AM and crosslinking density is mainly
attributed to the hydrodynamic volume effect of filler
and the hardness discrepancy between filler and
rubber [22]. In the NR/SiO,/STU composites, the ten-
sile strength increases with increasing SiO,. As the
addition of SiO, reaches 30 phr, the maximum ten-
sile strength is about 30.75 MPa, following by a
decrease in the tensile strength with increasing
Si0,, which is the same trend for NR/SiO,/TU com-
posites. However, the maximum tensile strength for
NR/SiO»/TU composites is only 25.52 MPa at the
SiO, content of 30 phr, which is much lower than
that of NR/Si0,/STU composites. As is shown in
Figure 7, the CI of NR/SiO, composites are almost
the same at the stretching ratio of 4, so in this work,
for distinct understanding of the enhancement of
STU, 400% modulus of NR/SiO; composites is
acquired, rather than 100 and 300% modulus. 400%
modulus of NR/Si0,/STU composites is higher than
that of NR/SiO»/TU composites at the same addi-
tion of Si0,, suggesting that the reinforcing mecha-
nism of NR/Si0,/STU composites is quite different
from NR/SiO,/TU composites.
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Figure 8. The stress-strain behavior of NR/SiO,/STU composites (a) and NR/SiO,/TU composites (b)

Table 6. The mechanical performance of NR/SiO, composites

Sample 400% Modulus Tensile-strength Elongation at break Ve

[MPa] [MPa] [%] [1074
STU-Si0,-0 6.08 25.29 553 1.2290
STU-Si0,-10 9.94 24.74 522 1.2180
STU-Si0,-20 10.14 28.35 573 1.0540
STU-Si0,-30 11.26 30.75 609 0.9768
STU-Si0,-40 10.25 28.36 627 0.8505
STU-Si0,-50 8.73 23.11 646 0.5979
TU-Si0,-0 5.53 21.49 534 1.2050
TU-Si0,-10 6.84 24.71 578 1.1140
TU-Si0,-20 8.27 25.09 584 1.0180
TU-Si0,-30 8.79 25.52 602 0.8608
TU-Si0,-40 8.81 22.95 599 0.7152
TU-Si0,-50 8.29 18.07 592 0.5148

432



Yang et al. — eXPRESS Polymer Letters Vol.8, No.6 (2014) 425-435

It is well known that the stress-strain behavior for
filler filled rubber systems is affected by the cross-
linking density [23], the size of agglomerates formed
by filler [24], rubber/filler interactions [7, 23] and CI
(only for crystal polymer) of rubber matrix. In Table 6
and Figure 7, the crosslinking density (V) and total
CI are almost the same for NR/SiO,/STU compos-
ites and NR/SiO,/TU composites at the same dosage
of Si0,, indicating that these three factors on mechan-
ical properties of NR/SiO, composites can be
ignored. Two main reasons may be taken into con-
sideration to represent the higher mechanical prop-
erties of NR/SiO,/STU composites. First, as depicts
in section 3.3. and Figure 5, the modified effect of
STU gives rise to a fine-dispersion structure of SiO,
in the NR matrix, leading to the small-size effect
and less defects in the interphase of NR matrix and
SiO; particles [7]. Second, the mechanical proper-
ties are found to be affected strongly by the entan-
glement, maybe the predominant reason, between the
silane chain and NR matrix at the interfacial region,
as illuminates in Figure 9. As described above, STU
molecular chain, more exactly the silane chain, can
graft to the surface of SiO, particles by the reactions
between the silanol groups and hydroxyl groups of
Si0; under heating. According to the theory similar
molecules dissolve mutually, the silane chain can
dissolve in the NR matrix, as in Figure 9a, leading
to entanglement between these two molecular chains

—  —

unaxial  stretching
-

rubber chain

entanglement

T,

silica coupling agent

a) / }

b) disentanglement

Figure 9. The reinforcement mechanism of STU modified
Si0; in the NR/SiO,/STU composites: before
stretching (a) and after stretching (b)

at the interfacial region. When an exerted stress is
applied to the matrix, the stress runs along the rub-
ber chain, the reinforcement effect of the formed
interfacial region becomes more effective to influ-
ence the modulus of NR/Si0,/STU composites, lead-
ing to a much higher 400% modulus in the NR/SiO,/
STU composites than that of NR/SiO,/TU compos-
ites at the same addition of SiO,. As in Figure 9b,
when the exerted stress continues to increase, the
deformation of ‘rubber depletion layer’ (often a few
nm distances away or larger [7, 25]) surrounding
Si0; particles would develop [7]. If there are no inter-
actions between NR matrix and SiO; particles, deco-
hesion would happen at the interfacial region, fol-
lowing by a catastrophic breakage to the compos-
ites under a low tensile strength, like the NR/SiO,/
TU composites. On the other hand, when an entan-
glement exists in the interfacial region, like NR/SiO,/
STU composites, the stress will pass from NR
molecular chains to the filler effectively before dis-
entanglement happens. At the same time, the NR
main chains can slip on the SiO; particles surface
with the help of silane chains, allowing the network
to relax to a more perfect regime and changing the
local stress condition by means of stress homoge-
nized distribution. These will lead to a much higher
400% modulus and tensile strength in the compos-
ites, like STU-S10,-30, before disentanglement.

4. Conclusions

Vulcanization property and structure-property rela-
tionship of NR/SiO, composites modified by a novel
multi-functional rubber agent, STU, are explored
thoroughly. From the IR and XPS spectra, STU can
graft to the surface of SiO, under heating, reducing
the block vulcanization effect of SiO, for rubber
vulcanization due to the reduction in the physical
adsorption of SiO, particles to rubber agents. From
the graphs of TEM, STU can facilitate a fine-dis-
persed structure in the rubber matrix without any
connectivity of SiO; particles, whereas, for NR/SiO,
composites without modification, serious aggrega-
tion of Si0O, particles is found. Moreover, the strain-
induced crystallization at the stretching ratio of 4
and the crosslinking densities of NR/SiO, compos-
ites are almost the same at the same dosage of SiO,.
However, the 400% modulus and tensile strength of
NR/Si0,/STU composites are much higher than that
of NR/SiO,/TU composites. Finally, a structure-prop-
erty relationship of NR/SiO,/STU composites is
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proposed that the silane chain of STU can entangle
with NR molecular chains to form an interfacial
region. When an exerted stress is applied to the
matrix, the stress runs along the rubber chain, the
reinforcement effect of the formed interfacial region
became more effective to the mechanical properties
of NR/Si0,/STU composites.
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Abstract. Interactive effects of carbon allotropes on the mechanical reinforcement of polymer nanocomposites were inves-
tigated. Carbon nanotubes (CNT) and nano-graphite with high shape anisotropy (nanoG) were melt blended with poly(1,4-
cis-isoprene), as the only fillers or in combination with carbon black (CB), measuring the shear modulus at low strain
amplitudes for peroxide crosslinked composites. The nanofiller was found to increase the low amplitude storage modulus
of the matrix, with or without CB, by a factor depending on nanofiller type and content. This factor, fingerprint of the
nanofiller, was higher for CNT than for nanoG. The filler-polymer interfacial area was able to correlate modulus data of

composites with CNT, CB and with the hybrid filler system, leading to the construction of a common master curve.

Keywords: nanomaterials, carbon nanotubes, nanographite, carbon black, interactive effects

1. Introduction

Nanofillers have a great effect on polymer proper-
ties [1, 2], as the nano-size of such particles implies
a high surface area that leads to a high interfacial
area with the polymer and to the formation of filler
networks at very low nanofiller concentrations.
Nowadays, most investigated nanofillers are carbon
nanotubes (CNT) [1-4], graphene, a two-dimen-
sional sheet made of sp?-hybridized carbon atoms
in an extended honeycomb network [5], and graphitic
nanofillers [6-9] made by few layers of graphene
(GE), usually indicated as graphite nanoplatelets,
graphite nanosheets, graphite nanoflakes or just sim-
ply exfoliated or expanded graphite. Reviews are
available on polymer nanocomposites (PNC) based

*Corresponding author, e-mail: maurizio.galimberti@polimi.it
© BME-PT

on these types of nanofillers [8§—11]. In polymer
melts and elastomers, the formation of networks at
low nanofiller concentration leads to high values of
the dynamic modulus at low strain amplitudes, that
goes however along with a pronounced reduction as
the strain amplitude increases, phenomenon known
as Payne effect [12]. Most studies reported in litera-
ture refer to PNC made by a single type of carbon
nanofiller in a neat polymer matrix. However, an
increasing interest is for elastomer based compos-
ites with hybrid filler systems, with a carbon nano-
filler combined with the so-called nanostructured
filler, carbon black (CB). In fact, the use of hybrid
filler systems is considered to make it easier a large
scale application of nanofillers.
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Papers have been published on PNC based on CB
and either CNT or nano-graphite. In the case of elas-
tomer polymer matrices, synergistic effects were
envisaged [4] for CNT-CB system. CB particles
were demonstrated to improve CNT dispersion in a
styrene-co-butadiene copolymer matrix [13]. CNT
were shown to interact with the surface of CB
(N330) and good improvements in mechanical prop-
erties and electrical conductivity were reported, with
a percolation threshold lower than that obtained with
only CNT [13]. For such systems, connected filler
structures were observed and commented [14]. In
the case of a polyolefin elastomer (EPDM) [15], an
enhancement of the mechanical reinforcement was
reported to arise even by adding a small amount of
CNT (about 3 php) to a considerable higher content
of CB (N550, 40 php). A very high electrical conduc-
tivity was measured, much higher than that due to
CB alone. In acrylonitrile-co-butadiene copolymer
[16], it was reported that CNT (up to 9 php) and a
conductive CB (20 or 40 php) induce reinforcing
effects on tensile modulus and strength. Papers are
as well available with nano-graphite and CB as the
hybrid filler system. In NBR as the matrix, it was
found [17] that the coefficient of friction and the
specific wear rate were reduced when CB is associ-
ated to the nano-graphite, thanks to the formation of
graphite lubricant films. In natural rubber as the
polymer matrix (with epoxidized natural rubber as
the compatibilizer), improvements of mechanical,
thermal and dynamic-mechanical properties were
observed [18] when the nanographite was added to
CB (N234).

Previous research of the authors on PNC with hybrid
carbon fillers in a poly(1,4-cis-isoprene) (PI) matrix
revealed a dramatic enhancement of the material ini-
tial modulus, when a small content of nanofiller was
added to a composite containing a prevailing amount
of CB (N326, 60 php) [19, 20], and also a remark-
able reduction of the modulus with the increase of
the strain amplitude. In the case of CNT as the nano-
filler [19], transmission electron microscopy (TEM)
analysis documented the formation of hybrid CNT-
CB networks at very low CNT content (about 2 php).
The initial modulus values of the nanocomposites
containing the hybrid CNT-CB filler network were
found to be much higher than those calculated
through the simple addition of the initial moduli of
the composites containing only CB and only CNTs,
and synergism between the two fillers was thus

commented [19]. In ref. [20], CB was used in com-
bination with a nano-graphite with a high shape
anisotropy [21] (hereinafter nanoG), defined as the
ratio between the crystallites dimensions in direc-
tions orthogonal and parallel to structural layers.
Hybrid nanoG-CB networks were observed in TEM
micrographs from a nanoG level of about 8 php and
synergistic effects between nanoG and CB were
observed on the initial moduli values of the nano-
composites containing the hybrid filler network.

It can be thus concluded that most prior art indi-
cates a favourable interaction between two carbon
allotropes, as it could be expected. In fact, also
studies on zeta potential, a measure of the repul-
sion, in a dispersion, between similarly charged par-
ticles, lead to hypothesize an intimate interaction of
CB and a nanofiller [22-24].

In the light of these findings and taking into consid-
eration that experiments reported in the literature do
not allow an overall rationalization, as data were
collected with different types of carbon allotropes
at different concentrations in the polymer matrix, it
appeared to us worthwhile to perform a more sys-
tematic investigation of the interaction between CB
and either CNT or nanoG. The aim was to under-
stand the mechanisms that promote filler network
formation and thus the stiffness of the material but
also the pronounced non linearity of the dynamic-
mechanical properties for polymer melts and elas-
tomers. It is worth underlining that such non linear-
ity means dissipation of energy. For example, this
hinders nowadays a large scale application of carbon
nanofillers in elastomeric materials. A series of com-
posites were prepared in PI as the polymer matrix:
with CB, CNT, nanoG as the only filler or combin-
ing CB with either CNT or nanoG. Structure of nano-
composites was investigated by means of TEM and
X-ray diffraction (XRD) analysis. Dynamic storage
modulus at low strain amplitude (G'ymin) Was deter-
mined through dynamic-mechanical measurements
in the torsion mode. The experimental values were
elaborated according to models available in litera-
ture. The results were analyzed in the light of find-
ings from TEM and XRD analyses.

2. Experimental

2.1. Materials

Synthetic poly(1,4-cis-isoprene) (PI) was SKI3 from
Nizhnekamskneftechim Export, with 70 Mooney
Units (MU) as Mooney viscosity (M (1+4)100°C).
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Table 1. Measured BET surface area and DBP absorption
number for carbon fillers

Carbon filler BET surface area | DBP absorption number
[m?%g] [mL/100 g]*

CB 77.0 85.0

CNT 199.9 316.3

nanoG 330.3 162.4

*mL of absorbed DBP/100 grams of CB

Carbon Black N326 (CB) was from Cabot, with the
following characterization data: 30 nm as mean diam-
eter of spherical primary particles, nitrogen adsorp-
tion number of 77 m*/g and DBP adsorption num-
ber of 85 mL/100 g.

Multiwall Carbon Nanotubes were Baytubes® C150 P
from Bayer Material Science, with a chemical purity
>95 as wt%, a length in the 1-10 um range, a num-
ber of walls between 3 and 15 and outer and inner
diameters of 10—16 nm and 4 nm respectively.
NanoGraphite (nanoG) was Synthetic Graphite 8427%
from Asbury Graphite Mills Inc. In the technical
data sheet, the carbon content and the surface area
are reported to be at least 99 wt% and 330 m?/g,
respectively. Chemical composition determined
from elemental analysis was, as wt%: carbon 99.5,
hydrogen 0.4, nitrogen 0.1, oxygen 0.0.

To allow a direct comparison among the three fillers,
BET surface areas and DBP absorption numbers
were determined with ASTM D6556 and ASTM
D2414 methods, respectively. Values are reported
in Table 1.

2.2. Preparation of composites

Composites were prepared using a Brabender® type
internal mixer, with 50 mL mixing room. Formula-
tions of samples containing only one filler, either CB
or CNT or nanoG, are in Table 2. The same filler vol-

Table 2. Formulations of composites with different fillers®"

ume fractions were used for all the fillers. Samples
are labelled CNT, nanoG, CB, with reference to
fillers, with a number indicating the filler content,
expressed in parts per hundred polymer (php). For-
mulations of samples containing hybrid filler sys-
tems, CB-CNT or CB-nanoG, are in Table 2. They
are labelled CB-CNT or CB-nanoG, with reference
to the fillers, with a number indicating the CB con-
tent. CB and the nanofiller have the same volume
fraction in the composite.

The following procedure was adopted for the prepa-
ration of all the samples: 50 g of PI were introduced
in the Brabender type internal mixer and masticated
at 90°C for 1 min with rotors rotating at 30 rpm. The
filler was then added, mixing was performed for
4 min and the composite was then discharged at a
temperature of about 100°C. The composite, so pre-
pared, was left to reach room temperature and was
fed again to the Brabender mixer kept at a tempera-
ture of about 50°C. Peroxide was added and the final
composite was discharged after 2 minutes. Com-
posites were finally further homogeneized by pass-
ing them 5 times through a two roll mill operating at
50°C, with the front roll rotating at 30 rpm and the
back roll rotating at 38 rpm and 1 cm as the nip
between the rolls.

2.3. Characterization

Crosslinking reaction was studied at 150°C with a
Monsanto oscillating disc rheometer (MDR 2000)
(Alpha Technologies, Swindon, UK), determining the
minimum modulus A}, the maximum modulus My,
the modulus My, at the end of the crosslinking
reaction, the time f; required to have a torque equal
to My + 1, the time #yo required to achieve 90% of the
maximum modulus My (i.e. to achieve the optimum

CB-0 CB-2.5 CB-5 CB-10 CB-20 CB-30
CB 0 2.50 5.00 10.00 20.00 30.00
CNT-0 CNT-2.5 CNT-5 CNT-10 CNT-20 CNT-30
CNT 0 2.50 5.00 10.00 20.00 30.00
NanoG-0 NanoG-3 NanoG-6 NanoG-11 NanoG-22 NanoG-33
NanoG 0 2.78 5.56 11.11 22.22 33.33
CB-0-CNT CB-1.25-CNT CB-2.5-CNT CB-5-CNT CB-10-CNT CB-15-CNT
CB 0 1.25 2.50 5.00 10.00 15.00
CNT 0 1.25 2.50 5.00 10.00 15.00
CB-0-NanoG | CB-1.25-NanoG | CB-2.5-NanoG CB-5-NanoG CB-10-NanoG CB-15-NanoG
CB 0 1.25 2.50 5.00 10.00 15.00
NanoG 0 1.39 2.78 5.56 11.11 16.67

*Labels and amount of ingredients (expressed in php) are indicated
®Other ingredient: PT 100 php, DCUP 1.4 php
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of crosslinking) and the so called reversion, i.e. the
relative decrease of the modulus at the end of the
crosslinking reaction: (My — Mfina)/(My — M1)-100.
TEM analysis was performed with a Zeiss EM 900
microscope applying an accelerating voltage of
80 kV. Ultrathin sections (about 50 nm thick) were
obtained by using a Leica EM FCS cryoultramicro-
tome equipped with a diamond knife (sample tem-
perature: —130°C).
Wide-angle X-ray diffraction (WAXD) patterns
were taken with an automatic Bruker D8 Advance
diffractometer, in reflection, with nickel filtered
Cu-Ko radiation (1.5418 A), at 35kV and 40 mA.
The intensities of reflections in WAXD patterns
reported in this manuscript were not corrected for
polarization and Lorentz factors, to allow a better
visibility of the (000) peaks. d-spacings were calcu-
lated using Bragg’s law. The Dy correlation length
of CNT and nanoG crystals was determined apply-
ing the Scherrer equation (Equation (1)):
KA

D, , =—— 1

K BriCOSOy M
where K is the Scherrer constant, 4 is the wavelength
of the irradiating beam (1.5419 A, CuKo), B¢ is
the width at half height, and 6y is the diffraction
angle. The introduction of a correction factor has to
be used in case Sy is lower than 1°,
Dynamic-mechanical measurements on crosslinked
composites were performed with a Monsanto R.P.A.
2000 rheometer in the torsion mode. For each sam-
ple, a first strain sweep (0.1-25% shear strain ampli-
tude) was performed at 50°C and 1 Hz, then the
sample was kept in the instrument at the minimum
strain amplitude (ymin = 0.1%) for 10 min, to achieve
fully equilibrated conditions. Finally, dynamic tests
were performed at 50°C at increasing strain ampli-
tude (0.1-25% shear strain amplitude) with a fre-
quency of 1 Hz.

3. Results and discussion

3.1. Electron microscopic analysis

Composite structure was investigated by electron
microscopy, analyzing samples with the highest
filler contents.

Figure 1 shows representative images of compos-
ites with the highest content of each carbon allotrope:
CNT-30 (Figure la), nanoG-33 (Figure 1b) and
CB-30 (Figure Ic¢).

Micrograph in Figure 1a, taken at high magnification,
shows an even distribution of isolated and entan-
gled CNT tubes that create a continuous network
throughout the PI matrix. As previously observed
[19], the melt blending of CNT with the PI matrix
leads to a remarkable shortening of the original
CNT length, that is reported to be up to 10 pm by
the supplier. In Figure 1b, agglomerates of nano-G
are shown in nanoG-33 sample: they are not larger
than 10 um and most of them have submicrometric
size, with a disordered structure of the graphitic lay-
ers. The presence of single graphite layers and stacks
of few of them indicates a high level of delamina-
tion. Nanofiller particles appear to be evenly dis-
tributed, giving rise to almost continuous network.
In Figure lc, fine and sub-micrometric aggregates
of CB appear to give rise to networks, though not
continuous.

Figure 2 shows representative TEM micrographs of
composites with the highest contents of the hybrid
filler systems: CB-15-CNT (Figure 2a) and CB-15-
nanoG (Figure 2b). A continuous hybrid CNT-CB net-
work is clearly visible at high magnification in Fig-
ure 2a. CNTs lie very close to CB aggregates, thanks
to the good interaction between the two carbon
allotropes. The high aspect ratio of CNT tubes and
their ability to wrap around CB aggregates appear
to play a key role in creating the hybrid network.
Distribution and dispersion of nanoG appear to be
improved by the presence of CB. In fact, in Fig-
ure 2b, nanoG agglomerates appear smaller than
those present in TEM micrographs of Figure 1b, with
a larger amount of single graphite layers or of stacks
of few of them. However, no continuous hybrid
filler network is observed even in the sample contain-
ing a total amount of filler above the percolation
threshold of nanoG and close to the percolation
threshold of CB. NanoG tends to remain stacked
and, in most cases, appears preferentially adhered to
the CB particles.

3.2. Mechanical characterization and data
elaboration

The mechanical behavior of the crosslinked com-
posites based on PI filled with only one carbon
allotrope (either CB or CNT or nanoG; formula-
tions are in Table 2) or with binary filler systems (for-
mulations are in Table 2) was studied by means of
dynamic-mechanical tests. For each composite, the
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c)

Figure 1. TEM micrographs of CNT-30 (a), nanoG-33 (b) and CB-30 (¢)

storage shear modulus (G’) was measured as a func-
tion of the strain, determining G’ values up to 25%
as strain amplitude.

Figure 3 shows an example of G’ vs shear strain
curves evaluated for composites with about 20 php
as the overall filler content. Curves of CB filled PI
and CNT filled PI are compared with the one of the
composite with the hybrid CB-CNT system in Fig-
ure 3a and analogous comparison is shown in Fig-
ure 3b for composites with CB and nanoG.

The analysis of the reinforcement of single and
binary filler systems was carried out on G’ values
taken at the minimum shear strain amplitude, G'yin.
Figure 3 clearly highlights the higher reinforcing

efficiency of CNT: G’ for CNT-20 is nearly double
that of nanoG-22, and G’ values of both CNT-20 and
nanoG-22 are higher than the G’ value of CB-20.
By replacing half of the nanofiller with the same
amount of CB, G',mi, values are reduced and, for both
nanofillers, storage moduli of the hybrid composites
lie between the values of single filler composites. In
Figure 4, G'ymin values are plotted as a function of
the total filler volume fraction, i.e. ®yanofitier + P,
for all the investigated systems.

Figure 4 clearly shows the typical reinforcing effect
of a filler in a molten polymer or in an elastomeric
matrix. In fact, it is known that the modulus of the
composite is remarkably increased when the added
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a)

Figure 2. TEM micrographs of CB-15-CNT (a) and CB-15-nanoG (b)

filler(s) have a modulus much higher than that of the  mechanics approach [25-27]. These models attrib-
matrix. The effect of the reinforcing fillers becomes ute the composite reinforcement to the replacement
larger as the filler content increases. To describe  of part of the soft matrix with the stiffer particles,
such reinforcement, micromechanical models have and take into account the non-linear dependence of
been developed in the frame of continuum micro- the modulus on the filler concentration as the result
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Figure 3. Storage shear modulus G’ vs strain amplitude for PI filled with 20 php of filler(s): CB and CNT as the fillers (a),
CB and nanoG as the fillers (b)
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Figure 4. Experimental values of G'yi, vs total filler volume fraction (nanofiller:a) CNT, b) nanoG); lines indicate polyno-
mial curves fitting the experimental data
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of interactions of stress fields of each filler particle.
The enhancement of the matrix elastic modulus, due
to the filler addition, can be expressed for spherical
filler particles through the Smallwood-Guth-Gold
equation (Equation (2)) [28]:

g° =1+ 250 + 14.19? 2)
where G, is the elastic modulus of the composite,
G is the elastic modulus of the neat elastomer, @ is
the filler volume fraction and the quadratic term
accounts for the mutual disturbance of filler parti-
cles. For non spherical particles and for particle
aggregates, another equation proposed by Guth can
be applied [29, 30] (Equation (3)):

gc =1+ 0.67f® + 1.621°®? 3)
where fis a shape factor that takes into account the
rod-like shape of filler or filler aggregate and is given
by the length to width ratio of particle or aggregate.
The authors relied on this model in previous studies
on elastomer nanocomposites, to fit the mechanical
properties of nanocomposites based on PI and con-
taining either CNT [19] or nanoG [20] as the nano-
filler. Best fit approach allowed determining the f
aspect ratios, that were calculated to be 22 for CNT
and 5 for nanoG. Equation (3) was applied also in
other works in the literature for determining the
aspect ratio f of CNT: f'values in the range from 15
to 20 were reported [31] for composites based on a
blend of a poly(1,3-butadiene) and poly[styrene-co-
(1,3-butadiene)], prepared through dry melt blend-
ing. For composites based on poly[styrene-co-(1,3-
butadiene)], prepared through solution blending, /'
values were in the range from 40 to 45 [4]. In this
work, data available for the single filler composites
allowed to calculate the f aspect ratio, reported in
Table 3, by applying the best fit approach to the Guth
equation (Equation (3)). The f aspect ratio appears
to be substantially in line with the one published by
some of the authors for nanoG [20], whereas is
lower for CNT [19].

Figure 3 shows as well that G’ decreases with strain
amplitude when the composites contain a carbon
nanofiller and this decrease is particularly pro-
nounced for composites with CNT as the nanofiller.
As mentioned in the Introduction, nanofillers are
known to promote a remarkable Payne effect [12].
Several models have been developed in order to

explain such an effect on the basis of two main
interpretations: the first one, related to the filler net-
working concept, assumes an agglomeration—de-
agglomeration process of the filler network above
the filler percolation threshold [12, 32—34], the sec-
ond one, related to filler—matrix interaction, assumes
matrix-filler bonding and debonding mechanisms
[35-43]. It is not within the scope of this work to
discuss the physical mechanisms occurring in the
composites. Results will be thus analyzed from a
mere phenomenological standpoint, moving from the
phenomenon of filler percolation.

In previous author’s works on elastomer nanocom-
posites, initial modulus values of matrix and com-
posites were elaborated to calculate the mechanical
percolation of the nanofillers, by means of the
Huber-Vilgis plot [44]. The excess of modulus at
minimum deformation (G. — Gp,)/Gn,, Was plotted as
a function of the filler volume fraction in a double
logarithmic plot. Usually, such plot shows two lin-
ear regimes with different slope, at filler contents
below and above the percolation threshold, ®@,,. The
percolation threshold is therefore evaluated as the
filler content at which a discontinuity in the Huber-
Vilgis plot is observed, and it was found to occur at
7.2 php for CNT [19] and at 21.2 php for nanoG [20].
For composites with only one carbon allotrope, @,
values were calculated on the basis of G'ymi, values,
by the Huber-Vilgis plot, and are shown in Table 3.
Only the percolation threshold of CB could not be
measured in the range of filler contents explored,
since it is close to 30 php for N326. Determination
of @, for CB in PI based composites was performed
by preparing samples with CB content higher than
30 php and ®,, value was calculated to be 29 php, as
shown in Table 3. With respect to previous works
by the authors [19, 20], @, value is in line for nano-
G and is higher for CNT. This latter finding could
be justified taking into account the lower CNT
aspect ratio, that evidently depends on the mixing
conditions experienced by the composite.

When dealing with binary filler systems, the applica-
bility of Guth equation (Equation (3)) decays, and

Table 3. Filler f'aspect ratio and percolation threshold, @,
of CB, CNT and nanoG in PI matrix

. D
Filler aspec{ ratio [phl;)]
CB 5 29
CNT 12 9
nanoG 6 17
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the prediction of the composite modulus by micro-
mechanical models can be very complex. However,
it is still possible to evaluate, rather simply, the extent
of interaction between two different fillers, high-
lighting synergistic effects by means of an approach
proposed by Sternstein et al. [45], who studied the
influence of the mutual interaction of two different
fillers on the mechanical reinforcement of an elas-
tomeric matrix. They evaluated interactive effects of
nanosilica particles (fumed and surface treated par-
ticles to form a binary system) in a poly(vinyl
acetate) matrix by calculating the difference between
the modulus values of the composite and those pre-
dicted by the following simple mixing rule:

G'o(Dy, Dy) = G'3(P,) + G'y(Pp) — G’y 4)

where G'.(®,, @) is the modulus of a composite
with two fillers indicated by @ and b, with volume
fractions @, and @y, respectively, index c stays for
composite, G', G'o(D,) and G'y(Dy,) are values of
modulus of the neat polymer matrix m, of the com-
posite with only filler a (volume fraction ®@,) and of
the composite with only filler 4 (volume fraction
®y), respectively. Values from this additive model
establish a sort of lower benchmark of expected
values and are obtained under the hypothesis that
no interaction occurs between two different fillers.
In Equation (4), the volume fraction of each filler in
the composite with the binary filler system (e.g. @,
of G';) is the same as in the composite with only
one filler (e.g. ®, of G',).

Equation (4) can be rearranged as Equation (5):

G'o(@a, Pp) = G’ + (G'a(Pa) — G'm) + (G'p(Dp) —
G'm) = G'm + AGW(D,) + AGH(Dy)  (5)

In this work, such model will be referred to as
‘additive model’, because the composite modulus is
simply obtained as the sum of different contribu-
tions: the neat matrix modulus and the enhance-
ments of modulus independently produced by each
single filler in the same matrix at the same concen-
tration as in the composite. Such model takes into
account the nonlinear dependence of initial modu-
lus on each single filler content, by G', and G", func-
tions, but it does not include any nonlinearity due to
the interactions between two different fillers at @, + ®y,
concentration. In the mentioned work [45], the meas-

ured values of initial moduli were found to be higher
than the ones calculated with Equation (5). The dif-
ferences between experimental and predicted values
were attributed to an interaction term (AG'jp(®,, ®y)),
that is specific of the binary filler/matrix system,
that has to be added to Equation (5) as Equation (6):

G'o(Payb) = ' T AG (Do) + AG"s (D) + AG it Do, Do)
(6)

Such an interaction term is in principle dependent
on the fillers concentration (total and relative) as
well as on the matrix and on the fillers features (sur-
face area, filler aspect ratio and filler-matrix inter-
action strength).

Data of composites of the present work, containing
only one filler, were examined by using Equation (6).
A composite with only one filler can be ideally con-
sidered as a binary filler mixture composite, with two
parts of the same filler. Evidently, the ratio between
said two parts affects the results. In the following
discussion, such ratio is fixed to 1:1. The total vol-
ume fraction @g is thus split in two equal parts (®/2).
If the modulus of the single filler composite could
be calculated by applying the additive model, the
following equation (Equation (7)), analogous to
Equation (5), should give the modulus values:

G(®) = G, + AG;(?) + AG’C(C;))

=G, + 2'AG’C(C§> (7)
Figure 5 shows the G',in values of composites con-
taining only one filler, as a function of the filler vol-
ume fraction. Symbols refer to experimental values
and dotted lines indicate values obtained according
to the additive model, through Equation (7).

The curves that interpolate the experimental values
of the composites modulus (solid lines in Figure 5)
diverge from the dotted lines that were drawn on the
basis of the additive model, taking values from
Equation (7). By examining the curves of Figure 5
in the light of data of Table 3, it appears that the dif-
ferences between experimental and predicted val-
ues for CNT and nanoG become appreciable only
when the nanofiller content is above the percolation
threshold. In the case of CB, the percolation thresh-
old (@, close to 30 php) is only approached and
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Figure 5. G'yniy vs filler volume fraction for CB, CNT and
nanoG filled composites; broken lines indicate
values predicted by the additive model (Equa-
tion (7)); the percolation threshold of each system
(see Table 6) is also displayed

thus the interactive term is rather small. The excess
of modulus could be seen as a sort of ‘auto-interac-
tive’ term, that can be calculated by means of the
following equation (Equation (8)), analogous to
Equation (6):

G(®) = G, + AGQ(?) + AG’C(C;))

P O]
=G +2AG ) +AG, =
Gm Gc(z) Glnt(z’ 2) (8)

This ‘auto-interactive’ term is clearly related to the
nonlinearity of the examined composite. In fact, if
the modulus values of a composite with only one
filler follow the Guth model (Equation (2)), by
introducing the Guth expression (Equation (3)) for
G'(®) and G'¢(®/2) into Equation (8), the follow-
ing relationship is obtained (Equation (9)):

0.9
® CB-CNT o
® CB
o CNT
_. 06
o
o
=
_E L
2
0.34
o
u L]
0.0 n R i ° T
0.00 0.05 0.10 0.15
a) Total filler volume fraction

O P 1

This equation indicates that the ‘auto-interactive’
term is related only to the quadratic (nonlinear) term
of the dependence of modulus on the filler content.
This so called ‘auto-interactive’ term AG';,(®/2, ®/2)
was calculated through Equation (8) for all the com-
posites containing only one filler. Moreover, the
interactive term was calculated by applying Equa-
tion (6) for composites containing the hybrid filler
systems. For this evaluation, experimental data were
fitted by polynomial best fitting curves (lines in
Figure 4), in order to compute the modulus values
at the exact filler contents necessary to evaluate
AG"iy by Equations (6) and (8).

Figure 6 shows the dependence of both the interac-
tive and ‘auto-interactive’ terms on the total filler
volume fraction. Graphs were prepared in order to
emphasize the comparison between interactive terms
arising from systems with only one filler or with the
hybrid filler system.

Some comments can be added. Interactive terms for
a given filler mixture (either made by two different
fillers or by two parts of the same filler) strongly
depend on the filler content, as expected: they are
negligible at low contents, increase with the filler
amount and appear to be remarkable only at the high-
est contents. It is definitely worth underlining the
more pronounced nonlinearity of composites based
on CNT with respect to composites based on nanoG
and CB. Most interesting results seem to arise from
the comparison of the composites with the hybrid
filler systems CB-CNT and CB-nanoG. In fact, while
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Figure 6. Interactive and ‘auto-interactive terms’, computed by Equation (6) and (8), respectively, as a function of the total
filler volume fraction for the investigated systems; a) CB and/or CNT filled systems, b) CB and/or nanoG filled

systems
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values of AG'iy for the hybrid CB-CNT system
(symbols m in Figure 6a) are between those of com-
posites with either only CNT or only CB, values of
AG'iy for the hybrid CB-nanoG system (symbols A
in Figure 6b) are overlapped with the values of the
system containing only CB.

Modulus reinforcement is often evaluated as the
ratio of the composite modulus over the matrix mod-
ulus. In a previous work by some of the authors, the
reinforcement of PI filled with only CNT or filled
with a mix of CNT and 60 php of CB [19] was eval-
uated. It was found that the relative increase of mod-
ulus brought about by CNT was the same, in the
absence and in the presence of CB. G',yin €xperimen-
tal data are in this work elaborated as done in ref.
[19]. The relative modulus enhancement is expressed
by a k factor, defined as follows: the moduli of com-
posites with only CNT or only nanoG (G’ panofitier) are
normalized over the modulus of the neat PI matrix
(G'y) (Equation (10)):

'
G nanofiller(q)
’
G m

nanofiller)

k= (10)
whereas the moduli of the hybrid filler composites
(G'.) are normalized over the modulus of the com-
posite with only CB (G'cg) (Equation (11)):

k — G::(CI)nanofiller’ (I)CB)
G p(Pcs)

Figure 7 shows the £ factor of the investigated com-
posites, as a function of the nanofiller volume frac-
tion. It is interesting to note that, in agreement with
the results shown in ref. [19], in the investigated
range of filler content, nanofillers enhance the matrix
modulus by a multiplication factor, £, that depends
only on the nanofiller type and content, no matter if

(11)
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Figure 7. k factor vs nanofiller volume fraction; open sym-
bols: single nanofiller compounds, full symbols:
hybrid compounds (nanofiller-CB)

the matrix is a neat or a CB filled polymer. The only
exception to this finding are the data of the systems
with a CNT content of 6.5% (about 15 php), which
deserve further investigation.
In a recent work [46], the multiplication factor k£ was
calculated for CNT in PI based composites contain-
ing 12 php of CNT and 0, 20, 40, 60 php of CB and
was found to be in a very narrow range. In particu-
lar, by keeping the same volume fraction of CNT in
composites containing either 0 or 60 php of CB, &
was observed to be 3.2 and 3.4, respectively.
On the basis of the observation that the multiplica-
tion factor, &, does not depend on the composition of
the matrix (that can be either neat or filled with CB),
the Equation (12) can be written:
_ G ’nanofiller(q)nanofiller)
G,
— G’c(q)nanofiller’ (I)CB)
G 'ep(Pcs)

with A&(Dpanofitler) independent of O¢p.
By combining Equation (12) with Equation (6), this
Equation (13) was derived:

(D

nanofiller) -

(12)

AG o Panotiters Pes)
k(q)nanoi er) = 1 + tm S ’ (13)
. (GCB((I)CB) B Gm)
Equation (13) shows that A>1 implies that

AG'in(Dranofitiers @) 1s # 0, that means there is inter-
action between the nanofiller and CB, what was
named above as synergy. As a matter of fact, Equa-
tion (12) itself reveals the interaction between the
two different fillers. In fact, Equation (12) shows
that the modulus of the composite G'. with both
fillers can be obtained by multiplying the moduli of
composites containing only one filler, as shown by
Equation (14):

— G ;anofiller(q)nanoﬁller) ) G ,CB((I)CB)
Gh

G (P

nanofiller? CB)

(14)

These comments concerning k factor are based on
the collected experimental data and a more general
validity (for other filler systems) has still to be
demonstrated.

Figure 1 clearly shows that k£ of CNT is higher than
k of nanoG. The higher value of the & factor for CNT
with respect to nanoG could be considered in line
with what shown in the TEM micrographs: CNT does
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curve averaging the three fitting curves of the systems in a) is shown as well

have a higher ability to form networks, with itself
and with a nano-structured filler such as CB. How-
ever, the high content of nanoG required to build
networks is to an extent unexpected, on the basis of
BET surface area data reported in Table 1.

It appears thus worthwhile to investigate the role
played by surface area and, in particular, by filler-
polymer interfacial area in determining the initial
modulus of the composite material. Such investiga-
tion is more significant in the light of recent litera-
ture [34, 40], according to which the matrix proper-
ties do not keep constant with filler loading, rather
they change depending on the amount of filler-matrix
interface area (4;). In particular, it was shown [40]
that the reinforcement increases by changing parti-
cle shape at the same filler volume fraction i.e. by
increasing surface area, for composites with the
same chemical nature of the fillers.

In Figure 8, G',min data are plotted versus the spe-
cific filler — matrix interfacial area (the interfacial
area normalized over the composite volume), eval-
uated as 4;:p-®, where 4; is assumed to be equal to
BET surface area (see Table 1) and p is the filler
density. For hybrid filler systems, the specific filler
— matrix interfacial area is evaluated for each filler
at the corresponding volume fraction and the results
are simply added to give the overall area. Figure 8a
shows the experimental points for the composites
containing only CNT, only CB and the hybrid CB-
CNT system. Points referring to the three different
composites appear to lie on a common ‘master’ curve
(solid line in both Figure 8a and 8b), evaluated by
averaging the three best fitting curves of each sys-
tem.

This elaboration indicates that the filler surface and
thus the filler-matrix interfacial area are the key fea-

tures that affect the initial modulus values of the
composites. This comment is simply in line with the
basic theory of elastomer reinforcement [26, 27].
However for the first time, a common elaboration
seems to be possible for nano- and nano-structured
fillers. Figure 8b shows the ‘master’ curve evaluated
by data of Figure 8a and experimental points for the
composites containing only nanoG, only CB and the
hybrid CB-nanoG systems. It is evident that points
arising from nanoG based composites are well below
the ‘master’ curve. To justify this finding, it could be
hypothesized that the filler surface area of nanoG is
not totally accessible to the polymer chains. In fact,
Table 2 shows that, although the BET surface area
of nanoG is higher than that of CNT, DBP absorp-
tion for nanoG is lower than for CNT. It is known
[27] that the DBP absorption is correlated with the
volume of the polymer occluded by the filler. Points
in Figure 8b could be brought on the ‘master’ curve,
by assuming for nanoG a surface area of about
90 m?/g. It could be thus hypothesized that the sur-
face areas experimentally determined for CB and
CNT are prevailingly accessible to polymer chains,
whereas nanoG layers seem to be accessible to the
small Helium atoms used for the BET measurement
but not to the bulky chains. This leads to hypothe-
size that nanoG layers are stacked, forming crys-
talline aggregates. To investigate the aggregation of
layer in nanoG and in CNT, XRD analysis was per-
formed on composites CB-15-nanoG and CB-15-
CNT. Figure 9a shows the XRD pattern of the nanoG
based composite and Figure 9b shows the XRD pat-
tern of the CNT based composite. By applying the
Scherrer equation (see Equation (1)) to the 002
reflection at 26.5° as 20 value in the pattern of CB-
15-nanoG, the number of layers stacked in a crys-
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Figure 9. XRD pattern of CB-15-nanoG (a) and CB-15-CNT (b) in the 0—80° range as 26 values

talline domain was calculated to be about 72. Inter-
estingly, this number is higher than the one detected
in the pristine nanoG sample [21].

It could be commented that the high pressure applied
in the crosslinking step brings nanoG to a minimum
of energy, that means to a higher crystallinity. This
relatively high number of stacked layers confirms
that the surface area measured through BET tech-
nique is not accessible to the polymer chains and jus-
tifies what shown in Figure 8b. By applying the Scher-
rer equation, the number of layers wrapped to form
CNT was calculated to be about 12. Interestingly, also
this number is higher than the one found in the pris-
tine sample (10). Also in this case, the crosslinking
pressure can be invoked to justify the formation of
crystalline domains with a higher correlation length.

4. Conclusions

This work is focused on the interactive effects of
carbon allotropes on the mechanical reinforcement
of a hydrocarbon polymer matrix, poly(1,4-cis-iso-
prene). So called nano-fillers such as CNT or nano-G
are used, in the neat polymer matrix, or combined
with a nano-structured filler such as CB.

The reinforcement effects on the shear storage
modulus brought about by hybrid fillers in an elas-
tomeric matrix are analysed by a method proposed
by Sternstein [45] and quantified by an interaction
term. This method relates the extent of filler parti-
cles interactions to the nonlinearity of filler rein-
forcement and allows to assess the ability of the
nanofiller to impart such non linearity to the com-
posite with the hybrid filler system thus giving a
reliable indication of the filler(s) ability to build
networks.

CNT were found to have the largest values of the
interaction term and to form filler networks, also in
presence of CB, at low CNT concentrations.

A sort of fingerprint is identified for the carbon nano-
fillers. In fact, the relative increase of modulus,
defined as k& factor, brought about by a given nano-
filler in the pure matrix is the same as in the system
with CB. A correlation between the interaction term
and & factor is shown.

Finally, the filler-polymer interfacial area is shown
to be able to correlate the behaviour of a nano- with
a nanostructured filler (CNT with CB): experimen-
tal storage modulus values lie on the same ‘master’
curve when plotted versus the specific interfacial
area, provided that the surface area is accessible to
the polymer. The definition of such a ‘master’ curve
could be seen as a tool to investigate the polymer-
filler interfacial area actually available. Moreover,
these findings seem to highlight the importance of
CNT shape, that allows high values of accessible
surface area and the easy formation of networks.
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Abstract. The improvement of flame-retardant properties of polyamide 6 (PA6) was achieved by using reduced graphene
oxide decorated with halloysite nanotubes (HNTs-d-rGO) hybrid composite as the additive in PA6 matrix. The intimate
integration of reduced graphene oxide (rGO) and halloysite nanotubes (HNTs) through a three-step chemical functionaliza-
tion, enabled the combination of their unique physical and chemical characteristics together. The nanostructure of HNTs-d-
rGO was determined by Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and
transmission electron microscopy (TEM). A morphological study revealed that HNTs-d-rGO was dispersed uniformly in
PA6 matrix. From the results of cone calorimetry measurements, the fire retardant properties of PA6 were further improved
with the addition of HNTs-d-rGO when compared with that of either HNTs, or GO, or a mixture of HNTs and GO (HNTs-
m-GO) used in PA6 matrix. The results indicate clearly that higher flame-retardant activity of the integrated HNTs-d-rGO
nanostructures than that of the simple mixture verifies the importance of the intimate integration between HNTs and rGO,

which ascribe to the combination of the stable silica layer created by HNT and the barrier effect of rGO.

Keywords: nanocomposites, graphene oxide, halloysite nanotubes (HNTS), polyamide 6

1. Introduction

Polyamide 6 (PA6), a commercially important semi-
crystalline polymer, is widely used in engineering
plastics, film and fibers [1-4], which usually causes
fires and consequently leads to huge loss of human
lives and property, which, to a certain degree, limits
the range of applications. We demonstrate a novel
strategy to improve the flame-retardant properties
of PA6 by using reduced graphene oxide decorated
with halloysite nanotubes (HNTs-d-rGO) hybrid
composite.

Graphene, exhibiting outstanding electronic, mechan-
ical [5-8] and thermal [9, 10] properties, is emerg-
ing as a rising star in the field of flame-retardant
applications due to its endothermic and stable struc-

*Corresponding author, e-mail: zhumf@dhu.edu.cn
© BME-PT

ture [10—13]. For example, the peak heat release
rate (PHRR) of polyvinyl alcohol (PVA) filled with
graphene is reduced by 49% [11]. However, in
order to achieve fire resistance, the content of
graphene used as flame retardant in polymer should
be relatively high. Besides, nanocomposites con-
sisting of polymer and clay, such as montmoril-
lonite and kaolinite, are widely used to improve the
flame-retardant properties of polymers [14, 15]. Hal-
loysite nanotubes (HNTs), one kind of nanoclay,
have attracted research attention as fillers for poly-
mer nanocomposites due to their improvement of
mechanical [16, 17], thermal [18], crystallization [19,
20] properties of polymer. Moreover, recent studies
showed that HNTs enable to enhance the fire-retar-
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dant performance of polymer composite, which is
attributed to the formation of thermal insulation
barrier during fire [21]. Therefore, the combination
of reduced graphene oxide (rGO) and HNTs as
additive may be considered as an efficient method
to get good fire retardant properties in polymer.

Herein, we demonstrate a novel strategy to func-
tionalize and decorate rGO with HNTs through a
three-step chemical reaction. Finally, rGO decorated
with HNTs (HNTs-d-rGO) was prepared and incor-
porated into PA6 for fire retardant applications.

2. Experimental

2.1. Materials

Graphite F-000 (<2 um) was purchased from Shang-
hai Yifan graphite Co., Ltd. (Shanghai, China).
Polyamide 6 shows a melt flow rate (MFR) of
23.89 g/10 min provided by Jiangsu Haiyang Chem-
ical Fiber Co., Ltd. (China). Halloysite nanotubes
(HNTs) was supplied by Jinyangguang Ceramics
Co. Ltd. (Zhengzhou, China). Sulphuric acid (H,SOy,
98%), hydrogen peroxide solution (H,0,, 30%),
hydrochloric acid (HCI, 37%), potassium perman-
ganate (KMnQy), dimethylformamide (DMF), thionyl
chloride (SOCl,), triethylamine (Et3;N), toluene
(C7Hg), ethanol (C,HsOH), 3-aminopropy] triethoxy-
silane (APTES) and trichloroacetic acid (C;HCI;05;)
were used as received from Sinopharm Chemical
Reagent Co., Ltd.

2.2. Synthesis of HNTs-decorated rGO
(HNTs-d-rGO)

The synthetic routes of acylated rGO (rGO-COCI),
ammoniated HNTs (HNTs-NH;), HNTs-d-rGO are
as shown in Figure 1. HNTs-NH; was synthesized
according to the literature [22, 23]. Firstly, 20 mL
APTES was dissolved in 250 mL of toluene, and
then 6 g of dried HNTs was added into the above
solution. The suspension was dispersed ultrasonically
for 30 min at room temperature followed by stirring
at 75°C for 20 h. The resulting powder was filtered

b)

and washed with toluene to remove the excess
APTES, and then dried at 120°C under vacuum.
Graphite oxide (600 mg) prepared using modified
Hummers method [24, 25], was dispersed in SOCl,
(120 mL) with addition of a few drops of DMF
(3 mL), and the mixture was refluxed at 70°C for
24 h. After evaporation of the excess SOCI, under
reduced pressure, the rGO-COCI product was added
into an intensely stirred solution of 200 mL DMF and
10 mL triethylamine (Et;N) at 120°C for 36 h. After
cooling down to the room temperature, the products
of HNTs-d-rGO were filtered through a PTFE mem-
brane (0.22 um), and washed with DMF and ethanol
for three cycles respectively. Finally, the resulted
HNTs-d-rGO was dried in vacuum at 120°C for
12 h.

2.3. Preparation of the PA6/ HNTs-d-rGO
nanocomposites

All samples were dried in vacuum at 120°C for 24 h
before use. Then the required proportion of HNTs-
d-rGO were mixed and melt blended with PA6 in
ThermoHaake Rheomix with the temperature range
of 225-250°C at screw speed of 80 rpm. For com-
parison, PA6/HNTs, PA6/GO and PA6/mixture of
HNTs and GO (HNTs-m-GO) were similarly pre-
pared as mentioned for PA6/HNTs-d-rGO with equiv-
alent filler content.

2.4. Characterization

Fourier-transform infrared (FTIR) spectra were
recorded on a Nicolet 8700 FTIR spectrometer. The
sample was mixed with potassium bromide (KBr)
powder and pressed into pellets. Transmission elec-
tron microscopy (TEM) analysis was conducted
using a JEOL JEM-2100 instrument with an accel-
eration voltage of 100 kV. The HNTs, GO and HNTs-
d-rGO were dropped on a copper grid for TEM
characterization. X-ray photoelectron spectroscopy
(XPS) was performed with a VG ESCALB MK-II
electron spectrometer. The excitation source was an

Figure 1. Schematic illustration of the synthetic route of HNTs-d-rGO
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Al Ka line at 1253.6 eV. Scanning electron micro-
scopic (SEM) images of the fracture surface of com-
posites were collected using a Hitachi S-4800 field-
emission SEM instrument (operated at 10 kV). The
PA6 nanocomposite pellets were oven-dried and
molded into standard 100x100x3 mm? samples
using a Dehong SZ-5-C injection molding machine
with the barrel and mold temperatures maintained
at 270 and 50°C, respectively. Then cone calorime-
ter tests (ISO 5660) were performed on samples
placed horizontally with a flux of 35 kW/m? to
evaluate the flammability of the composites.

3. Results and discussion
3.1. Characterization of HNTs-d-rGO
nanostructure

FTIR spectra of HNTs, HNT-NH,, GO and HNTs-
d-rGO are presented in Figure 2. Compared with
the pristine HNTs (Figure 2 curve a), HNT-NH;
exhibit some new FTIR peaks (Figure 2 curve b),
such as the stretching vibration band of CH, around
2930 cm™!, the deformation vibration CH, at
1492 cm™', and the deformation vibration NH, at
1560 cm'. All of these show that the successful graft-
ing of amino groups to the surface of HNT. As
shown in Figure 2 curve ¢, the absorption bands of
GO at 1719, 1618 and 1055 cm™! are ascribed to
C=0, C=C and C-0 [26, 27], respectively. After the
functionalization of GO by HNT-NH;, there are
some new absorption peaks in the spectrum of
HNTs-d-rGO. The strong absorption band at around
1090 cm™! is attributed to the Si—O—-Si group in
APTES-modified sample HNT-NH,, and the peak
at 1568 cm™! is corresponding to the bending vibra-
tions of the amide groups, which together with the

1600 1550 1500 1450 1400

Absorbance

a}l i 'l 'l 'S A 'l A
3600 3200 2800 2400 2000 1600 1200 800 400
Wave number [cm]

Figure 2. FTIR spectra of (a) pristine HNTs, (b) HNT-NH,,
(c) GO and (d) HNTs-d-rGO

significantly reduced intensity of hydroxyl stretch-
ing at 3400 cm™! implying fewer oxygen-contain-
ing groups in the reduced GO are certifications of
the successful decoration of HNT-NH, onto the sur-
face of rGO.

The XPS spectra of pristine HNTs, HNT-NH,, GO
and HNTs-d-rGO, and higher resolution Cls spec-
tra of GO, HNTs-d-rGO and N1s spectra of HNTs-
d-rGO are shown in Figure 3. As can be observed,
HNT-NH, displayed a strong photoemission at a
binding energy (BE) of 401.9 eV belonging to N1s.
The concentration of nitrogen increased up to
4.33% and the BE 0f 401.9 eV assigned to C—N-H,
which implied the successful ammonification of
HNTs. The main Si2p peak at 103 eV is attributed
to Si—O-Si/Si—O-Al [23, 28]. The Cls XPS of GO
(Figure 3b) shows a degree of oxidation with four
peaks appearing at 284.8, 285.6, 286.8 and 288.4 eV,
which are ascribed to the non-oxygenated ring C,
the C bonded to C atoms in defective structures, the
C in C-O bonds and the carbonyl C, respectively
[29]. The Cls XPS spectrum of HNTs-d-rGO (Fig-
ure 3c) also exhibits these same oxygen functional-
ities, but the peak intensities of oxygenated C are
much smaller than those in GO, indicating the par-
tial reduction of GO. In the N1s spectra of HNTs-d-
rGO (Figure 3d), The detection of a N1s peak at a
binding energy of 400.6 eV, which is ascribed to
C-N-C, is a key indication of the successful cova-
lent functionlization of rGO by HNTs.

On the basis of FTIR and XPS results, TEM was
employed to obtain the morphological information
of products we have synthesized. As shown in Fig-
ure 4, compared with pristine HNTs (Figure 4a),
HNT-NH,, which was prepared by amino-function-
alized HNT using APTES, not only did the diameter
of the HNT increase to some degree, but also their
surfaces (including outer surface and inner surface)
were much rougher relative to HNT, and a thin
polymeric layer could be observed (Figure 4b). The
layers of GO (Figure 4c¢) are clean and several hun-
dred nanometers large, while HNTs-d-rGO (Fig-
ure 4d) have many nanotubes attached. The rGO in
HNTs-d-rGO was so thin that some of the edges are
nearly invisible (Figure 4d). Moreover, the ordered
graphite lattices are clearly visible and the disor-
dered regions are also found in Figure 4e, indicat-
ing that the GO sheets were partially reduced and
restored to ordered crystal structure. The inset
selected area electron diffraction pattern (SAED),
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Figure 3. XPS spectra of (a) pristine HNTs, HNT-NH,, GO and HNTs-d-rGO, and higher resolution C1s spectra of (b) GO,
(¢) HNTs-d-rGO and (d) N1s spectra of HNTs-d-rGO

Figure 4. TEM images of (a) pristine HNTs, (b) HNT-NH,, (c) GO, (d) HNTs-d-rGO, (¢) HRTEM of the rGO in HNTs-d-
rGO (inset is the SAED pattern)
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shows both diffraction rings and dots, which is con-
sistent with high resolution transmission electron
microscopy (HRTEM) results.

3.2. Dispersion of HNTs-d-rGO in the
composites

The dispersion of fillers in PA6 is an important fac-
tor to affect the various properties of composites. It
is necessary to obtain the morphological informa-
tion of fillers in the matrix. In this study, SEM was
used to examine the dispersion of HNTs, GO, HNTs-
d-rGO and HNTs-m-rGO in PA6. In order to show
the dispersion state more clearly, the fractured sur-
faces of PA6 composites made by cryo-fractured in
liquid nitrogen were etched with C,HCI;0,
(30 wt%)/C,HsOH solution at 60°C for 1 h. It is evi-
dent that HNTs are homogeneously dispersed in the
PA6/HNTs composites (Figure 5a). As shown in
Figure 5b, many GO sheets could be observed on
the fractured surface and they are uniformly dis-

persed in the PA6/GO composites without agglom-
eration. Figure S5c presents a good dispersion of
HNTs-d-rGO in PA6 matrix and less isolated HNTs
and their aggregates compared with those in PA6/
HNTs-m-rGO composite (as shown in Figure 5d),
indicating a strong interaction between the rGO
sheets and the HNTs, which may be good for the
flame retardant property of PA6 composite.

3.3. Flame-retardant properties of the PA6
composites

The cone calorimeter test results for PA6 and the cor-
responding composites filled with 1 wt.% of HNTs,
GO and HNTs-d-rGO prepared by melt blending are
presented in Figure 6 and Table 1. From Figure 6a,
it can be observed that pure PA6 burns rapidly after
ignition and the peak heat release rate (PHRR) value
is 663 kW/m?. As expected, incorporating HNTs
and GO into PA6 makes the PHRR decrease to 634
and 617 kW/m? respectively. Moreover, the PHRR

y.

10.0 pm

10.0 um
d)

Figure 5. SEM images obtained from fracture surface of 1.0 wt% (a) pristine HNTs, (b) GO, (c) HNTs-d-rGO, (d) HNTs-
m-GO in PA6 matrix etched with 30 wt% trichloroacetic acid/ethanol solution at 60°C for 1 h
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Figure 6. Heat release rate (HRR) (a), total heat release (THR) (b) versus time curves of polyamide 6

Table 1. Cone test results for PA6 and PA6 composites

Samples PHRR THR TTI | TSP
[kW/m?] | [MJ/m?| [s] |[m¥m?
PA6 663 142.6 110 | 426
PAG6/HNTSs 634 135.0 121 | 435
PA6/GO 617 1282 99 | 4.98
PAG6/HNTs-d-rGO 588 113.6 107 | 472
PAG6/HNTs-m-GO 628 122.0 104 | 470

of PA6/HNTs-d-rGO composite exhibits a further
reduction compared to both PA6/HNTs and
PA6/GO. To clarify whether the grafting effect or
the effect of a simple combination of HNTs and
CNTs was responsible for this result, we conducted
a contrast experiment by physically mixing HNTs
and GO in PA6. The PHRR for this composite was
higher than HNTs-d-rGO at the same loading level,
indicating the grafting was good for the fire retar-
dancy. Therefore, the best fire retardant properties
of PA6/HNTs-d-rGO could be attributed to two
aspects: firstly, the reduction of GO converts GO
into a more stable form, reduced GO (rGO); Sec-
ondly, HNTs can create a stable silica layer on the
char surface of PA6, which reinforces the barrier
effect of graphene. From Figure 6b,The total heat
release (THR) curves show a similar trend as heat
release rate (HRR), and THR values of PA6/ HNTs,
PA6/GO, PA6/HNTs-d-rGO are reduced from
142.6 MJ/m? (pure PA6) to 135.0, 128.2 and
113.6 MJ/m?, respectively. While the PA6/HNTs-
m-GO exhibits the higher THR value than PA6/
HNTs-d-rGO, which proves the above mechanism
for the best fire retardant properties of PA6/HNTs-
d-rGO again. From Table 1, it can be found that incor-
poration of the nanofillers has a slight influence on
the time-to-ignition (TTI) of the composites, owing
to their small loadings. With regard to the total smoke

production (TSP), all the samples containing nano-
fillers show higher TSP compared to pure PA6. This
phenomenon is probably due to the incomplete
combustion of PA6.

4. Conclusions

In summary, we have firstly reported the covalently
bonded HNT-d-rGO nanostructures, which suc-
cessfully improved the flame-retardant properties
as the fillers in PA6 from the PHRR and THR
results. The nanostructures of HNT-d-rGO were
determined by FTIR, XPS, and TEM studies. A
morphological study revealed that HNTs-d-rGO
was dispersed well in PA6. Our results indicate that
the improvement in flame-retardancy of HNT-d-
rGO hybrid composite may due to the barrier effect
of its network. The HNT-d-rGO hybrid composites
open up a new strategy to be applied towards a wide
range of polymers materials as an effective fillers to
improve the fire safety of polar polymers.
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