
The relationship between polymers and the envi-
ronment is contradictory. The use of polymers pre-
vents deforestation but contributes to the accumula-
tion of solid wastes. Focused research on thermo-
plastic biopolymers promises a solution, however
their programmed stabilization and recycling
requires more efforts. General way for the manage-
ment of thermosetting polymer wastes (such as
recycling) is not available thus various approaches
are considered. Their replacement with thermoplas-
tics, depolymerization or use as filler are techni-
cally and/or economically limited thus their waste
is mostly disposed by combustion. Nature shows
the biodegradation of lignocellulosic ‘natural ther-
mosets’ as an alternative solution. The research of
biodegradable epoxy resins based on epoxidized
soybean oil has a long history, however, the achiev-
able thermal resistance is not comparable with the
commercial ones. Although the carbohydrates are
the building blocks of the most abundant natural
polymers sugar-based alternatives of thermosetting
polymers are not widely used. Major reason can be
their water uptake being much higher than that of
monomers derived from petrochemical feedstock.
However, hydrophilicity can be suppressed by
blocking the free OH functions. One of the most
promising sugar-derivatives as starting material for
polymerization is the group of dianhydrohexitols,
such as diglycidyl ether of isosorbide (1,4:3,6-dian-
hydro-D-sorbitol), which can maintain the mechani-
cal properties at elevated temperature, when incor-

porated into thermosets. However, its drawbacks
are the relatively high cost and the limited number
of epoxy groups. The higher functionality level of
sorbitol glycidyl ether provides larger chemical
variability but limited thermomechanical perform-
ance. Syntheses of further carbohydrate derivatives
are needed to provide affordable and thermal resist-
ant crosslinked polymers of controlled biodegrad-
ability. These monomers can originate from various
industrial plants or even from agricultural byprod-
ucts. More expensive carbohydrate monomers such
as modified chitosans can be considered as co-
monomers to be grafted onto the backbones and
adjusting this way the final properties to the require-
ments. Fully biodegradable composites can be
formed by combination of these resins with natural
fiber reinforcements.
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1. Introduction
Blending of polymers is a smart and economical strat-
egy for obtaining new and improved polymeric mate-
rials from the existing polymers, which are difficult
to obtain by direct polymerization process [1, 2].
Even though more than 400 miscible polymer pairs
have been reported [3, 4], most of them are not mis-
cible on a molecular scale and tend to undergo phase
separation during mixing. Numerous rubber-plastic
blends are available, only few of them are commer-
cially attractive because of compatibility between
the components. Thermoplastic elastomers (TPEs)
are a class of polymers or polymer blends that have

rubber-like behaviour, but can be melt-processed like
thermoplastic polymers [5, 6]. The combination of
these properties is obtained by the two-phase struc-
ture of the materials: the soft phase, an elastomer,
gives the rubber-like properties in the solid state,
whereas the hard phase, a thermoplastic polymer with
high glass transition temperature, gives strength to
the blend. At the temperature of utilization, the lat-
ter is the stiffer phase that acts as physical cross-
linker for the elastomer phase. At elevated tempera-
tures (above the glass transition temperature or
above the melting point), the hard phase softens and
the TPE becomes processable.
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Abstract. Novel thermoplastic vulcanizates (TPVs) based on silicone rubber (PDMS) and polyamide (PA12) have been
prepared by dynamic vulcanization process. The effect of dynamic vulcanization and influence of various types of perox-
ides as cross-linking agents were studied in detail. All the TPVs were prepared at a ratio of 50/50 wt% of silicone rubber
and polyamide. Three structurally different peroxides, namely dicumyl peroxide (DCP), 3,3,5,7,7-pentamethyl 1,2,4-triox-
epane (PMTO) and cumyl hydroperoxide (CHP) were taken for investigation. Though DCP was the best option for curing
the silicone rubber, at high temperature it suffers from scorch safety. An inhibitor 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO)
was added with DCP to stabilize the radicals in order to increase the scorch time. Though CHP (hydroperoxide) had higher
half life time than DCP at higher temperature, it has no significant effect on cross-linking of silicone rubber. PMTO showed
prolonged scorch safety and better cross-linking efficiency rather than the other two. TPVs of DCP and PMTO were made
up to 11 minutes of mixing. Increased values of tensile strength and elongation at break of PMTO cross-linked TPV indi-
cate the superiority of PMTO. Scanning electron micrographs correlate with mechanical properties of the TPVs. High stor-
age modulus (E!) and lower loss tangent value of the PMTO cross-linked TPV indicate the higher degree of cross-linking
which is also well supported by the overall cross-link density value. Thus PMTO was found to be the superior peroxide for
cross-linking of silicone rubber at high temperature.
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Thermoplastic vulcanizates (TPVs) are a highly engi-
neered class of thermoplastic elastomers, compris-
ing a cross-linked elastomeric phase and a melt
processable thermoplastic phase. These materials
are produced by dynamic vulcanization process, in
which both mixing and cross-linking are carried out
at the same time in a melt mixing device. Resulting
compound exhibits more elastomer-like properties:
such as lower compression set, lower stiffness,
greater resistance to fatigue, heat and chemicals than
the corresponding rubber or plastic [7, 8]. The
dynamic vulcanization process was first reported by
Gessler and Haslett [9] in 1962 and then further
developed by Fischer [10] by his early work on
polypropylene (PP)/ethylene propylene diene rubber
(EPDM) TPVs with peroxides as cross-linking
agent, resulted in the commercialization of ‘Uniroyal
TPR’ thermoplastic rubber. Greater industrial atten-
tion was generated only after extensive study of
TPVs based on various blend components by Coran
and Patel in the 1980s [11, 12]. They performed
extensive studies on PP and EPDM blends that were
dynamically vulcanized with high crosslink density
in the rubber phase. These works led to the com-
mercialization of ‘Santoprene’ TPE, which was
introduced by Monsanto in 1981. Most commercial
TPVs are based on heterogeneous blends of PP and
ethylene-propylene-diene rubber (EPDM) because
of their structural compatibility. Naskar and Noor-
dermeer [13, 14] extensively studied the influence
of different peroxides and multifunctional peroxide
in the conventional PP/EPDM blends. Later Naskar
et al. [15] also developed a novel PP/EPDM TPV by
electron induced reactive processing. Further TPVs
based on silicone rubber [16] and maleated ethylene
propylene rubber (EPM) [17] was also developed for
some special purpose. Babu and coworkers [18, 19]
explored a new TPV based on polypropylene (PP)
and ethylene octene copolymer (EOC) blend sys-
tem. EOC has gained special attention because of its
unique molecular structure and also it provides bet-
ter toughening characteristics than EPDM rubber
[20, 21]. Recently Giri et al. [22] developed a new
system in this family which is based on LLDPE/
PDMS blend system. But all the TPVs have limited
use in automotive applications due to their low heat
resistance and poor oil resistance properties associ-
ated with the olefinic thermoplastic matrices [23].
To fulfill these two requirements a new family of high
performance TPV called ‘super TPV’, based on

cross-linked silicone rubber particles dispersed in a
variety of engineering thermoplastic matrix, was
developed by Dow Corning [24]. In this present
investigation polyamide (PA12) and silicone rubber
(PDMS) are of special interest and a new super
TPV system with a blend ratio of 50/50 wt% has
been developed.
Silicone rubber (PDMS) is notable for its unique
characteristics: such as very low Tg (–125°C) due to
highly flexible [O–Si–O] backbone, very wide serv-
ice temperature range, good aging properties, resist-
ance to UV radiation, low toxicity, hydrophobic and
physiologically inert [25–27]. Tensile strength of
silicone rubber is very low and its oil and solvent
resistance properties are also very poor [28]. To
overcome these drawbacks of silicone rubber, a
new blend system of silicone rubber (PDMS) and
polyamide (PA12) has been chosen for the develop-
ment of a novel TPV with controlled properties.
PA12 has excellent solvent and oil resistance, in
particular acid and alkali resistance and excellent
environmental stress cracking resistance at elevated
temperature [29]. Cross-linking of the PDMS rub-
ber phase by organic peroxides suffers from scorch-
ing problems at high mixing temperature due to the
faster decomposition of the peroxides (normally
used for curing) [30, 31]. To overcome this diffi-
culty three structurally different peroxides, namely
dicumyl peroxide (DCP), 3,3,5,7,7-pentamethyl
1,2,4-trioxepane (PMTO) and cumyl hydroperoxide
(CHP) were chosen for investigation. It is reported
earlier that, though DCP was the best option for cur-
ing the silicone rubber, at high temperature it suf-
fers from scorch safety since it has a typical cross-
linking temperature at 160°C. At higher tempera-
tures above 180°C it has very low half life time (t1/2).
An inhibitor 2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO) was added with DCP to increase the scorch
safety by scavenging the peroxide radicals [31, 32].
The main objective of this present work is to develop
of a novel high performance TPV based on a PDMS/
PA12 blend system at 50:50 blends ratio using dif-
ferent peroxides with suitable decomposition kinet-
ics as the cross-linking agent to induce dynamic
vulcanization of the PDMS phase. After that the mor-
phological characteristics, mechanical properties,
dynamic mechanical analysis, rheological and ther-
mal properties of all the TPV systems were pursued
to get a better insight.
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2. Experimental
2.1. Materials
Polydimethyl siloxane (PDMS) (which trade name
is XIAMETER RBB-2140-50) was procured from
Dow Corning, USA. It has a Mooney viscosity,
ML(1+4) at 100°C of 30 and density at 25°C of
1.15 gm/cm3. Polyamide 12 (PA12) (Rilsan® AESNO
TL) was procured from Arkema, France. It has the
density at 25°C of 1.02 gm/cm3. The melt flow rate
of PA12, measured at 190°C and 2.16 kg load is
0.646 gm/10 min. Main characteristics of these poly-
meric materials are reported in the Table 1.
Cross-linker: Three structurally different organic
peroxides were used for the cross-linking of the
PDMS as follows: i) Perkadox BC-FF, Dicumyl
peroxide (DCP); ii) Trigonox 311-50D (PMTO);

iii) Trigonox K-90, Cumyl hydroperoxide (CHP).
All of them were procured from Akzo Nobel, Nether-
lands. Their commercial names, chemical names,
chemical structures and molecular characteristics
are given in Table 2.
Nitroxide 2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO) procured from Aldrich Chemicals, was
used as an inhibitor, in conjunction with DCP to
control the scorch during mixing. The concentration
of TEMPO was calculated in order to provide a
molar ratio of ([TEMPO]/[DCP] = 1.6) [31, 32].

2.2. Mixing
To understand the curing characteristics of the three
peroxides, the mixing of different peroxides with
PDMS was performed in a laboratory kneader type
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Table 1. Characteristics of the raw materials

Table 2. Commercial name, chemical name and molecular characteristics of the three different peroxides

Material Trade name Tg
[°C]

Tm
[°C]

Tensile strength
[MPa]

Tensile elongation at break
[%]

Silicone rubber XIAMETER
RBB-2140-50 –124 – 0.8 465

Polyamide
(PA12)

Rilsan®

AESNO TL 55 177 68.9 330

Commercial name Chemical name and structure
Active oxygen

content
[%]

Half life time (t!)
at 180°C

[min]
Decomposition products

Perkadox BC-FF

dicumyl peroxide (DCP)

5.92 0.50
acetophenone, 
methane, 
2-phenylisopropanol

Trigonox 311-50D

3,3,5,7,7-pentamethyl-1,2,4-trioxepane
(PMTO)

9.18 21.13

methane, 
acetone, 
isopropyl acetate, 
3-hydroxy-1,3-dimethylbutyl
acetate, 
3-methoxy-1,3-dimethylbutyl
acetate

Trigonox K-90

cumyl hydroperoxide (CHP)

10.51 19.15
acetophenone,
methane, 
2-phenylisopropanol



W30 EHT Brabender, Germany, having a free vol-
ume of 30 cm3 fitted with two counter-rotating
rotors. Peroxides were mixed with PDMS at 40°C
and at a rotor speed of 60 rpm. All the blends of sil-
icone rubber (PDMS) and polyamide (PA12) at a
blend ratio of 50:50 (wt%) were also prepared in a
batch process using the same instrument at a rotor
speed of 120 rpm. According to literature though
polyamide has the melting point in the range of
180°C, but it has been seen that polyamide did not
melt at 180°C even after 12 minutes mixing. For that
reason mixing was performed at 190°C. The mixer
was connected to a drive unit Plastograph, which
allows using of integrated pendulum dynamometer
to detect the torque during compounding. The tem-
perature development in the mixed material is meas-
ured by an integrated gusset at the bottom region of
the mixing chamber thermocouple. Temperature con-
trol of the mixing chamber, front and rear plate was
done via integrated thermocouples. Using a mass
temperature sensor and a self-aligning dynamome-
ter, which detects the torque, a torque-temperature
diagram in function of time is created.
For the reactive blending at first, peroxides (1 wt%)
were premixed with PDMS at the room temperature
before its addition to the molten PA12. For dicumyl
peroxide (DCP), TEMPO was added with DCP to
increase the scorch safety. At first PA12 was poured
into the mixing chamber at 190°C and at 120 rpm
and was allowed for melting. After melting of the
PA12 matrix, PDMS (premixed with peroxide) was
added to the molten thermoplastic phase. Finally
TPVs were developed with (50/50) wt% of PDMS
and PA12 at a rotor speed of 120 rpm at 190°C
using 11 minutes of mixing. Then the samples were
injection moulded from a micro-injection moulding
machine at 250°C and 7 bar pressure. Testing was
performed after 24 hour of maturation.

2.3. Testing procedure
2.3.1. Curing characteristics
Curing characteristics of the different peroxide
mixed PDMS were determined from Göttfert Elas-
tograph Vario 67.03, Germany. From this the opti-
mum curing time as well as scorch time of PDMS
for various peroxides was determined. Testing con-
ditions were maintained at 180°C for 60 minutes
and at a frequency of 1.67 Hz. The rotational angle
of the disk was 5°.

2.3.2. Morphology study
The morphological study of final TPV samples and
dispersion of PDMS and PA12 phase was carried
out using a Scanning Electron Microscope (LEO
435 VP, Carl Zeiss SMT, Jena, Germany). At first,
the sample was taken over a sticky surface made by
conductive carbon cement on a SEM sample holder.
After that the samples were cut with the ultra-
microtome UC 7, Leica, Wetzlar, Germany and then
it is platinum coated (layer thickness 15 nm) using a
sputter coater (BAL-TEC SCD 500 Sputter Coater).
The morphology has been characterized by energy
dispersive X-ray spectroscopy (EDX) via mapping
of carbon, silicon, nitrogen, oxygen distribution in
the sample. EDX delivers information about mor-
phology without etching. Morphology study of the
TPVs was also carried out by atomic force micro-
scope (Bruger, Icon, Germany). Testing has been per-
formed in the tapping mode. Tip stiffness was 40 N/m
and tip radius was 10 nm.

2.3.3. Mechanical properties
Tensile tests were carried out according to DIN
53504/S2/50 on dumb-bell shaped specimens using
an universal tensile testing machine Zwick Z010 at
a constant cross-head speed of 50 mm/min. E-mod-
ulus was determined in between 0.20 to 0.40% of
strain.

2.3.4. Dynamic mechanical thermal analysis
(DMTA)

Dynamic mechanical thermal analysis (DMTA) of
the samples was carried out using an Eplexor 150N
DMTA (Gabo Qualimeter, Ahlden, Germany). Tests
were carried out at a frequency of 10 Hz under static
strain of 0.50% and dynamic strain of 0.10%. The
samples were first cooled to –150°C and then sub-
sequently heated at a rate of 3 K/min over a range
of temperature from –150 to 200°C.

2.3.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG) of the neat components
and the blends of PDMS/PA12 was measured by
using a thermogravimetric analyzer (TGA Q5000,
TA Instruments, USA) at a heating rate of 10 K/min
under nitrogen atmosphere.
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2.3.6. Melt rheological study
The rheological measurements of silicone rubber
and polyamide were carried out by an Advanced
Rheometric Expansion System (ARES) rheometer
(Rheometric Scientific Inc, USA). The torque trans-
ducer had a torque range from 0.02 to 2000 g·cm.
Parallel plate geometry was applied to the formerly
pressed plates with 2 mm thickness and 25 mm diam-
eter. Frequency range was selected between 0.1 to
100 rad/s and strain controlled dynamic frequency
sweep test was applied. The measurements were
done in N2 atmosphere at a temperature of 190°C.
During each experiment, the temperature main-
tained at the desired value by constant heating of
the sample under nitrogen atmosphere.

2.3.7. Overall cross-link density
The overall crosslink density of silicone rubber was
determined on the basis of equilibrium solvent-
swelling measurements in toluene by the applica-
tion of the well-known Flory-Rehner equation at
room temperature (Equation (1)):

    (1)

where ! – number of moles of effectively elastic
chains per unit volume of PDMS [mol/ml] (crosslink
density), PA – PA12, Vs – molar volume of solvent
(toluene) [cc/mol], which is 105.74 cc/mol, " –
polymer-swelling agent interaction parameter,
taken as 0.45 for both PDMS and toluene at 20°C
[33], Vr – volume fraction of rubber in the swollen
network and Vr can be expressed as Equation (2):

                                                       (2)

where Ar – ratio of the volume of absorbed toluene
to that silicone after swelling.

3. Results and discussion
3.1. Curing characteristics
Cure curves of PDMS cross-linked by different per-
oxides (1 wt%) at 180°C are shown in Figure 1.

From the cure curve it is clear that at 180°C, DCP
itself is faster curing peroxide for PDMS than
PMTO and CHP. Scorch safety time (t2), optimum
curing time (t90), maximum torque and delta torque
values for the three different peroxides are given in
the Table 3. From Table 3 it can be observed that at
180°C, scorch safety time and optimum curing time
of PDMS for DCP is 0.33 and 0.90 minutes respec-
tively. On the other hand, after using TEMPO, though
scorch safety time and optimum curing time of
PDMS for DCP were found to increase the cross-
linking efficiency becomes lower which is clear from
the Figure 1. From Table 3 it can be seen that maxi-
mum torque value for (DCP+TEMPO) comes down
to 0.541 Nm which is near to half of the torque value
(1.079 Nm) of DCP only, whereas the optimum cur-
ing time of (DCP+TEMPO) becomes 4.18 minute
which is five times (0.90 minute) more than that of
DCP only. It indicates that by using TEMPO the
scorch safety time can be increased while the cross-
linking efficiency of the peroxide would be reduced
at the same time.
From Figure 1 it can be noticed that at 180°C PMTO
is very slow curing peroxide for the PDMS and its
state of cure is also poor. Optimum curing time of
PDMS for PMTO is 28.20 minutes which is much
higher than that of DCP. For CHP, though the opti-
mum curing time is 18.20 minutes, higher than DCP,

Vr 5
1

Ar 1 1

1n 1 PA 2 5 2
1
VS
~

ln11 2 Vr 2 1 Vr 1 xVr
2

1Vr 2 1>3 2 0.5Vr

1n 1 PA 2 5 2
1
VS
~

ln11 2 Vr 2 1 Vr 1 xVr
2

1Vr 2 1>3 2 0.5Vr

Vr 5
1

Ar 1 1
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Figure 1. Cure curves of PDMS by different peroxides
(1%) at 180°C

Table 3. Curing characteristics of PDMS by three different peroxides at 180°C

Peroxides t2
[min]

t90
[min]

Minimum torque
[Nm]

Maximum torque
[Nm]

Delta torque
[Nm]

DCP 0.33 0.90 0.088 1.079 0.991
DCP+TEMPO 1.80 4.18 0.076 0.541 0.465
PMTO 4.50 28.20 0.066 0.512 0.446
CHP 3.80 18.20 0.073 0.168 0.095



but the maximum torque is 0.168 Nm only. On the
other hand, from Table 3, it can be observed that the
delta torque values for (DCP+TEMPO) and PMTO
are 0.465 Nm and 0.446 Nm respectively whereas
for CHP the delta torque value is 0.095 Nm only. This
clearly implies, though CHP gives better scorch
safety than DCP but its cross-linking efficiency is
very poor. It means CHP is not the suitable peroxide
for the cross-linking of PDMS. Curing characteris-
tics of peroxide mixed PDMS at 200°C has been
given in Table 4. From Table 4 it can be observed
that curing characteristics of peroxide mixed PDMS
follow the same trend. Only time has become 1/4th

at 200°C. On the other side the curing characteris-
tics of (DCP+TEMPO) and PMTO are comparable.
Therefore, for the next part of the study (DCP+
TEMPO) and PMTO have been pursued to develop
and characterize the corresponding TPVs.

3.2. Mixing curve
Table 5 demonstrates the formulation of the TPVs
which have been studied in this investigation. Mix-
ing curves of the TPVs of PDMS and PA12 have
been shown in Figure 2. From this, it can be observed
that cross-linking efficiency of (DCP+TEMPO) is
higher initially than that of PMTO as it shows very
low scorch safety and low optimum curing time. On
the other hand, cross-linking efficiency of PMTO is
little bit less than (DCP+TEMPO), but it gives much
better scorch safety during the preparation of TPV.
Therefore, in (DCP+TEMPO) cross-linked TPV
torque raises maximum but due to faster decompo-
sition of DCP the rate of fall of torque is also very
rapid and within one minute torque has fallen down
from 31.56 Nm down to 19.31 Nm. As a result poor

dispersion of the rubber phase has taken place in
(DCP+TEMPO) cross-linked TPV which has been
discussed later in the morphology study. But for
PMTO cross-linked TPV, the rate of fall of torque is
not so fast like (DCP+TEMPO) cross-linked TPV.
Even after few minutes torque has fallen down from
30.76 to 25.56 Nm. This implies proper dispersion
and distribution of the rubber particles. Therefore
from the two curves it can be observed that, at high
temperature due to faster decomposition of DCP in
presence of TEMPO also, cross-linking efficiency
of (DCP+TEMPO) becomes lower and state of
cross-linking is also becomes poor. Due to that rea-
son torque falls down steeply. On the other side,
due to high thermal stability of PMTO, its state of
curing is much better than (DCP+TEMPO) which
correlates with the higher torque value during TPV
preparation.

3.3. Morphology study
Morphology study of two thermoplastic vulcan-
izates was performed and shown in Figure 3. From
the SEM photomicrograph of the two TPVs, it is
clear that for the (DCP+TEMPO) cross-linked TPV,
cross-linking of the rubber phase has not been taken
place fully and wider distribution has not taken
place also. (DCP+TEMPO) cross-linked TPV suf-
fers from the faster decomposition of DCP even
after the addition of TEMPO, due to the rise of tem-
perature during mixing. Even after addition of
TEMPO also scorch safety of DCP increases not so
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Table 4. Curing characteristics of PDMS by three different peroxides at 200°C

Peroxides t2
[min]

t90
[min]

Minimum torque
[Nm]

Maximum torque
[Nm]

Delta torque
[Nm]

DCP+TEMPO 0.40 = 24 s 1.11 = 66 s 0.068 0.502 0.434
PMTO 1 =60 s 7.80 = 468 s 0.063 0.515 0.452

Table 5. Detailed description of the TPVs made from
PDMS/PA12 by different peroxides

Where Si:   silicone rubber (PDMS)
PA: Polyamide (PA12)
D:   DCP
T:    TEMPO
P:    PMTO

Sample code PDMS
[wt%]

PA12
[wt%] Peroxides

Si_PA_D_T 50 50 DCP+TEMPO
Si_PA_P 50 50 PMTO

Figure 2. Mixing curves of TPVs cross-linked by different
peroxides



much which is clear from Table 3. In (DCP+
TEMPO) cross-linked TPV, initially the cross-link-
ing rate of DCP was higher but due to the faster
decomposition of DCP at high temperature disper-
sion and distribution of the rubber phase has not
taken place properly which results in a co-continu-
ous phase morphology rather than in the dispersed
phase one, as shown in Figure 3a.
On the other hand, PMTO is new, high temperature
peroxide which extends the temperature range of
cross-linking. Scorch safety time and optimum cur-
ing time for PMTO is very high which is shown in
Table 3. As a result, faster decomposition of PMTO
has not taken place, even after the rise of tempera-
ture during mixing. Therefore, though the rate of
cross-linking of PMTO is little bit lower than that of
(DCP+TEMPO), dispersion and distribution of the
rubber phase has taken place properly which results
dispersed phase morphology in the final TPV. How-
ever, from Figure 3b it can also be observed there is

more or less wider distribution of the cross-linked
rubber particles in the polyamide matrix and the
particle size of the rubber phase varies in the 1–
4 "m range. The same picture can also be observed
from the silicon mapping of the consequent TPVs
which is shown in Figure 4.
Similar morphology was observed from the atomic
force microscopy (AFM) picture of a TPE and TPV
system which is shown in Figure 5. From the top
view of the TPE and TPV it is clearly seen that in
case of TPE the two phase forms the co-continuous
structure and there is no peak and hills, which can
be seen from the Figure 5a. But for the picture of
TPV it can be easily observed that the rubber phase
is properly cross-linked and that is why rubber phase
has appeared as peaks and hills in the Figure 5b.

3.4. Mechanical properties
Mechanical properties of the various TPVs are
given in Table 6. From the mechanical properties of
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Figure 3. SEM photomicrographs of TPVs cross-linked by a) DCP+TEMPO, b) PMTO

Figure 4. Silicon mapping of TPVs cross-linked by a) DCP+TEMPO, b) PMTO



the TPVs it can be clearly observed that TPV cross-
linked by PMTO gives better result from tensile
strength, elongation and hardness point of view.
Tensile strength of PMTO cross-linked TPV is
26.5 MPa whereas for the (DCP+TEMPO) cross-
linked TPV it is 19.6 MPa. Elongation at break of
the PMTO cross-linked TPV is 127% whereas for
the (DCP+TEMPO) cross-linked TPV 51% only.
On the other hand, hardness of PMTO cross-linked
TPV is 59 Shore D whereas for (DCP+TEMPO)
cross-linked TPV it is 39 Shore D. Tension set of
PMTO cross-linked TPV samples is 21%. Due to
co-continuous phase morphology in (DCP+TEMPO)
cross-linked TPV, mechanical properties of (DCP+
TEMPO) cross-linked TPV are poor whereas
mechanical properties of PMTO cross-linked TPV
are superior because of dispersed phase morphol-
ogy and wider distribution of the rubber particles.
This implies that in presence of PMTO, rubber phase
gets fully cross-linked in PMTO cross-linked TPV
which correlates with the higher value of overall
cross-link density which has been shown later.

3.5. Dynamic mechanical thermal analysis
(DMTA)

Storage modulus of the two thermoplastic vulcan-
izates are shown in Figure 6. It can be observed that
at relatively low temperature the storage modulus

(E') of both the TPVs are almost same. The rubbery
plateau region is found between –45 to + 55°C.
From Figure 6, it can be noticed that in the rubbery
plateau region storage modulus of PMTO cross-
linked TPV are higher than that of the (DCP+
TEMPO) cross-linked TPV. This clearly indicates
the higher degree of cross-linking in PDMS rubber
phase in PMTO cross-linked TPV over (DCP+
TEMPO) cross-linked one. Even at higher tempera-
ture the storage modulus value of PMTO cross-
linked TPV is found higher than the (DCP+TEMPO)
cross-linked TPV. Therefore, mechanical properties
and overall cross-link density of the PMTO cross-
linked TPV were found superior to the (DCP+
TEMPO) cross-linked one. Storage modulus and tan#
values of all the TPVs were shown in the Table 7.
Figure 7 illustrates the tan# plot as function of tem-
perature and demonstrates that there are two major
transitions: the Tg of PDMS at around –120°C and
that of PA at around +55°C. Another transition is at
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Figure 5. Top view image of a) TPE and b) TPV (PMTO cross-linked)

Table 6. Mechanical properties of the TPVs of PDMS/PA12

Sample code
Young’s

modulus, Et
[MPa]

Tensile
strength
[MPa]

Elongation
at break

[%]

Hardness
[Shore D]

Si_PA_D_T 649±47 19.6±1.9 51±8 39±3
Si_PA_P 785±30 26.5±0.6 127±6 59±4

Figure 6. Storage modulus (E!) of TPVs as a function of
temperature



around –50°C, which is the ductile brittle transition
temperature of the PDMS. It can also be clearly
observed that the Tg of PA12 has been shifted from
55°C to the higher value for the TPVs due to inter-
action between the two phases. The lower tan#
value of the PMTO cross-linked TPV at Tg of sili-
cone rubber, indicates the higher cross-linking of
the PDMS rubber phase and lesser damping charac-
teristics of the TPVs.

3.6. Thermogravimetric analysis (TGA)
Thermogravitograms and derivatograms of neat
PDMS, PA12 and TPVs are shown in the Figure 8a
and 8b respectively and the data are presented in
Table 8. From the table, it is clearly observed that
the initial decomposition temperature (Ti) of PDMS
is at 476°C, whereas for the PA12 it is rather low at
380°C. Similarly the 50% weight loss temperature
for PDMS is 584°C whereas for PA12 it is 415°C

only. But considering the percentage residue at
600°C, it can be clearly stated that at 600°C PA12
decomposes fully and that is why percent residue is
very less, whereas at 600°C the percent residue for
PDMS is 43.9%. It indicates that at higher tempera-
ture say 600°C also decomposition of PDMS does
not take place fully and for PDMS there is always
higher percentage of residue because of presence of
silica filler into the PDMS. Amongst the TPVs, Ti is
the highest for the PMTO cross-linked TPV. Simi-
larly 50% weight loss temperature and % residue at
600°C for the PMTO cross-linked TPV are 465°C
and 17.98% respectively, which are 436°C and
15.25% for the (DCP+TEMPO) cross-linked TPV.
Thus it can be concluded that the thermal stability
of PMTO cross-linked TPV is higher and this has
been taken place due to the higher cross-linking
efficiency of the PMTO at higher temperature.

3.7. Melt rheological study
Complex modulus (G*) as a function of frequency
at 190°C for TPVs are shown in the Figure 9. From
the figure it can be clearly observed that with increas-
ing frequency the complex modulus (G*) of the TPVs
is increasing. But the increase in complex modulus
is maximum in the case of TPV which is cross-
linked by PMTO. The complex modulus (G*) values
at a frequency of 100 rad/s and the complex viscos-
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Figure 7. Tan$# of TPVs as a function of temperature

Table 7. Storage modulus (E!) and tan# values of TPVs

Sample code E"·102 at 25°C
[MPa]

tan#
at –120°C

tan#
at 55°C

Si_PA_D_T 6.19 0.075 0.154
Si_PA_P 9.02 0.073 0.115

Figure 8. a) Thermogravitograms and b) derivatograms of PDMS, PA12 and TPVs

Table 8. TGA data of PDMS, PA12 and TPVs

Sample code

Initial
decomposition
temperature, Ti

[°C]

50% weight loss
temperature

[°C]

Residue at
600°C
[%]

PDMS 476 584 43.900
PA12 380 415 0.045
Si_PA_D_T 410 436 15.250
Si_PA_P 432 465 17.980



ity ($*) values at a frequency of 1 rad/s are given in
the Table 9. From the table also it is clear that the
TPV, cross-linked by PMTO has given the maxi-
mum value of complex modulus (G*) which is
2.94·105 Pa, higher than the (DCP+TEMPO) cross-
linked TPV. 
From the Figure 10 it is seen that complex viscosity
($*) of TPVs decreases as a function of frequency,
indicating typical pseudoplastic behaviour. It can
also be demonstrated that higher cross-linking has
taken place in the TPV cross-linked by PMTO.
From the figure it is clear that complex viscosity
($*) of the PMTO cross-linked TPV is higher than
the (DCP+TEMPO) cross-linked TPV throughout
the frequency range. So from the Table 9 also it is
clear that the TPV, cross-linked by PMTO has given

the maximum value of complex viscosity (%*)
which is 69.09·103 Pa·s, higher than the (DCP+
TEMPO) cross-linked TPV. So it can be concluded
that maximum cross-linking also has been taken
place by the TPV which is cross-linked by PMTO
and that has been supported also through the deter-
mination of overall cross-link density of the TPVs
discussed next.

3.8. Overall cross-link density
From the Figure 11 it is clearly observed that the
overall cross-link density (!+PA) of the PMTO cross-
linked TPV is higher than that of the (DCP+TEMPO)
cross-linked TPV. For the TPV which are cross-
linked by (DCP+TEMPO), (!+PA) value is
17.1·10–4 mol/mL. On the other hand, it can be
clearly seen that the (!+PA) value of the PMTO
cross-linked TPV is 56.8·10–4 mol/mL higher than
that of the (DCP+TEMPO) cross-linked TPV. This
also implies that in presence of PMTO, cross-link-
ing of the rubber phase has been taken place in the
PMTO cross-linked TPV whereas for the (DCP+
TEMPO) cross-linked TPV cross-linking of the
rubber phase has not taken place properly.

4. Conclusions
A detailed study has been made in this investigation
to develop a novel TPV based on PDMS and PA12.
For the development of TPV three structurally dif-
ferent peroxides (DCP, PMTO and CHP) have been
explored and out of these three peroxides PMTO
cross-linked TPV gave superior properties from all
respective points of view. During dynamic vulcan-
ization PMTO gives a better scorch safety than the
other two peroxides. That is why during dynamic
vulcanization the dispersion of the rubber particles
also takes place properly and the domain size also
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Figure 9. Complex modulus (G*) of TPVs as a function of
frequency at 190°C

Table 9. Complex modulus (G*) and complex viscosity
($*) of TPVs

Sample code G*·105at 100 rad/s
[Pa]

$*·103 at 1 rad/s
[Pa·s]

Si_PA_D_T 2.55 62.50
Si_PA_P 2.94 69.09

Figure 10. Complex viscosity ($*) of TPVs as a function of
frequency at 190°C

Figure 11. Overall cross-link density of the TPVs



becomes smaller. This is supported by SEM, EDX
studies and AFM as well which clearly show that
the finer dispersion is only achievable in case of
PMTO cross-linked TPV. Moreover, there is evi-
dence that the co-continuous non-reactive blend
morphology has been changed into a dispersed one
with cross-linked PDMS-domains embedded in the
PA12 matrix. Accordingly mechanical properties of
the PMTO cross-linked TPV are superior than the
(DCP+TEMPO) cross-linked TPV. This can again
be attributed to the presence of fine dispersed cross-
linked PDMS domains in case of the dynamic vul-
canization with PMTO. This is reflected also in the
dynamic mechanical properties, both in the solid as
well in the molten state, where the PMTO based
TPV always showed a higher storage modulus in
junction with lower tan # values. These findings
indicate also higher overall cross-link density of the
PMTO cross-linked TPV in comparison to the (DCP+
TEMPO) based one. Accordingly the thermal sta-
bility of the PMTO based TPV is also higher, as
substantiated by TGA-investigations. Considering
all the results, it can be concluded that for further
development of PDMS/PA12 based TPV, PMTO is
a suitable peroxide.
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1. Introduction
In the last decades, the development of polymeric
matrix composites mainly focused on uniformly
dispersed polymeric composites (UDPCs). The con-
ventional view believes that the uniform distribu-
tion of the second component like nano-particles,
elastomers, fibers and so forth contributes to the bet-
ter properties of the composites. Undeniably, scien-
tific researchers have achieved high performance of
polymeric composites by this guiding ideology.
However, as the rapid development of science and
technology, the material application places higher
demands on polymeric composites and the homoge-
neously distributed components not always yield

the most satisfactory effect [1–3]. Besides, their engi-
neering and structural applications are restricted
due to high production cost of nanoscale reinforc-
ing materials. Heterogeneous spatial distribution of
two or more components along the thickness of the
product may have  better performance characteristics
such as thermal stress relaxation, adhesive property
and mechanical properties as compared to the same
material in homogeneous compositional state and
this gives scientists a wide range of possibilities to
manipulate the properties of these materials depend-
ing on requirements and future applications [4]. For
example, Bafekrpour et al. [5] realized a heteroge-
neous distribution of graphite in phenolic matrix
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using powder stacking and compression molding
techniques. The authors reported that the nanocom-
posites with the highest graphite content layer on
the top and bottom surfaces and the lowest in the
center, showed the highest improvement of thermo-
mechanical properties and creep recovery among
all filler distribution conditions. Lee and Jang [6]
found that, if the face of a sample with high glass
fiber content was loaded, the flexural strength and
the impact energy of the composite showed improved
values by comparison with those of the isotropic
composite. Wang et al. [7] prepared a gradient poly-
mer with a progressive change in sulfur content
along the thickness direction and the composites
showed a broad damping temperature range span-
ning over 100°C, which is far better than the
isotropic ones with the same sulfur density.
Based on the above, we are wondering if the con-
cept of non-uniform dispersion can be used in the
isotactic polypropylene (iPP) toughening area to
further enhance its impact strength. It has been long
known that PP is a semi-crystalline polymer and has
been widely used. But its toughness, and in particu-
lar its notched toughness, is insufficient for PP to be
used as an engineering plastic. To solve the prob-
lem, elastomers like poly (ethylene-1-octene) (POE)
and !-nucleating agents (NA) are the two broad
types of modifiers to achieve the high impact resist-
ance of PP [8–20]. PP is toughened by POE and NA
through totally different mechanism: the former
relies on the energy absorption of elastomer particles
when impacting whereas NA can promote the growth
of !-crystals instead of the "-form and !-nucleated
PP shows better impact resistance [21–25]. Gener-
ally the incorporation of the modifiers always causes
decrease in the tensile properties. So the POE and
NA are always kept below a certain limit [26-27].
In this study, we demonstrate for the first time the
design and fabrication of non-uniformly dispersed
polymeric composites (N-UDPCs) of PP/POE and
PP/NA system by sheet stacking and compression
molding. Four N-UDPCs and UDPCs with the same
thickness and total modifier contents were fabri-
cated to evaluate the effect of spatial distribution of
toughening agents on the mechanical properties.

The impacting process and fracture morphology
were also investigated and characterized.

2. Experimental
2.1. Materials
iPP T30S (Dushanzi, China) with density (!) =
0.91 g/cm3, was the commercial product of Dushanzi
Co. Ltd, China. The weight-average molecular
weight (Mw) of the iPP was 3.9·105 g/mol and the
molecular weight distribution (MWD) was 4.6.
POE 8150 with ! = 0.868 g/cm3 was supplied by Du
Pont Dow Elastomers Co. Ltd., USA. The octene
content was 25 wt%. The rare earth !-nucleating
agent was kindly supplied by Winner Functional
Materials Co. (Foshan, Guangdong, China). Its com-
position is hetero-nuclear dimetal complexes of lan-
thanum and calcium containing some specific lig-
ands [28].

2.2. Sample fabrication
PP samples with varied POE contents were melt
compounded in a co-rotating twin screw extruder
(TSSJ-25 co-rotating twin-screw extruder, China)
with the setting temperatures of 160–200°C from
hopper to die and the screw speed of 120 rpm. After
making droplets, the pellets were dried at 80°C for
12 h. The composite sheets were moulded by hot
pressing at 200°C. The POE content in the various
composites was 0, 10, and 20% by weight. The thick-
ness of each composite sheet was about 1.8 mm.
To obtain the non-uniformly dispersed polymeric
composites (N-UDPCs) of PP/POE, composites with
varying POE content through the thickness of the
specimen were manufactured. Four sheets were
stacked and heated to 200°C and compression
moulded. The moulding pressure was 0.6 MPa and
this pressure was maintained during cooling
(–5°C/min) to room temperature, guaranteeing the
thickness of all the samples being ca 7 mm. A range
of compositions with different stacking sequence
were made as illustrated in Figure 1. All the sam-
ples are prepared with four layers with same POE
content of 10 wt%. POE10 is uniformly dispersed
polymeric composites (UDPCs) with the average
mass fraction of POE in PP (i.e. 10 wt%). 2PP/
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Figure 1. Illustrations of different layered structure of PP/POE and PP/NA composites



2POE20 has two layers of neat PP on the top and
20 wt% of POE in the bottom two layers. 2POE20/
2PP has a reverse compositional change in compar-
ison to 2PP/2POE20. PP/2POE20/PP has two layers
of 20 wt% POE in the core and neat PP layer on the
top and bottom. In contrast, POE20/2PP/POE20 has
neat pp in the core and 20 wt% POE on the side.
Similarly, N-UDPCs and UDPCs of PP/NA with
0.05 wt% NA were fabricated according to the same
procedure. It shares the same illustration as PP/POE
composites does in Figure 1.
To make sure that the individual layers could be
well fused and avoid interlayer defects, two meas-
ures were taken. The first is that control the moulding
pressure at 0.6 MPa during the cooling process.
Another is that the inner air pressure was kept at 
–0.1 MPa to avoid the bubbles between different
layers.

2.3. Characterizations and measurements
Mechanical tests
A SANS universal testing machine (Shenzhen,
China) was used to measure the tensile properties,
with a tensile rate of 50 mm·min–1. Tensile measure-
ments were made on rectangular specimens ca 7 mm
wide (the thickness of the laminated molded sam-
ples), 2 mm thick and with gauge length of 60 mm.
A crosshead speed of 50 mm/min was applied to
determine the tensile strength, elongation at break
and tensile modulus.
Conventional Izod tests can provide information on
the impact resistance of materials during high strain
rate deformation; no other valuable data can be
obtained except the final impact strength, especially
in the inhomogeneous filler distribution system [29,
30]. Therefore, in this experiment, instrumented
falling weight impact test (IFWIT) was used to detect
the impact force changing trend versus displace-
ment, establishing the correlation between filler
distribution and impact strength
IFWIT was performed on a TCJ-25 (Jilin Taihe
Tester Co. Ltd, China) machine. 80#7#4 mm speci-
mens were cut from the laminated molded samples
as illustrated in Figure 2a, taken POE20/2PP/POE20
for instance. The specimens were notched on the
top side according to Figure 1 with 0.3 mm notch
depth. To be clarified, 2POE20/2PP iPP means the
PP Side was notched whereas 2POE20/2PP iPOE
means POE20 has the breach. Impact testing was
carried out at 3.5/s velocity and 7.5 J maximal

energy. The samples were tested at room tempera-
ture (24°C).
Figure 2b also shows a typical force–deflection
curve derived from an impact test on a PP/POE com-
posite. In a typical force-displacement curve, the
peak force (Fm) is the maximum force that the spec-
imen can sustain on fracture, indicating the begin-
ning of significant damage. The associated energy
absorbed up to this point is symbolized by Ei. It is
calculated by integrating the area under the load-
displacement curve and represents the energy to ini-
tiate crack. After Fm, the dropping off in force indi-
cates crack propagation. Ep represents the energy
absorption in this phase. The total energy absorp-
tion Et is Et = Ei + Ep.
This is the area under the entire force-deflection
curve [31, 32].

Scanning electron microscope (SEM)
The scanning electron microscopy (SEM) experi-
ments were performed using an FEI Inspect F SEM
instrument with an acceleration voltage of 20 kV.
For morphological observations the PP/POE sam-
ples were firstly cryo-fractured in liquid nitrogen
and then etched chemically in xylene at 60°C for
40 min, followed by washing and drying. Impact
fractured surface of both the PP/POE and PP/NA
specimens were also investigated. All samples were
sputter-coated with gold powder before test.

Differential scanning calorimetry (DSC)
The thermal analysis of the samples was conducted
using a Perkin-Elmer pyris-1 DSC with nitrogen as
the purge gas, calibrated by indium. The mass of
tested sample was about 5 mg. In order to prove the
anistropic structure, the samples cut from the differ-
ent layers of PP/NA specimens were directly heated
from 30 to 200°C with a rate of 10°C/min and held
for 5 min to eliminate any thermal history, and then
cooled to 50°C at the rate of 10°C/min. Thereafter,
the specimens were heated a gain to the melting
point at a rate of 10°C/min. The relative content of
!-form estimated by DSC melting curve is defined
as K!* and calculated from the Equation (1):

                                                  (1)

where X" and X! are the relative crystallinity of the
"- and !-form, respectively and could be calculated
separately according to Equation (2):

Kb* 5
Xb

Xa 1 Xb
Kb* 5

Xb
Xa 1 Xb
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                                                           (2)

where $Hi is the calibrated specific fusion heat of
either "-form or !-form, and $Hi

0 is the standard
fusion heat of either "- or !-form, which is 177 J/g
for the " form and 168.5 J/g for the !-form [33].

3. Results and discussion
3.1. Specimen structure
The sandwich structure of PP/POE system was
detected by SEM. Figure 2 c shows different struc-
ture morphology across the thickness of the speci-
men and Figure 2d illustrates the interface of POE20/
2PP/POE20. The layers were homogeneous and

had clear interlayer boundaries. Despite high con-
centrations of POE, no interlayer defects, delamina-
tion or cracking was observed. It proved that the
vacuum compression molding successfully drive the
bubbles away during melting and cooling process.
From the etched SEM figure, it is also clear that the
POE domains were well dispersed in the PP matrix.
Because NA0.05 merged well with PP, the layered
structure is hardly seen from SEM. DSC was used
to discriminate the different layers. As the samples
taken from NA0.05/PP/NA0.05, The DSC melting
thermograms of the three samples from different
positions are shown in Figure 2e. For the top and
bottom layers, the melting traces exhibit the same
three endothermic melting peaks. The endothermic

Xi 5
DHi

DHi
0Xi 5

DHi

DHi
0
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Figure 2. (a) The sketch of layered structure of POE20/2PP/POE20, (b) schematic diagram of Charpy impact measurement
and schematic diagram of Ei and Ep of a force–deflection curve, (c) structure morphology across the thickness of
the specimen of POE20/2PP/POE20, (d) the interfaces of POE20/2PP/POE20, (e) DSC heating curves of the
samples cut from different part of NA0.05/2PP/NA0.05 specimen



peak at low temperature should be associated with
the melting of the !-form. The middle endothermic
peak approximately located at 165°C is characteris-
tic for the melting of the original "-form. While the
last endothermic peak approximately located at
169°C is characteristic for the melting of more per-
fect "-form deriving from !-to-" re-crystallization
[22–24, 34, 35]. Quantitative estimations of relative
fraction of !-form (K!*) been done according to the
methods mentioned in the experimental section,
and the values of the samples from top layers, core
area and bottom layers are 68.2, 0 and 70.4% respec-
tively. In addition, the amount of !-phase in sample
NA0.025 is 12.3%.
Combined with the results of SEM and DSC, it can
be concluded that the layered structures were well
preserved during the compression molding process.

3.2. Tensile properties
Table 1 illustrates the tensile properties of PP/POE
and PP/NA composites respectively. It shows the
tensile properties of N-UDPCs differ little from
UDPCs. Generally, the incorporation of POE and !-
nucleating agent always leads to the decrease of
tensile properties and the more content of fillers, the
poorer tensile performance. Unexpectedly, in the PP/
POE and PP/NA systems, the either tensile strength
or tensile modulus just shows slight decline. The

tensile strength and modulus of PP is higher than
any components filled with POE or NA. Therefore
when the tension is imposed on the anisotropic spec-
imens, the neat PP layer acts as the main load-bear-
ing skeleton and it compensates the strength loss
brought by layers with 20 wt% POE or 0.05 wt% NA.
That may explain the tensile properties do not fluc-
tuate too much whether or not the filler is uniformly
dispersed in PP matrix.

3.3. Impact strength
The final instrumented impact strength of PP/POE
composites is illustrated in Figure 3a. It can be eas-
ily seen that with different POE spatial distribution
through the thickness, the composites respond totally
different to the impact force. POE20/2PP/POE20 and
2POE20/2PP iPOE get the highest impact strength
among the all. However, when POE was uniformly
dispersed in PP matrix with the content of 10 wt%,
the value of impact strength is only half of that com-
pared to the former two composites. With the same
average POE content, when the breaches was notched
on the PP side, the impact strength value of PP/
2POE20/PP and 2POE20/2PP iPP are lower than
POE10. In this circumstance, POE domains in the
matrix fail to resist impact forces. By comparison,
we can see that although 2POE20/2PP iPOE and
2POE20/2PP iPP have the same layered structure
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Table 1. the tensile properties of the two series of composites PP/POE series and PP/NA series
Tensile strength

[MPa]
Tensile modulus

[MPa]
Tensile strength

[MPa]
Tensile modulus

[MPa]
POE20/2PP/POE20 31.7±0.6 1025.7±120.6 NA0.05/2PP/NA0.05 30.6±1.5 894.3±75.0
2POE20/2PP 30.3±0.6 1048.8±50.2 2NA0.05/2PP 30.8±1.8 861.1±81.5
POE10 31.0±0.5 1112.5±60.4 NA0.025 33.1±0.9 829.2±52.3
PP/2POE20/PP 32.7±0.5 1091.0±148.8 PP/2NA0.05/PP 31.4±1.6 884.8±167.9

Figure 3. Impact strength of (a) PP/POE composites and (b) PP/NA composites



and POE content, the impact strength is quite differ-
ent due to the opposite bleach position.
Apart from the final impact strength as illustrated
above, the force-displacement curve was also
obtained as shown in Figure 4a, 4b and 4c, correspon-
ding to 2POE20/2PP iPOE, POE10 and PP/2POE20/
PP respectively. The traces of the three specimens
show almost the same linear increase in force to the
peak force (Fm) where the damage is initiated. Defor-
mation and fracture of the matrix takes place in an
area in front of the notched crack tip. It is obvious
that even though the three composites have the
same POE content, the force-displacement curves
are totally different from each other after damage
initiation. There is a sharp dropping off in force of
POE10 and PP/2POE20/PP. That implies that less
energy was absorbed in the damage propagation
process compared with 2POE20/2PP iPOE, show-
ing a dropping off in several stages after the speci-
men reaches Fm. Hence, the gradual dropping off
leads to more energy absorption associated with
higher impact strength.
Figure 6a compares Et, Ei and Ep of all the five
series of specimens, giving a quantitative explana-
tion for the impacting process. As is predicated, the
value of Et has the same changing trend as that of
the impact strength for different layer arrangement.
However, the values of Ei don’t show apparent dif-
ferences among the specimens. This indicates again

that the different POE distribution doesn’t signifi-
cantly influence the energy absorption before the
peak force is reached. It should be noted that the
values of Ep are strongly influenced by the different
layered structure and have the same changing trend
as the impact strength does. Clearly, it is the Ep that
finally affects the impact strength. For POE20/2PP/
POE20 and 2POE20/2PP iPOE, the values of Ep are
maintained at a higher level, whereas for POE10,
2POE20/2PP iPP and PP/2POE20/PP, the values of
Ep shows dramatic dropping off. To explain the
results, the different layered structure should be
well considered. From the force-displacement curves,
the damage initiates at a relatively short time and the
forces have reached its maximum with the replace-
ment being less than 0.1 mm. In other words, when
the damage initiation ends, the crack depth is at
most 0.4 mm plus the notched depth. For POE20/
2PP/POE20 and 2POE20/2PP iPOE respectively
have one layer with 1.8 mm thick and two layers with
3.6 mm thick of 20 wt% POE on the top. Therefore,
when the damage propagation begins, the crack tip
still remains in the POE20 layer which absorbs the
most energy in the impact process. The specimens
absorb most of the energy before 1.5 mm. It means
that by purposely arranging POE layers on the
notched top, they can effectively absorb the energy
(Ei + Ep) during the impacting process. For POE10,
2POE20/2PP iPP and PP/2POE20/PP, the damage
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Figure 4. Force-displacement curves of (a) 2POE20/2PP, (b) POE10 and (c) PP/2POE20/PP

Figure 5. Force-displacement curves of (a) 2NA0.05/2PP iNA, (b) NA0.025 and (c) 2NA0.05/2PP iPP



propagated in POE10 and PP layers and they show
poor ability to hinder crack from propagating.
According to the theory, 2POE20/PP iPOE seems to
have higher impact strength than POE20/2PP/POE20,
but the result is opposite. To make this clear, It is sug-
gested that the reinforcing POE20 blend absorbs
much energy by activation of multiple crazing events
at a stress level below that of the crack initiation in
the inner PP layer. Thereby, cracks in the PP layer can
only occur when a very high degree of damage as
already occurred in the outer POE20 layer. Even
when cracks start to be initiated and propagate in the
PP layer, the POE20 layer on the opposite side of
the impact works to arrest crack propagation to rup-
ture till too much cracks have propagated through
the PP layer. It is perfectly consistent with the fact
that the POE20/PP iPOE structure has lower impact
resistance than the POE20/2PP/POE20 sandwich
structure when impacted on the POE20 side, since no
toughened layer can stop the cracks at the exit of
the PP layer
The above results prove to us that the hierarchical
structure of the specimens has displayed its superi-
ority over POE uniformly dispersed ones. To verify
the universality of the theory, the series of PP/NA
specimens were also prepared since !-nucleating
agents have the totally different toughening mecha-
nism from elastomers. The impact process was inves-
tigated according to the same procedure.
Similarly, in the PP/NA system, different layer
arrangement contributes to the variation on impact
strength, seen from Figure 3b. 2NA0.05/2PP iNA
shows the highest resistance to impact force, fol-
lowed by NA0.05/2PP/NA0.05. Both of the two per-
formed better than that NA was evenly dispersed in

the PP matrix at 0.025 wt%. It should be pointed out
that the amount of !-phase PP in NA0.05 layer is far
more than that in NA0.025 and the result seems rea-
sonable since the amount of !-phase has the critical
influence on impact strength. Like 2POE20/2PP iPP
and PP/2POE20/PP, when the PP sides were notched,
NA0.05/PP iPP and PP/NA0.05/PP show poor
impact resistance. It seems like neither POE nor !-
nucleated PP worked effectively in the four compo-
nents of which cracks initiate from the PP sides.
Figure 5a, 5b and 5c illustrate the force-displace-
ment curves of 2NA0.05/2PP iNA, NA0.025 and
2NA0.05/2PP iPP. Like the curves obtained from
the PP/POE composites, the force changing trends
versus displacement are nearly the same before.
2NA0.05/2PP iNA obviously decrease the slope of
the force reduction after Fm so that a larger deflec-
tion and hence higher Ep can be achieved. Because
PP do not show obvious toughness enhancement
when the NA content is controlled at 0.025 wt%,
the traces of NA0.025 and 2NA0.05/2PP iPP have
the same patterns. The reason is understandable since
the amount of !-nucleated PP in NA0.05 is far more
than that in NA0.025 and the !-phase can absorb
most of energy during the crack propagation process.
The content of !-phase PP in NA0.025 is too low to
be impact resistant.
Et, Ei and Ep of all the five PP/NA specimens are also
obtained from respective force-deflection curve as
illustrated in Figure 6b. Et has the same trend as the
finally impact strength does. The essential factor con-
trolling the impact performance is still the energy
during crack propagation (Et).
However in PP/NA composites, the impact strength
sequence is not in accord with that of PP/POE com-
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Figure 6. Illustration of Et, Ep, Ei of (a) PP/POE composites and (b) PP/NA system



posites. For example, 2NA0.05/2PP iNA shows the
best ability to resist impact force, whereas for POE
reinforced PP matrix, POE20/2PP/POE20 has the
highest impact strength. That may have something
to do with the totally different toughening mecha-
nism of NA and POE. PP is toughened by POE
through the energy absorption of elastomer parti-
cles when impacting and the crystal form of PP
change little, whereas NA can promote !-crystals
instead of "-form and !-nucleated PP shows better
impact resistance. The major difference is the sig-
nificantly lower impact strength due to the lower
energy-dissipating property of !-nucleated PP as
compared to the POE/PP blends. Nevertheless, it has
to be admitted that when the sides have high con-
tent of POE and !-nucleated PP where the cracks ini-
tiate, the corresponding specimens: POE20/2PP/
POE20, 2POE20/2PP iPOE, NA0.05/2PP/NA0.05
and 2NA0.05/ 2PP iNA show higher impact strength
than the specimens when the corresponding tough-
ening agents are uniformly dispersed in PP matrix.
That successfully proves that uniformly distribution
of the modifiers is not always the best solution to
toughen the matrix.

3.4. Fracture morphology
The impact process of composite materials is so
complicated that it is unrealistic to completely fig-
ure out the toughening mechanism just through
IFWIT. To help better understand the impact process,
the fractured surfaces of the specimens were inves-
tigated by SEM. Figure 7a1 shows part of the frac-
tured surfaces of 2POE20/2PP iPOE where the
cracks initiate from the 20 wt% POE layer. By care-
ful observation, the fractured 20 wt% POE layer
appears two different regions. Figure%7a3 is near the
notched tip and Figure 7a2 is somewhat far from the
notched side. Combined with the force-displacement
curve, the two areas are corresponded with the dam-
age initiation and propagation stage, respectively.
At higher magnification, one can observe that in the
crack initiation region Figure 7a3, most of the POE
particles are still embedded in PP matrix. As dis-
cussed above, the initiating process happens at so
short a time that POE particles fail to respond to the
impact force. That explains why Ei didn’t show obvi-
ous enhancement when the force reached the maxi-
mum. Contrast with the edge region, the inner area
of POE20 layer shows a typical sea-island structure
of elastomer enhancement system. The pulling out

of POE particles from PP matrix absorbs most of
the energy during damage propagation process. The
fractured surface pictures agree well with the result
obtained from instrumented impact test.
The fracture surface of 2NA0.05/2PP iNA is illus-
trated in Figure 7b1. The interfaces of different lay-
ers are blurred and the fracture surfaces of the dam-
age initiation and propagation process do not differ
too much. However, at higher magnification the dif-
ference can still be found even it is not so obvious.
The edge area Figure 7b3 exhibits the typical sur-
face of brittle fracture mode. The plastic deforma-
tion zone is relative small and smooth, implying lit-
tle impact energy is absorbed in that area. The inner
region Figure 7b2 corresponding to damage propa-
gation process fracture surface shows a little more
obvious plastic deformation and the extent of plas-
tic deformation increases somewhat.
The evolution of fracture morphology from external
crack tip to internal crack propagation area agrees
well with the IFWIT result. It explains why the spe-
cific N-UDPCs (e.g. POE20/2PP/POE20) perform
better than UDPCs (e.g. POE10) from another per-
spective.

4. Conclusions
In this study, PP based N-UDPCs were prepared by
sheets stacking and compression moulding method.
The layered structures of PP/POE and PP/NA com-
posites were confirmed by SEM and DSC results
respectively. The effect of spatially heterogeneous
POE and NA content on the impact and tensile
properties has been investigated. Regardless of the
layer arrangement, tensile strength of anisotropic
composites do not decline compared with the filler
uniformly distributed ones. Although having the
same filler content, composites with different mod-
ifiers distribution showed peculiar impact proper-
ties. When the crack initiate from the high filler con-
tent side, like 2POE20/2PP iPP, POE20/2PP/POE20,
2NA0.05/2PP iNA and NA0.05/2PP/NA0.05, the
impact strength is obviously higher than that of the
filler uniformly distributed ones. Regardless of the
different toughening mechanisms of POE and !-
nucleating agent, the instrumented impact test has
the similar result. The essential factor controlling the
final strength is the absorbed energy during damage
propagation process. In addition the morphology
result confirms the results from another point of view.
In a word, the enhancement of impact strength was
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Figure 7. Typical impact-fractured surfaces morphologies of (a1) 2POE20/2PP and (b1) 2NA0.05/2PP iNA; (a2),
(a3) enlarged view of sub-region marked in (a1); (b2), (b3) enlarged view of sub-region marked in (b1)



achieved by the heterogeneous distribution of
toughening agents while the tensile strength kept con-
stant. Although the method to prepare the compos-
ites looks like somewhat cumbersome, it really
proves that uniformly distribution is not always the
best way to achieve the high performance of poly-
meric composites. That may give researchers some
hints to creatively manipulate the composite struc-
tures.
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1. Introduction
Polymer-based composites were reported in the
1960s as a new paradigm in material science. In the
past twenty years, three major inorganic materials
acting as nanofillers have been used to prepare
organic-inorganic nanocomposites: (1) layered mate-
rials such as clay [1, 2], (2) tubular materials such
as carbon nanotubes (CNTs) [3, 4], and (3) spheri-
cal materials such as SiO2 particles [5, 6] as well as
other synthetic materials [7, 8].

Owing to the poor compatibility between the organic
matrix and the inorganic nanofillers, it is typically
desired to ameliorate the compatibility at the matrix/
filler interface, ideally during the preparation of the
nanocomposite materials. Thus, it is of great impor-
tance to innovative new nanofiller materials or new
methods for the preparation of polymer/nanofiller
composites is key in developing novel advanced
polymer-based composites.
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Polyimides (PIs) are well-known high-performance
polymeric materials due to desirable tensile proper-
ties; high-temperature durability, excellent chemi-
cal and thermal stabilities, low thermal expansion
coefficient, and low dielectric constant [9–12].
The electroactive oligoaniline were exploited to
provide various polymers such as PIs and other
derived polymers [13, 14] with electroactive proper-
ties. The incorporation of a well-defined oligoani-
line into the backbone structure of a PI could render
a novel electroactive PI possess electroactivity, much
better mechanical properties, and thermal stability.
Rcently, we have reported the synthesis of an EPI
with oligoaniline in the main chain via a thermal
imidization reaction and further introduced nano-
materials (e.g., clay nanosheets and TiO2 nanoparti-
cles) into the EPI to prepare EPI nanocomposites [15,
16]. All the examined materials exhibited signifi-
cant enhancement of the corrosion protection of the
metallic substrate as compared with that of neat
electroactive polymer coatings [17, 18] since the
well-dispersed nanoclay in the EPI with an aspect
ratio of ~200 increasing the length of the diffusion
pathways for reactive gases (e.g., oxygen and water
vapor) in the polymers [15].
Extensive efforts are devoted to utilizing graphene-
based materials such as graphene nanoplatelets
(GNPs), graphene nanosheets (GNSs), and graphene
oxide (GO) as nanofillers to improve the mechani-
cal, thermal and dielectric properties, and electricity
of diverse organic polymers [19–26] since scientists
discovered excellent intrinsic properties of graphene
sheets. Nowadays, scientific studies associated with
the lower density and higher aspect ratio (~500) [27]
of conductive graphene, compared with that of non-
conductive clay platelets initiated investigation into
their potential application as advanced gas barrier
and corrosion-prevention polymer nanocomposites.
To the best of our knowledge, there is no report in
investigating the anticorrosive abilities of the EPI
nanocomposites with the addition of graphene nano -
sheets. In this study, we fabricated anticorrosive EPI/
graphene nanocomposite (EPGN) coatings which
could provide two-fold protection against metal
corrosion. In the first step of the protection mecha-
nism, the electroactive amino-capped aniline trimer
(ACAT) components in EPI form a passivation oxide
layer on the metal surface. Secondly, the well-dis-
persed carboxyl-graphene nanosheets in the EPI

matrix increase the tortuosity of the diffusion path-
way of O2 molecules. The detailed anticorrosion
performance of the EPGN coated onto cold-rolled
steel (CRS) was evaluated through a series of elec-
trochemical corrosion measurements in a corrosive
medium (3.5 wt% sodium chloride aqueous solu-
tion).

2. Experimental section
2.1. Chemicals and instruments
Aniline (Fluka, Germany) was distilled prior to use.
1,4-phenylenediamine (Aldrich, Germany), 4!-(4,4!-
isopropylidene-diphenoxy)bis(phthalic anhydride)
(BSAA, Aldrich, Germany), 4,4-oxydianiline (ODA,
Aldrich, Germany), and N,N-dimethylacetamide
(DMAc, Riedel-deHaën, Germany) were used as
received without further purification. Graphene nano -
sheets (SFG44-GNS) were prepared from SFG44
synthetic graphite powder (TIMCAL®). All reagents
were reagent grade unless otherwise stated.
Fourier transform infrared (FTIR) spectra were
recorded using a FTIR spectrometer (JASCO FT/IR-
4100, Japan) operated at room temperature. The
nanostructure of the composite materials was imaged
with a JEOL-200FX transmission electron micro-
scope (TEM, Japan). The samples for TEM observa-
tions were cut into 60–90-nm-thick sections with a
diamond knife. The morphology of the surface of the
passivation metal oxide layers was observed using a
scanning electron microscope (SEM, JOEL JSM-
7600F, Japan). The corrosion potential and corrosion
current of sample-coated cold-rolled steel (CRS)
electrodes were electrochemically measured using a
VoltaLab 50 potentiostat/galvanostat. Electrochem-
ical impedance spectroscopy (EIS) measurements
were recorded on an AutoLab (PGSTAT302N) poten-
tiostat/galvanostat electrochemical analyzer. Gas
permeability (O2 permeation) experiments were per-
formed using a GTR-31 analyzer (Yangimoto Co.,
Kyoto, Japan). Electron spectroscopy for chemical
analysis (ESCA) was performed using a VG Scien-
tific ESCALAB 250 system.

2.2. Synthesis and characterization of ACAT
A typical procedure was recently established by
Wei et al. [28] for synthesizing ACAT and accord-
ingly, the ACAT could be easily synthesized by oxi-
dizing 1,4-phenylenediamine and 2 equiv of aniline,
with ammonium persulfate as an oxidant. The ACAT
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was characterized using mass spectroscopy, FTIR
spectroscopy, and 1H NMR spectroscopy, as previ-
ously been reported in the literature [29].

2.3. Synthesis and characterization of
carboxyl-graphene nanosheets

GO derived from SFG44 synthetic graphite powder
(TIMCAL®) was synthesized by a modified Hum-
mers’ method [30]. The few-layer carboxyl-graphene
nanosheets were synthesized by thermal exfoliation
at 1000°C.
The surface composition of the carboxyl-graphene
nanosheets was examined from the analysis of X-
ray photoelectron spectroscopy (XPS) spectra, as
shown in Figure 1. The characteristic peak was due
to the graphitic structure (mainly C=C) at a binding
energy of 284.5 eV. Moreover, the intense splitting
of the C 1 s peak at higher binding energy suggested
the presence of oxidized carbon functional groups.
The curve showed three oxidized C 1 s peaks cen-
tered at 286.1 eV (C–O from phenol and ether),
287.5 eV (C=O from carbonyl and quinone), and
288.7 eV (–COO from carboxyl and ester). The rel-
ative intensity of the C–O peak was much larger
than those of the C=O and –COOH peaks.
The content of functionalized groups containing
carbon-oxygen bonds of carboxyl-graphene nano -
sheets was calculated from the XPS spectra using
the Equation (1) [31]:

Content of functionalized groups containing car-
bon-oxygen bonds =

            (1)

According to the quantitative analysis by Gaussian
fitting with three peaks, the C–O, C=O and –COO
contents of the carboxyl-graphene nanosheets were
11, 5, and 4%, respectively. Graphene nanosheets
were also characterized using X-ray diffraction
(XRD), Raman spectra, and SEM and TEM obser-
vations, under similar conditions as those previ-
ously reported [32, 33].

2.4. Preparation of EPGN coatings
A typical procedure to prepare the EPGN coatings
by thermal imidization is as follows. The electroac-
tive poly(amic acid)/graphene (EPAAG) was pre-
pared by reacting with BSAA and ACAT. BSAA
(0.520 g, 1 mmol) and the ACAT (0.288 g, 1 mmol)
were separately dissolved in 4.0 g of DMAc. Subse-
quently, graphene (e.g. 1 wt%) was mixed well with
the BSAA solution, and then, the BSAA/graphene
and ACAT solutions were mixed under magnetic
stirring for 30 min at room temperature to form
EPAAG. Then, EPAAG drops were spread on the
CRS, and subsequent thermal imidization was per-
formed at 80°C for 0.5 h, 100°C for 6 h, 160°C for
2 h, 200°C for 2 h, and 30°C for 6 h to obtain EPGN
coatings. The thickness of coatings is about 30 µm

2.5. Electrochemical corrosion studies
The electrochemical corrosion measurements were
performed using a VoltaLab 50 system. All the elec-
trochemical corrosion measurements were per-
formed using a double-wall jacketed cell covered
with a glass plate, through which water was main-
tained at a constant temperature of 25±0.5°C. The
open-circuit potential (OCP) at the equilibrium state
of the system was recorded as the corrosion poten-
tial (Ecorr in mV versus a saturated calomel elec-
trode (SCE)). Tafel plots were obtained by scanning
the potential from –500 to 500 mV above Ecorr at a
scan rate of 10 mV/min. The corrosion current (Icorr)
was determined by superimposing a straight line
along the linear portion of the cathodic or anodic
curve and extrapolating it through Ecorr. The corro-
sion rate (Rcorr, in milli-inches per year, MPY) was
calculated from the Equation (2):

                             (2)

where E.W. is the equivalent weight [g/eq.], A is the
area [cm2], and d is the density [g/cm3].

Rcorr 3MPY 4 5 0.13Icorr~E.W.
A
~
d

Area2C2OH 1 Area2C5H 1 Area2COO

Areatotal

Area2C2OH 1 Area2C5H 1 Area2COO

Areatotal

Rcorr 3MPY 4 5 0.13Icorr~E.W.
A
~
d
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Figure 1. XPS C 1s spectra of carboxyl-graphene



An AutoLab (PGSTAT302N) potentiostat/galvano-
stat was used to perform the alternating current
(AC) impedance spectroscopy measurements. Imped-
ance was measured in the range 100 kHz to 100 MHz
with a 1 cm"1 cm pure iron working electrode
embedded in epoxy, Pt as a counter electrode, and
an SCE as a reference electrode. The working elec-
trode was initially placed in the test environment
for 30 min prior to the impedance run. All experi-
ments were conducted at room temperature. All tri-
als were repeated at least three times to ensure repro-
ducibility and statistical significance of the raw
data.

2.6. Preparation of membranes and molecular
barrier property measurements

The typical procedure for the preparation of EPGN
membranes with 0.5 and 1 wt% of carboxyl-graphene
nanosheets (denoted as EPGN0.5 and EPGN1, respec-
tively) is shown in Figure 2. Membranes of the as-
prepared EPI and EPGN materials were prepared
for measurement of the oxygen barrier property that
had been reported in our earlier papers [34, 35].

3. Results and discussion
3.1. Characterization of EPI and EPGN

materials
The successful synthesis of EPI and EPGN materi-
als was confirmed by IR analysis. Figure 3 shows

the FTIR spectra of the obtained for ACAT-based
EPAA, EPI, and EPGN materials. In all of the FTIR
spectra, the characteristic peaks from 2500 to
3500 cm–1 indicate the presence of O–H and N–H.
Moreover, the characteristic peaks at 1600 and
1504 cm–1 were assigned to the stretching modes of
N=Q=N and N–B–N, respectively (Q represents the
quinoid ring, and B represents the benzene ring
structure). In the case of ACAT-based EPAA (Fig-
ure 3 curve a), the characteristic peaks for C=O in
COOH were found at 1712 cm–1. The EPI charac-
teristic peaks in both EPI and EPGN1, that is, the
peaks related to the functional groups of EPAA such
as carboxylic acid and amine groups at 2500–
3500 cm–1, were absent. The two peaks at 1774 and
1712 cm–1 may be associated with the asymmetric
and symmetric carbonyl stretching vibration, respec-
tively, of the imide absorption band, respectively.
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Figure 2. Preparation of EPI/graphene nanocomposite (EPGN) membranes

Figure 3. FTIR spectra of (a) EPAA, (b) EPI, and (c) EPGN



Finally, the new peaks at 1373 and 740 cm–1 can be
explained by C–N stretching and imide ring,
respectively. The characteristic absorption band
found at 740 cm–1 was the result of the deformation
of the imide groups, as shown in Figure 3 curves b
and c. These changes in the characteristic peaks of
ACAT-based EPAA, EPI, and EPGN indicate that
EPAA was almost completely converted into the
corresponding ACAT-based EPI and EPGN through
the thermal imidization process at 200°C [18, 36, 37].
Moreover, comparison of the two curves of the EPI
and EPGN materials, no obviously different absorp-
tion peak is observed, probably because of the low
amounts of graphene present in the samples [38].

3.2. Morphology of EPGN membranes
The morphological studies of the dispersion of
graphene nanosheets can be identified by TEM obser-
vations. Figure 4 shows the micrographs of EPGN1
taken at 200 k magnification using the 120 kV TEM
instrument. The bright regions of the photograph at

high magnification represent the domain of the EPI
matrix, and the dark lines correspond to the cross
section of the layers of graphene nanosheets. As
shown in the figure, EPGN1 exhibited relatively
well-dispersed graphene nanosheets in the EPI
matrix. This indicates that the attachment of car-
boxylic groups onto the graphene surface could effec-
tively enhance the compatibility between the car-
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Figure 4. TEM micrographs of EPGN1 ("200 k)

Figure 5. SEM images of fracture surfaces of (a) EPI ("5 k), (b) EPI ("10 k), (c) EPGN1 ("5 k), and (d) EPGN1 ("10 k)



boxyl-graphene nanosheets and the EPI matrix,
leading to improved dispersion capability. The
enhanced dispersion can also be attributed to the
formation of hydrogen bonds between the remain-
ing hydroxyl groups of the carboxyl-graphene nano -
sheets and the carboxyl groups of EPAA [39].
The dispersion of graphene nanosheets in the EPI
matrix are also shown in the SEM images of the
fracture surfaces of membranes in Figure 5. As can
be seen in Figure 5a, 5b, EPI film shows a smooth
fractured surface. In contrast, the EPGN1 mem-
brane possesses rough fractured surfaces that could
be attributed to the strong interfacial adhesion and
good compatibility between the EPI matrix and car-
boxyl-graphene nanosheets (Figure 5c, 5d).

3.3. Adhesion test
Void space at the coating-metal interface is respon-
sible for the accumulation of water and ions at the
interface, and believed to be a primary failure mech-
anism for corrosion resistant coatings. Therefore, a
corrosion-inhibiting coating should have good
adhesion with the protecting surface for its practical
application. The adhesion of the EPI and EPGN1
coating on the CRS substrate was evaluated accord-
ing to the cross-cut method [40]. The results showed
that there was no significant peeling of either EPI or
EPGN1 after cross-cutting through the coating
(Figure 6), indicating that the coatings developed in
this study strongly stuck on the CRS surface (good
adhesion).

3.4. Electroactivity of EPI and EPGN coatings
Cyclic voltammetry (CV) has been widely used to
characterize the electrochemical properties of elec-
troactive polymers. In this study, the polymers were

characterized by CV using a three-electrode electro-
chemical cell. As shown in Figure 7, the electrochem-
ical CV results indicate that the EPGN materials (e.g.,
EPGN1) in the form of a coating showed a single
oxidation peak, which was similar to the case of the
EPI [17]. EPGN1 showed an oxidation current (Iox)
of 271.9 µA/cm2 and a reduction current (Ired) of
376.6 µA/cm2; the latter was smaller than that of
the EPI (Iox = 141.3 µA/cm2, Ired = 236.8 µA/cm2).
However, NEPI showed null zero redox current.
This implies that the incorporation of the ACAT
into the polyimide introduces electroactivity in the
as-prepared polyimide. The introduction of graphene
into the EPI matrix results in EPGN materials with
higher electroactivity than that of the EPI.
We therefore infer that coatings produced from
EPGN materials may provide enhanced corrosion
protection as a result of synergistic effects of creat-
ing a passive metal oxide layer and the barrier prop-
erties that the graphene nanosheets provide to hin-
der oxygen migration. A series of electrochemical
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Figure 6. SEM images of (a) EPI-coated on CRS and (b) EPGN1-coated on CRS after testing for adhesion

Figure 7. Redox behavior of (a) NEPI-coated, (b) EPI-
coated, and (c) EPGN1-coated electrode meas-
ured in 1.0 M H2SO4 aqueous solution



standard corrosion measurements (e.g., potentiody-
namic and electrochemical impedance measure-
ments) and gas barrier measurements are discussed
in the following sections as evidence.

3.5. Potentiodynamic measurements
The polarization curves for EPI and a series of
EPGN coatings on CRS coupons recorded after
30 min of immersion in a 3.5 wt% aqueous NaCl
electrolyte are illustrated. Figure 8 shows the Tafel
lines (a), (b), (c), and (d) for the uncoated, EPI-
coated, EPGN0.5-coated, and EPGN1-coated CRS
electrode, respectively, at 500 mV/min. The corro-
sion parameters calculated from the Tafel plots for
several composite materials are summarized in
Table 1; generally, a higher Ecorr and Rp, and a lower
Icorr and Rcorr indicate better corrosion protection.
The values of polarization resistance, Rp, were eval-
uated from the Tafel plots, according to the Stern-
Geary equation (Equation (3)) [41]:

                                   (3)

where Icorr is the corrosion current determined from
the intersection of the linear portions of the anodic
and cathodic curves, and ba and bc are anodic and

cathodic Tafel slopes (#E/#logI), respectively. The
protection efficiency (PEF [%]) values were esti-
mated using the Equation (4) [42]:

(4)

The results in Figure 8 and Table 1 indicate that the
EPI-coated CRS coupon shows a higher Ecorr value
than does the uncoated CRS, which is consistent
with the results of earlier studies [15–18]. More-
over, the EPGN materials showed a higher Ecorr, Rp,
and PEF and lower Icorr values than does the EPI. For
example, the EPGN1-coated CRS has an Ecorr
of –432 mV, Icorr of 0.15 µA/cm2, Rp of
165.29 k$·cm2, Rcorr of 0.14 MPY, and PEF of
98.79%, which are over twice those of the EPI-
coated electrode. On the other hand, corrosion cur-
rent values of the EPGN coatings on CRS were
found to decrease gradually with a further increase
in graphene loading.

3.6. Electrochemical impedance
measurements

Electrochemical impedance spectroscopy (EIS) is
used to examine the activity difference between the
CRS surface upon EPI and EPGN coating treat-
ment. Impedance is a complex resistance when alter-
nating current flows through a circuit made of capac-
itors, resistors, or insulators, or any of their combi-
nation [43]. EIS measurement results in currents
over a wide range of frequencies. To obtain the Ran-
dles circuit parameters, fitting of the model to the
experimental data should be performed using com-
plex nonlinear least-squares procedures available in
numerous EIS data fitting computer programs. For
the simulation studies, corrosion of metals is mod-
eled with an equivalent circuit (called a Randles cir-
cuit), as illustrated in Figure 9, which is made of a
double-layer capacitor in parallel with a charge trans-
fer resistor and connected in series with an elec-
trolyte solution resistor. The impedance (Z) depends

PE F 3, 45100
Rp
211uncoated 22Rp

211coated 2
Rp
211coated 2

Rp 5
babc

2.3031ba 1 bc 2 ~IcorrRp 5
babc

2.3031ba 1 bc 2 ~Icorr

PE F 3, 45100
Rp
211uncoated 22Rp

211coated 2
Rp
211coated 2
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Figure 8. Tafel plots for (a) bare, (b) EPI-coated,
(c) EPGN0.5-coated, and (d) EPGN1-coated CRS
electrodes at 25±0.5°C

Table 1. Electrochemical corrosion measurements of bare CRS, EPI, EPGN0.5 and EPGN1 coated electrodes

aSaturated calomel electrode (SCE) was employed as a reference electrode

Sample code
Electrochemical corrosion measurementsa

PEF
[%]

Thickness
[µm]Ecorr

[mV vs SCE]
Rp

[k!·cm2]
Icorr

[µA/cm2]
Rcorr

[MPY]
CRS –832 2.00 14.50 13.50 – –
EPI –573 11.10 2.75 2.56 81.98 32±2
EPGN0.5 –493 52.17 0.55 0.51 96.17 31±2
EPGN1 –432 165.29 0.15 0.14 98.79 33±2



on the charge transfer resistance (Rct), solution
resistance (Rs), capacitance of the electrical double
layer, and frequency of the AC signal (!) (Equa-
tion (5):

   (5)

The fitting data fitted well to all the experimental
electrochemical data. The high-frequency intercept
is equal to the solution resistance, and the low-fre-
quency intercept is equal to the sum of the solution
and charge transfer resistances [44]. In general, a
larger semicircle diameter (charge transfer resist-
ance) represents a smaller corrosion rate.
Figure 10 shows the Nyquist plots of the four meas-
ured samples. The first sample (curve a) is uncoated
CRS. A series of samples denoted as (curve b),
(curve c), and (curve d) represent CRS-coated by
EPI, EPGN0.5, and EPGN1, respectively. The cor-
rosion test on these samples immersed in 3.5 wt%
NaCl aqueous electrolyte for 30 min is followed by
EIS analysis. The charge transfer resistances of all
samples, as determined by subtracting the intersec-
tion of the high-frequency end from the low-fre-
quency end of the semicircle arc with the real axis,

are 1.27, 54.69, 170, and 728 k$·cm2, respectively.
EIS Bode plots (impedance vs. frequency) of all
samples are shown in Figure 11. Zreal is a measure
of corrosion resistance [45]. Low Zreal value could be
brought about by very high capacitance and/or very
low resistance of the coating [46]. Large value of
the capacitance has been related to the high extent
at which water has penetrated the coating [47]. In
the case of Bode plots, the value of Zreal at the low-
est frequency also represents the corrosion resist-
ance. The Bode magnitude plots for uncoated CRS
and CRS-coated by EPI, EPGN0.5, and EPGN1
shows Zreal values of 2.8, 4.5, 5.8, and 8.1 k$·cm2,
respectively, at low frequency end. These results
clearly demonstrate that the EPGN1 coating pro-
tects the CRS electrode against corrosion better
than the EPI and EPGN0.5 coatings.
The increase in the impedance values at high
graphene concentrations in various frequency regions
could be interpreted as the barrier effect of the
graphene nanosheets dispersed in the composites.
Visual observation of the corrosion products clearly
reveal that the EPGN samples exhibiting corrosion
protection have a grayish oxide layer over the bare
exposed CRS surface, similar to what was observed
by Wessling [48, 49], in the case of PANI dispersion
coatings on steel. The barrier effect of the EPGN
materials as compared to that of the EPI may be due
to the dispersed graphene in the EPI matrix, which
increased the tortuosity of the diffusion pathway of
O2 molecules [39, 50], as shown in Figure 12. They
are further evidenced by the observations on the
CRS surface and gas permeability studies of coat-
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Figure 9. Randles equivalent circuit used for modeling
impedance measurements (EIS)

Figure 10. Nyquist plots for (a) bare, (b) EPI-coated,
(c) EPGN0.5-coated, and (d) EPGN1-coated
CRS electrodes

Figure 11. Bode plots for (a) bare, (b) EPI-coated,
(c) EPGN0.5-coated, and (d) EPGN1-coated
CRS electrodes



ings and membranes, as discussed in Sections 3.6
and 3.7.

3.7. Observations of the CRS surface
The EPI and EPGN coatings might induce the for-
mation of a layer of passivation oxide, Fe2O3/Fe3O4,
through the redox reaction between the quinonedi-
imine segment (Figure 6) of EPI/EPGN and the
metal surface. It should be emphasized that the
advantage of this newly developed EPGN materials
is that it not only provides passive protection but
also acts as an active functional polymer materials
that can induce the formation of another inert pro-
tection layer, i.e., Fe2O3 and Fe3O4.
Next, the as-prepared sample coatings were stored
for 24 h at room temperature and then removed
using a razor knife. Visual observation of the passi-
vation oxide layers revealed a grayish oxide layer
over the CRS surface under the EPGN1 coating on
CRS. It is similar to what was observed by Wessling
[48, 51]. The SEM images revealed that the oxide lay-
ers were formed between the EPGN1 coating and

the CRS surface (Figure 13b), but we could not
observe the same image from the pure CRS surface
(Figure 13a).
In addition to the SEM observations, the chemical
nature of the passivation oxide layers was deter-
mined by ESCA. The plots of binding energy vs.
intensity for the iron oxide layers are shown in Fig-
ure 14. The passivation oxide layers exhibited the
Fe 2p3/2 peak binding energy of Fe2O3 at 710.9 eV;
FeO at 709.6 eV; and Fe3O4 at 710.3 eV. The Fe 2p
spectra of FeO and Fe3O4 were, and hence, it was dif-
ficult to distinguish between the two oxides. The
2p3/2 binding energy was about 725.2 and 711.6 eV.
These findings indicated that the passive oxide layer
is predominately composed by Fe2O3 above a very
thin Fe3O4 layer, which was consistent with the
results of previous studies [48, 51–53].
The enhanced corrosion protection of EPI and
EPGN coatings was found to be associated with the
formation of passivation protective metal oxide lay-
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Figure 12. Schematic representation of O2 molecules fol-
lowing a tortuous path through an EPI and
EPGN materials

Figure 13. SEM images for (a) polished CRS metal and the surface of the (b) EPGN1 coating on the CRS metal

Figure 14. ESCA Fe 2p core-level spectra of EPI



ers, induced by the redox catalytic properties of as-
prepared EPI and EPGN coatings, as shown in Fig-
ure 15.

3.8. Gas barrier of EPI and EPGN
membranes

The presence of filler, inorganic or organic, in the
polymer matrix usually constitutes a solid barrier in
the path of the gas molecules passing through the
polymer. A more tortuous path is thus forced upon
the gas molecules passing through the polymeric
matrix, retarding the progress of the phenomenon.
The more tortuous the path the longer it takes for
the gas molecules to pass through the material, result-
ing in a macroscopically observed reduced perme-
ability. The higher the filler–matrix interfacial area
and aspect ratio of the filler, the more tortuous the
path, hence the greater the decrease in permeability.
Graphene-based polymer nanocomposites had been
examined intensively for their gas barrier rate’s
enhancements, due to the high aspect ratio of well-
dispersed graphene nanosheets [54]. In this study,
molecular barrier measurements were performed on
membranes of EPI and EPGN materials prepared to

a film thickness of ~50 µm. Compared to EPI, EPGN
membranes at low graphene loading (e.g., 0.5 wt%)
shows about 29% reduction in O2 permeability, as
shown in Figure 16. The decrease in gas permeabil-
ity is attributed to the barrier properties of the layers
of graphene nanosheets dispersed in the composites.
It should be noted that a further increase in graphene
loading in the EPGN materials up to 1 wt% results
in a further decrease in gas permeability.

4. Conclusions
Electroactive polyimide/graphene nanocomposite
(EPGN) materials were successfully prepared by
thermal imidization. The structure and electroactiv-
ity of the EPGN materials were investigated by
FTIR and CV. The dispersion capability of the car-
boxyl-graphene nanosheets in the EPI matrix was
observed by TEM studies. The nanocomposites con-
sisting of the EPI matrix and well-dispersed graphene
nanosheets were found to exhibit excellent anticor-
rosive properties resulted from enhanced gas barrier
properties.
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1. Introduction
Since its discovery in 1954 [1], polypropylene (PP)
has become increasingly important for fabricating
the materials, objects, goods, and commodities of
everyday life [2]. The reason for this long-lasting
growth lies mainly in the properties of PP, such as
chemical resistance to most organic solvents, fatigue
resistance, high clarity, very good water vapor bar-
rier properties, compatibility with many processing
techniques, low density, easy recyclability and – not
least of all – moderate cost. Although PP’s inability
to stand thermal stresses and its poor gas barrier prop-
erties may hinder its use for certain applications, the
major hurdle is probably its surface properties. Like
any polyolefin, PP exhibits low surface free energy

values (~28 mJ·m–2), which are due in essence to its
inherent hydrophobicity. This is reflected primarily
in the high recalcitrance of polypropylene surfaces
toward the deposition of substances (e.g., liquids)
with a high polar component: it totally frustrates the
establishment of either interatomic or intermolecu-
lar interactions at the interface [3]. This repulsion dra-
matically affects all technical processes where wet-
tability and improved adhesion are required. Print-
ability, lamination, and anti-fog properties, as well
as the processability, convertibility, recyclability,
and biodegradability of the final materials depend
strongly on the possibility of enhancing the poly -
propylene substrate’s surface properties. Conse-
quently, enhancing the surface activation of poly -
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propylene (and, more generally, of polyolefins) has
attracted (and still does) worldwide interest both in
academia and in industrial research [4].
With reference to the source of activation (and not
to the type of modification induced on the polymer
surface) the main routes used to improve the surface
energy of polyolefins can be grouped into chemical
and physical methods [5]. Physical methods, how-
ever, are the most extensively used because they
allow the provision of more precise surface modifi-
cation without requiring rigorous process control,
and because, involving no chemical reagents and
therefore no disposal of waste liquids, they are envi-
ronmentally safe and clean processes [6]. Among the
wide spectrum of physical methods currently avail-
able for the surface modification of plastics (flame
[7], corona discharge [8], UV [9], gamma-ray [10],
electron beam [11], ion beam [12], plasma [13], and
laser treatments [14]), flame treatment and corona
discharge are the most widespread, especially in par-
ticular sectors such as packaging and automotive,
which has primarily been ascribed to the lower cost
of these methods. It has been pointed out, however,
that flame treatment is probably the most suited for
the surface activation of polyolefins and, within this
category, polypropylene [15]. Nevertheless, the great
potential involved in the flame treatment was under-
exploited until 1980s [16], when remarkable inno-
vations at both the technical (e.g., the introduction
of the polarized flame) and the safety level renewed
interest in this method. Correspondingly, the acqui-
sition of new powerful techniques such as optical
contact angle (OCA) [17], atomic force microscopy
(AFM) [18], and X-ray photoelectron spectroscopy
(XPS) [19–21] prompted a fervid scientific activity,
as demonstrated by the number of scientific papers
in this area [16, 22–24].
At the present time, interest toward flame treatment
relies mainly on the innovations expected in many
areas for the next years. New developments will
take place according to specific trends, among which
the environmental aspect seems to be one of the
main driving forces. Many companies are progres-
sively looking for new, high-performance materials
that are perceived by consumers as environmentally
friendly and safe. Legislation also forces new trends
[25]. Since water-based coatings are expected to
play a major role in the future, the flame treatment
technique may play a pivotal role in dictating the
success of their deposition on PP. However, to make

the flame treatment effective towards high-recalci-
trant substrates, knowing the basic principles under-
lying the overall process is of utmost importance
[26]. This in turn will enable optimization of the main
process variables to pinpoint the best operating con-
ditions for any specific application [27]. A key fac-
tor possibly influencing the efficacy of the flame
treatment is the sample’s topography. There is, how-
ever, a lack of information on how surface rough-
ness affects the activation of polypropylene sub-
strates mediated by a flame [26].
This work was aimed at filling this gap by investi-
gating how the substrate topography influenced the
flame treatment’s overall effect, by taking into
account both the physical and the chemical changes
that the process induced. To this end, the benefits
possibly linked to changes in the surface roughness
of polypropylene samples in terms of surface energy
were quantitatively described. The effect of an
increasing number of sequential treatments was also
discussed. This was accomplished by OCA and AFM
techniques, whereas XPS analysis was used to
gather detailed information on the chemical changes
induced by the flame.

2. Experimental section
2.1. Polymer samples
Square plaques 40 mm wide and 3 mm thick were
used throughout the experiments. They were pro-
duced by injection-molding, starting from PP pel-
lets (Moplen RP340R, Basell Polyolefins srl, Fer-
rara, Italy; nucleated heterophasic random copoly-
mer, melt flow index according to ISO 1133:
25 g/10 min, density according to ISO 1183:
0.905 g/cm3, melting range = 140–163°C), fed into
the heated barrel, mixed through a screw, and injected
into a multiple-cavity mold (each cavity having
identical geometry). The mold is then held under
pressure until the material cools and hardens, after
which the mold is opened and the part is removed.
To produce plaques with different surface topogra-
phies, interchangeable molds with front panel of
three different roughness degrees (perfect smooth-
ness – S, medium roughness – M, and high roughness
– H) were used. Unlike usual injection-molding
manufacturing operations, the use of any release
agent (which helps in the detachment of the object
from the mold) was avoided, to prevent potential
interference with the contact angle measurements.
Injection-molded (OCSA spa, Creazzo, Italy) PP
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(Moplen RP340R, nucleated heterophasic random
copolymer, Basell Polyolefins srl, Ferrara, Italy)
square plaques (40 mm wide, 3 mm thick) with dif-
ferent roughness degrees (perfect smoothness – S,
medium roughness – M, and high roughness – H)
were used in this work. The different roughness was
achieved using interchangeable plates with a differ-
ent surface morphology during the injection-mold-
ing process.

2.2. Surface modification apparatus and
procedures

Flame treatment was performed with pilot-plant-
flaming equipment built within the laboratories at
the Packaging Division of DeFENS (University of
Milan). An explanatory scheme is shown in Figure 1.
It basically consists of a feeding system (fuel and
oxidizer cylinders) connected to a fuel/oxidizer mix
generator (mod. EI-080, esseCI srl, Narni, Italy);
two single-flow-tube universal rotameters (ASA,
Sesto S. Giovanni, Italy), one for the oxidizer (mod.
1901, flow rangeair 85–850 L·h–1, 1013 mbar, 20°C),
one for the fuel (flow rangeair 4–115 L·h–1, 1013 mbar,
20°C); a pressure gauge; an in-line mixture sam-
pling device; a 100 mm"20 mm ribbon burner with
no-return flame valves (esseCI srl, Narni, Italy);
and a sample holder composed by an aluminum
rotating plate and a speed-regulating automatic

device. Ignition of the flame was accomplished by
an electric spark.
The configuration of the flaming treatment made it
possible to adjust the main process variables, such
as the fuel/oxidizer ratio, the mixture flow, the flame/
surface gap (i.e., the distance between the tips of the
luminous flame cones and polyolefin surface), the
sample’s time of exposure to the flame, and the
number of sequential treatments. The oxidizer used
in this work was compressed air (Siad, Osio Sopra,
Italy), whereas the fuel was commercial-grade liq-
uid propane (GPL, Sarpomsrl, Trecate, Italy) with
an average density of 0.5174 kg·L–1 and average
heat content of 93.1 kJ·L–1 (2500 BTU·ft–3). The
average volumetric composition of GPL is as fol-
lows: C3 hydrocarbons, 93.9%; C4 hydrocarbons,
5.8%; C2 hydrocarbons, 0.3%; total sulfur content,
8.0 mg·kg–1; water content, 18 mg·kg–1.
Flame treatments were performed by a propane/air
equivalence ratio of 0.98. According to Equa-
tion (1), the equivalence ratio (!) is defined as the
actual mass gas/air ratio used during treatment
divided by the stoichiometric fuel-to-oxidizer ratio
[28]:

                                   (1)

The value selected in this work (! = 0.98) accounts
for the better performance of oxidizing flames (! < 1)
compared with both stoichiometric (! = 1) and fuel-
rich (! > 1) flames [29–31]. The equivalence ratio
value was continuously monitored throughout the
experiments by the sampling of a constant amount
(30 µL) of the mixture, and its analysis by a gas-
chromatograph coupled with a flame ionization
detector (GC-FID PR 2100 Perichrom, Saulx les
Chartreux, France).The C3H8 was separated from the
other components in the mixtures by a 80/100 mesh
Porapak® T packed column (182.88 cm length;
3.175 cm external diameter; 2.159 cm internal diam-
eter). The column inlet was set in splitless mode at
105°C and 75 kP. The column temperature was
isothermal at 150°C, with a helium carrier flow of
38 mL·min–1. The FID system (260°C, 75 kP,
10–10 A/mV gain) was fuelled with pure oxygen at
420 mL·min–1 and hydrogen at 30 mL·min–1. Finally,
an equivalence ratio of 0.98 was achieved by a flow
setting of 700 and 74.5 L·h–1 for compressed air and
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Figure 1. (a) Schematic representation of the flame treat-
ment apparatus: 1 –#manual start; 2 –#gas/air
mixer; 3 –#gas and air flow rotameters; 4 –#rotat-
ing sample holder; 5 –#ribbon burner; 6 –#gas/air
mixture sampling valve; 7 –#sample holder speed
control (relay); 8 –#flame-to-sample gap manual
adjuster. (b) Magnification of the ribbon burner.



propane, at an outlet pressure of ~5.5 and ~2.8 bar,
respectively.
Additional operating conditions were: substrate-to-
flame distance, 5.0 mm; flame contact time, 0.05 s.
To assess the influence of the number of flame
treatments, polypropylene surfaces were exposed to
1 or 2 sequential treatments; in the latter case,
between two flame passes, the samples were allowed
to rest for 10 s for the polymer’s surface to cool
down. The flame power, i.e. the product of the vol-
ume of fuel burned per unit time (80 L·h–1 in our
work) and the heat content of the fuel (93.1 kJ·L–1)
was approximately equal to 6938 kJ·h–1, correspon-
ding to ~1927 W. Since the effective burning sur-
face (namely the sum of the area of the 129 holes of
the burner grid ejecting the flame cones) amounted
to 3.3 cm2, the unit flame power was equal to
~584 W cm–2, which yielded tip-luminous cones
that were approximately 3 mm tall.

2.3. Physicochemical characterization
Contact angle measurements
Surface activation of polypropylene samples was
firstly assessed by an optical contact angle appara-
tus (OCA 15 Plus – Data Physics Instruments GmbH,
Filderstadt, Germany) equipped with a video meas-
uring system with high-resolution CCD camera and
a high-performance digitizing adapter. The soft-
ware SCA 20 (Data Physics Instruments GmbH,
Filderstadt, Germany) was used for data acquisi-
tion. For flamed samples, each contact angle meas-
urement was performed immediately (~10 s) after
the treatment. Rectangular (5 cm"2 cm) polypropy-
lene samples (untreated and flame-treated) were
fixed throughout the analysis by means of a special
sample holder with parallel clamping jaws. The
contact angle (" [°]) of both water (Milli-Q water,
18.3 M$·cm, liquid-vapor surface tension #LV =
72.81 mJ·m–2) and methylene iodide (Sigma-Aldrich,
Milan, Italy; liquid-vapor surface tension #LV =
50.82 mJ·m–2) in air was thus measured by the ses-
sile drop method, by gentle dropping of a 4±0.5 %L
droplet of water onto the coated surface of the plas-
tic substrate, according to the so-called pick-up pro-
cedure (whereby the droplet hanging down the nee-
dle is laid on the coating surface by raising of the
sample stage until the solid/liquid contact is
reached). All droplets were released from 1 cm
above the surface to minimize the inconsistency
between each measurement. Each analysis was

replicated at least ten times, and the mean contact
angles were then used for all subsequent calcula-
tions. The surface energy of the solid (#SV) was
determined by the Owens and Wendt theory, using
Equation (2) [32]:

     (2)

which is widely used for the surface characteriza-
tion of low-surface energy polymers (e.g., poly-
olefins) [33]. Since the values of the polar (#pLV) and
dispersive (#dLV) components of both water (#pLV =
51.0 mJ·m–2; #d

LV = 21.8 mJ·m–2) and methylene
iodide (#pLV = 0 mJ·m–2; #d

LV = 50.8 mJ·m–2) are
known, the dispersive and polar components of the
solid’s surface tension (#dSV and #pSV, respectively)
can easily be drawn. Finally, the surface energy of
the polyolefin surface is obtained according to
Equation (3):

#SV = #dSV + #pSV                                                     (3)

Atomic force microscopy (AFM)
AFM maps were collected in ‘soft’ contact mode
stabilized by the standard optical-lever method with
a very small force offset, using a commercial setup
(AlphaSNOM, WITec GmbH, Germany). The height
variation in the resulting topography maps is repre-
sented by a color scale, in which bright and dark
colors denote higher and lower heights, respec-
tively. The root mean square roughness R was eval-
uated for each sample as the standard deviation of
the topography over the 95"95 µm2 scanning area
(M"N pixels), by means of Equation (4):

                       (4)

where z– is the mean value of the topography z(x,y)
[34]. The so-called ‘ironed surface’, i.e. the true
exposed surface area, is also calculated for each map
by means of a standard commercial software.

X-ray photoelectron spectroscopy (XPS)
XPS measurements were performed in an M-Probe
instrument (Surface Science Instruments, USA)
equipped with a monochromatic Al K& source
(1486.6 eV) with a spot size of 200 µm"750 µm
and a pass energy of 25 eV, providing a resolution
for 0.74 eV. The energy scale was calibrated with
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reference to the 4f7/2 level of a freshly evaporated
gold sample, at 84.0±0.1 eV, and with reference to
the 2p3/2 and 3s levels of copper at 932.47±0.1 and
122.39±0.15 eV, respectively. With a monochro-
matic source, an electron flood gun was used to
compensate for the buildup of positive charge on
the insulator samples during the analyses: a value of
10 eV was selected for these samples to be meas-
ured. For all the samples, the C 1s peak level was
taken as internal reference at 284.6 eV. The accu-
racy of the reported binding energies (BE) can be
estimated to be ±0.2 eV. 

3. Results and discussion
3.1. Morphology
The effect of flame treatment on the surface rough-
ness of polyolefins has been investigated in previ-
ous studies [35]. It slightly smoothed the surface in
some cases [27], while in others it had no effect [16,
36]. The different morphology of the untreated PP
plaques is confirmed by the AFM images (Figure 2)
and by the indices R and IS (Table 1). The H-type
sample is clearly the roughest with R ~22 times and
~2 times larger than samples S and M, respectively.
The same trend was observed for the IS index,
which accounts for the total amount of exposed sur-
face.
Visual inspection of the different AFM maps
reveals that the main change in the sample topogra-
phy ensuing from the flame treatments lies in the
appearance of new aggregates with a size in the
few-micrometer range. While such aggregates are
well-rendered in Figure 2b and 2c, i.e. for the treated
S sample, their presence on the treated rougher
samples is partially hidden in the image by the over-
all large height fluctuation of the sample topogra-
phy. To better visualize these aggregates, we
applied a line-by-line correction by subtraction of a

7th-order fitting curve, obtaining the maps shown in
Figure 3, where the presence of the small aggre-
gates is even more evident. According to Strobel et
al. [37], we are inclined to believe that the original
topography of the PP surfaces treated with a fuel-
lean flame is altered by a new physical arrangement
of PP molecular chains, specifically the agglomera-
tion and ordering of partially oxidized intermediate-
molecular-weight material formed in the treatment.
Therefore, the new morphology detected on the PP
plaques should be considered the result of the com-
bined effect of temperature (flattening of the origi-
nal roughness) and oxidation of the PP caused by
the flame (formation of new aggregates). Conversely,
the formation of low-molecular-weight oxidized
material (LMWOM), typical of corona-treated PP
[38], should here be excluded. This is because the
presence of LMWOM has been associated with
extensive chain scission primarily involving atomic
oxygen. However, it has been demonstrated that,
during flame treatment, the concentration of O is
very low relative to the concentration of OH and the
other active species, which explains the lack of
LMWOM [37]. This, in turn, is the main reason why
flame-treated PP is more stable than corona-treated
PP as a function of storage time under ambient con-
ditions [19, 22, 39].

3.2. Wettability
In Table 2 the values of contact angles for water
("(w)) and methylene iodide ("(d)) and the solid-liq-
uid surface energy (#SV) with the disperse and polar
components (#dSV, #pSV) are reported for untreated,
1-step-treated and 2-step-treated PP samples. Fig-
ure 4 displays instead the typical water contact
angle profile for an H-type PP plaque before treat-
ment and after one and two sequential treatments.
Similar to the untreated samples, the highest sur-
face energy was measured for the smoother type
(S), which also had the highest polar component
(1.21 mJ·m–2). The lowest surface energy was instead
encountered for the H-type sample, despite the
higher polar component (0.32 mJ·m–2) compared
with the M sample (0.08 mJ·m–2). This observation
can be explained when we take into account the
‘roughness effect’ described by the Cassie-Baxter
theory, which suggests an increase, proportional to
surface roughness, in the hydrophobic attribute of
inherently hydrophobic surfaces [40]. Eventually,
the contribution arising from the rougher topogra-
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Table 1. Root mean squares roughness (R [µm]) and ironed
surface (IS [µm2]) of untreated, 1-step-treated, and
2-step-treated PP plaques at different roughness

S – smooth; M – medium roughness; H – high roughness.

PP type

Untreated
plaques

1step-treated
plaques

2 step-treated
plaques

Morphological
parameter

Morphological
parameter

Morphological
parameter

R IS R IS R IS

S 0.06 9068 0.092 9075 0.098 9084
M 0.60 9286 0.570 9189 0.531 9165
H 1.34 9329 1.480 9197 1.184 9237
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Figure 2. 95"95 µm2 AFM height maps of samples S [first column, (a)–(c)], M [second column, (d)–(f)], and H [third col-
umn, (g)–(i)] before flame treatment (first row), after 1 step (second row), and after 2 steps (third row) flame
treatment. A representative line profile is also reported below each map.



phy of the H sample overcompensated for the effect
of the higher polar component, finally yielding a
higher surface energy value.
The flame’s effect on the wettability attribute of the
PP plaques was decidedly marked. As reported in
Table 2 (dataset in the middle), the activation of the
PP surface by one treatment was achieved inso-
much as the water contact angle was decreased by
~24, ~29, and ~30% for the samples S, M, and H,
respectively, with corresponding surface energy val-
ues of ~40 mJ·m–2 for all three sample types. The

relevance of this result can be better understood by
the consideration that the value of ~38 mJ·m–2 is, in
most applications, the minimum surface energy
value required to achieve an adequate adhesion
strength between a polymeric material (e.g., plastic
substrates) and the adherend (e.g., water-based
adhesives, inks, paints and, more generally, coating
systems).
After two treatments, the efficacy of the flame treat-
ment in changing the PP samples’ wettability prop-
erties was increased. As reported in Table 2 (last
dataset on the right), contact angle values as high as
~68° were eventually obtained, which implies surface
energy values of approximately 43 mJ·m–2. Notice-
ably, the latter is a typical value recorded for more
hydrophilic polymers, such as polyethylene tereph-
thalate (PET). Not less important is the increase in
the polar component of the PP surfaces ensuing
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Figure 3. Corrected topography maps after 7th-order line-by-line correction of the M [panel (a)] and H [panel (b)] samples
after 2 flame treatments.

Table 2. Static water (w) and methylene iodide (d) contact angles (" [°]), solid surface energy (#SV [mJ·m–2]) and its compo-
nents (#dSV and #pSV [mJ·m–2]) of untreated, 1-step-treated, and 2-step-treated PP plaques at different roughness

Different letters within group (i.e., column) denote statistically significant differences between samples (p < 0.05).

PP
type

Untreated plaques 1-step-treated plaques 2-step-treated plaques
Thermodynamic parameter Thermodynamic parameter Thermodynamic parameter

!(w) !(d) !SV !d
SV !p

SV !(w) !(d) !SV !d
SV !p

SV !(w) !(d) !SV !d
SV !p

SV

S 95.40a

±0.99
54.28a

±1.53 31.89 30.68 1.21 72.38a

±1.65
46.46a

±1.26 40.65 31.41 9.24 68.57a

±1.46
43.90a

±1.30 43.16 32.21 10.95

M 104.74b

±1.18
56.33b

±1.14 31.07 30.99 0.08 74.63b

±1.16
47.66a

±1.83 39.32 31.08 8.24 68.10a

±2.20
43.75a

±1.04 43.41 32.21 11.20

H 103.75b

±1.29
61.34c

±0.99 27.91 27.59 0.32 73.32a

±1.54
43.22b

±0.95 40.67 32.14 8.54 68.12a

±2.68
43.68a

±2.07 43.42 32.25 11.17

Figure 4. Typical water contact angle ("w) profile for an H-
type PP plaque: (a) before flame treatment;
(b) after one treatment; (c) after two treatments



from the flame treatment, which was ~11 mJ·m–2

for all three types of plaques (Table 2).

3.3. Surface chemistry
Appreciation of the elemental surface composition
of both untreated and flame-treated samples was
gathered by XPS measurements. Untreated PP
plaques exhibited a single peak related to the C 1s
signal (Figure 5a). This is the non-functionalized
carbon (C–C), at a binding energy (BE) of 284.7 eV

(this peak is taken as the reference peak) [41]. Nei-
ther oxygen nor nitrogen was detected (Table 3).
Two-step flamed samples disclosed a different spec-
trum, characterized by both traces of contaminants
and of the products of the flame treatment. Contam-
inants such as Si, F, Ca, and S arise from additives/
technological aids migrated to the polymer surface.
Since their contents were small and did not appre-
ciably vary after the flame treatment, their contribu-
tion was neglected. Main peaks on the flamed sam-
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Figure 5. Left panels: raw scan spectra of untreated (a) and 2-step-treated samples S (b) and H (c); right panels: fitting of
the C 1s peaks for samples S (d), M (e), and H (f)



ples were due to the functionalization of the C–C
backbone by the flame’s oxidizing effect. As indi-
cated by the new peak at ~532 eV in Figure 5b
(sample S) and Figure 5c (sample H), all three sam-
ples (viz. S, M, and H morphologies) experienced a
marked increase in oxygen content after the treat-
ment (~14%, see Table 3). This value is in line with
those reported by Papirer et al. [23] for 2-step-
treated PP. Further information on the type of func-
tional groups ensuing from the oxidation of the C–
C backbone can be obtained by fitting of the C 1s
peak using a combination of Gaussian and Lorentz-
ian curves.
This allowed disclosing three main components:
(i) nonfunctionalized carbon (C–C) at 284.6 eV;
(ii) carbon carrying hydroxyl groups (C–OH) at
~286.6±0.2 eV; and (iii) carbon involved in car-
bonyl groups (C=O) at ~289.0±0.2 eV [42]. These
three components are respectively denoted by the
letters A, B, and C, in Figures 5d–5f, for samples S,
M, and H. As already reported, the insertion of these
new oxygen-containing functional groups onto the
C–C skeleton is responsible for the increased wetta-
bility and surface energy values of flame-treated PP
plaques [43]. It appears, moreover, that most of the
new polar functionalities are represented by
hydroxyl species (peak denoted as B in Figures 5d–
5f), confirming what was reported by Sheng et al.
[20], who estimated that ~20–30% of the oxygen
added to PP by flame treatment could be in the form
of hydroxyl groups. Newly formed nitrogen was
also observed (peak at ~390 eV) on the flamed sam-
ples, with an apparent increase in N content propor-
tional to the sample’s initial roughness. The pres-
ence of nitrogen-containing compounds on flame-
treated PP is somehow controversial. For example,
Pijpers and Meier [21] observed a significant amount
of N at the surface of PP samples at air/ propane
ratios between 26 and 18, whereas Papirer et al.

[23] and Briggs et al. [44] reported the appearance
of N- derivatives only on flamed polyethylene (PE).
The origin of N compounds is not yet well under-
stood. On one hand, the formation of NOx (among
which nitrogen monoxide is the most abundant)
could stem from the oxidation of molecular nitro-
gen (N2) in combustion air. On the other hand, the
presence of N derivatives has been ascribed to N-
containing additives/stabilizers (e.g., Tinuvin® 770)
commonly used in the manufacture of polyolefins
[21]. Whatever the origin of N-derivatives, from a
practical point of view it would be better to keep
their formation during flaming as low as possible.
This is because the formation of NOx, which is in an
inverse proportion to CHx intermediates, would
impair the surface activation of the polyolefin sur-
face [26]. Since NOx formation is promoted by
increased temperatures, residence times, and O2 con-
centrations, it can easily be controlled during treat-
ment operations by burning under lean conditions
and flame-quenching with a secondary air stream.
The surface chemistry analysis confirmed what we
gathered from both AFM and contact angle meas-
urements. The two-step treatment was sufficiently
high to reset any morphological difference between
samples, because of the high thermal input (heat)
associated with the flame. This, in turn, allowed mak-
ing void any influence arising from the surface
roughness as observed in the pristine (i.e., not
treated) samples. The ultimate effect was the chemi-
cal modification of the PP surfaces, which occurred
to a same extent in the three sample types, as
demonstrated by the XPS results.

4. Conclusions
In this work it was demonstrated that the surface
topography, which greatly affects the wettability
properties of bare polypropylene samples, did not
affect the surface activation of the same polymer
mediated by flame treatment. After one treatment,
the water contact angle was dramatically reduced
for both smooth and rough surfaces, although the
highest polar component was still recorded for the
smooth-type surface. After two treatments, however,
any initial difference between samples linked to the
heterogeneous morphology was apparently reset, as
demonstrated by the comparable values of both sur-
face energy and polar components. This finding
may be relevant for all those applications which
envisage the use of one individual polymer (such as
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Table 3. Elemental surface composition of polyolefin sam-
ples before and after flame treatments, determined
by XPS. Note that the treated samples S, M, and H
have been subjected to 2 sequential passes (inter-
val between passes = 10 s).

Sample C
[%]

O
[%]

N
[%]

Untreated 100.0 – –
S 83.7 14.1 2.2
M 83.5 14.0 2.5
H 83.3 13.8 2.9



PP) with different morphologies (e.g., injection-
molded objects). No less important, the flame treat-
ment’s efficacy was such as to raise the final surface
energy of PP surfaces to ~43 mJ·m–2, a value com-
parable to that of inherently hydrophilic/wettable
polymers. This was confirmed to be due to the func-
tionalization of the PP backbone by polar functional
groups, such as hydroxyl and carbonyl groups.
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1. Introduction
Recently, the modifications of crosslinked hydro-
gels with conducting polymers (CPs) lead to the
preparation of multifunctional electrical conducting
materials. This offers a facile methodology to com-
bine the superior properties of CPs with the highly
crosslinked hydrogels. The resultant hydrogel exhibit
quite different characteristics from the individual
materials, for example, the electrical conductivity
and thermal stability of the resultant hydrogels have
much improved over that of bare hydrogel [1, 2].

They also showed good process ability, chemical
stability towards dopants and solubility under read-
ily accessible conditions [3]. Conducting hydrogels
have been used in fuel cells, super capacitors; dye
sensitized solar cells and rechargeable lithium bat-
teries [4]. Many efforts have been made to success-
fully modify the crosslinked hydrogels with the dif-
ferent materials as polyaniline, graphite, Cu, etc. by
a two-step synthesis method [5–8].
On the other hand, superabsorbent hydrogels (SAHs)
are three-dimensional (3D) polymer networks that
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can absorb water and swell to several times their
initial dry volume. The crosslinked hydrogels have
outstanding properties such as, hydrophilicity, excel-
lent swelling capacity, lack of toxicity, and biocom-
patibility which makes them potential candidates to
use in a variety of fields [9]. They can respond to
slight changes in temperature, pH and light are area
of extensive research because of their responsive
properties [10]. Hydrogels are particularly useful in
agriculture and horticulture, sensors, biomedical
and pharmaceutical applications [9, 11, 12].
Gums are important families of natural polymers
derived from the seeds or tubers of plants and gum
ghatti is a promising polysaccharide [13]. The poly-
saccharide gums have a different molecular struc-
ture and properties, but their common advantages
such as renewable, biodegradable, nontoxic, bio-
compatibility, etc. make them useful in extensive
applications as a commercial polymer in many
areas [14, 15]. 
Among the conducting polymers (CPs), polyaniline
(PANI) is a well-known versatile conducting mate-
rial, which has found particular biological utility
due to its easy synthesis, low cost, tunable conduc-
tivity, and environmental stability [16, 17]. The con-
ductivity of PANI can be controlled by the protona-
tion of the imine sites on the main polymer chain. It
is well reported in literature that the electrical con-
ductivity of PANI depends mainly on the dopant
concentration, oxidant-to-monomer ratio, the rate
of addition of oxidants, the nature of dopants, purity
of monomer and polymerization time, etc. [18–20].
Crosslinked hydrogels based on gum ghatti were
studied to determine their absorbency and biodegrad-
ability [21, 22]. Various authors synthesized electri-
cal conducting hydrogels based on different polysac-
charides and polyaniline through graft copolymer-
ization [23–26]. The produced materials have found
applications in the area of biosensors and gas sen-
sors [3, 25]. The present work reports on the synthe-

sis of electrical conducting IPN biopolymer based
on Gg-cl-poly(AAm) and PANI in hot air oven. Ini-
tially, a semi-IPN based on AAm and gum ghatti
has been synthesized using free radical copolymer-
ization with optimized process parameters (viz. con-
centration of monomer, solvent and crosslinker, reac-
tion time, pH of solution, etc.). The synthesis of IPN
hydrogel consisting of poly(acrylamide-aniline)-
grafted gum is also reported. The effects of protonic
acid dopants on the conductivity and surface mor-
phology of the IPN hydrogel were investigated.
This study has been extended to the examination of
the synthesized crosslinked hydrogels for their ther-
mal stability. The main advantage of present work
is to explore the use of natural resources and
increase their usefulness in broader prospective by
chemical modifications.

2. Experimental section
2.1. Materials 
Gum ghatti (Gg) was purchased from Sigma Aldrich.
Ammonium peroxydisulfate (APS) (99.5%), N,N!-
methylene-bis-acrylamide (MBA), aniline (99.5%)
and all the protonic acids (>99% purity) were pur-
chased from Merck India Co. Deionized water was
used for all reactions.

2.2. Preparation of Gg-cl-poly(AAm)
A polymer matrix composed of Gg-cl-poly(AAm)
was prepared by using MBA as crosslinker and APS
as initiator in hot air oven. In a typical experiment,
0.5 g gum ghatti was dissolved in 10 mL of triple
distilled water in a reaction flask. To this reaction
mixture, a calculated amount of APS and MBA were
added followed by the addition of AAm under con-
tinuous stirring. The reaction container was kept in
a hot air oven at 60°C for a fixed time period and
the resulting product was freed from homopolymer
through solvent extraction using acetone. Finally,
the product was dried in a hot air oven at 50°C. Var-
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Table 1. Effect of different reaction parameters on Gg-cl-poly(AAm) and Gg-cl-poly(AAm-ipn-aniline)

Where, number of replication = 3, M – mean, ±SD – standard deviation and ±SE – standard error of mean.

Sample code

Optimized reaction parameters Mean
percentage

swelling
(M)

±SD ±SEBack-
bone
[g]

Initiator
[mol/L]

·10–1

Time
[min]

Amt. of
solvent
[mL]

pH Monomer
[mol/L]

Cross-linker
[mol/L]

·10!!

Temperature
[°C]

Gg-cl-
poly(AAm) 0.5 0.131 210 12 7 1.971 0.162 60 850.43 24.36 14.01

Gg-cl-
poly(AAm-ipn-
aniline)

0.5 0.131 210 12 7 2.219·10–4 0.162 60 686.30 12.50 7.20



ious reaction parameters such as monomer concen-
tration, initiator concentration, cross linker concen-
tration, polymerization time, temperature, solvent
and pH of the reaction mixture were optimized to
get the maximum percentage swelling (Ps) (Table 1).

2.3. Preparation of
Gg-cl-poly(AAm-ipn-aniline)

On the basis of the Gg-cl-poly(AAm) superab-
sorbent, a Gg-cl-poly(AAm-ipn-aniline) hydrogel
was prepared according to the following procedure.
For each experiment Gg-cl-poly(AAm) (0.5 g) was
added to an aqueous medium with 2.129 mol·L–1 of
aniline monomer. The resulting solution was kept
for 16 h at room temperature, which resulted in the
absorption of aniline monomer in the Gg-cl-poly
(AAm) network and the formation of a swollen
sample. To this mixture a preoptimized initiator
(0.131·10–1 mol·L–1) and crosslinker concentration
(0.162·10–1 mol·L–1) was added during constant
stirring. When a small amount of APS solution was
added slowly into the solution at the polymerization
step, the slightly brown color of the reaction solu-
tion changed to slightly green. The resulting solution
was kept in hot air oven at 60°C for a preoptimized
time period (210 min). The resulting product was
washed with 1-methyl-2-pyrrolidone (NMP) to
remove the homopolymers. Finally, the product was
dried in a vacuum oven at 50°C and a solid Gg-cl-
poly(AAm-aniline) IPN structure was obtained.
Optimization was done with respect to aniline con-
centration (Table 1). The synthesis of the conduct-
ing IPN was carried out in a similar fashion contain-
ing 0.5N aqueous acidic media of protonic acids
such as H2SO4, HCl, HClO4, PTS or HNO3 in the
reaction flask, respectively. The conducting IPN
was also synthesized at various concentrations of
HClO4 varying from 0.5–2.5N, respectively.

2.4. Characterizations
X-ray diffraction (XRD) patterns were recorded on
a Phillips X-ray diffractometer with Cu-K" radia-
tion (1.54 Å) for a wide range of Bragg’s angles 2!
(10 <!< 60) at the scanning rate of 1° per minute.
The operating voltage and current for the X-ray gun
were 40 kV and 40 mA, respectively. Fourier trans-
formed infrared (FTIR) spectral studies of raw and
cross linked samples were recorded using a Perkin
Elmer FTIR spectrophotometer using KBr pellets.
The analysis conditions were: wavenumber range

of 600–4000 cm–1, 4 cm–1 resolution, 40 scans, and
room temperature (25°C). Thermal gravimetric
analysis (TGA) spectra were taken by using a Perkin
Elmer Diamond instrument in air at a heating rate
of 10°C/min. A Shimadzu SSX-550 Superscan scan-
ning electron microscope (SEM) was used to cap-
ture the SEM images at different magnification.
Room-temperature d.c. electrical conductivity was
measured by the two-probe technique using a
Keithley 2400 source meter. The electrical conduc-
tivity measurements were made on compressed cir-
cular pellets (mass ~0.2 g, diameter = 8 mm, thick-
ness = 1±0.07 mm, pressure = 8 t/cm2). The resistiv-
ity of the sample was calculated using the Equa-
tion (1) [26]:

                                                               (1)

where ", R, A, and l are resistivity [#·cm], resist-
ance [#], area of the pellet [cm2], length of the pel-
let [cm], respectively.
Conductivity can be computed using the relation-
ship, # = 1/", where # is the conductivity, and " the
resistivity of the sample.

2.5. Swelling behavior
The pre-weighted crosslinked hydrogel was immersed
in excessive distilled water and kept undisturbed for
16 h at room temperature. The swollen hydrogel was
dried with filter paper and drained for some time
until no free water remained. After weighing the
swollen hydrogel on an analytical balance (accu-
racy ±0.00001 g), the percentage swelling (Ps) may
be calculated by using the Equation (2) [27]:

                                            (2)

where Ws is the weight of swollen polymer and Wd
is  the weight of  dry polymer.

3. Results and discussions
3.1. Mechanism of hydrogels formation
Polyacrylamide grafted gum ghatti was synthesized
in a hot air oven at 60°C. APS is a thermal initiator
and decomposed under heat leads to the formation
of sulphate ion radicals (Figure 1). The sulphate ion
radical formed from homolytic cleavage of initiator
reacts with water and gives rise to hydroxyl free
radical [28]. The free radicals also generated on the
polar –OH groups of the gum ghatti backbone. The

Ps 5
Ws 2 Wd

Wd
~
100

r 5 R
A
I

r 5 R
A
I

Ps 5
Ws 2 Wd

Wd
~
100
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monomer molecules, which are in close vicinity of
the reaction sites, become acceptor of gum ghatti
radicals resulting in the chain initiation and there-
after themselves become a free radical donor to
neighboring molecules [29, 30]. During chain prop-
agation crosslinker end groups may react with the
polymer chain. The copolymer formed in this way

consisted of a crosslinked structure [30]. Various
authors reported free radical copolymerization of
vinyl monomers with carbohydrate polymers using
peroxydisulfate, a chain mechanism is involved due
to the formation of sulphate ion radicals, which are
well known ion chain carriers for the graft copoly-
merization [26, 31–33].
The semi-IPN network will serve effectively as a
medium for the graft copolymerization of aniline
monomer in the presence of the MBA and APS as a
crosslinker initiator system. At the same time per-
oxysulfate stimulus the oxidative polymerization
reaction of aniline via a medium of cationic radicals
and form PANI and PANI radicals (Figure 2) [31,
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Figure 1. Generation of primary radicals under heat

Figure 2. Formation of polyaniline ion radicals under heat



34]. When a fully swollen semi-IPN is put in the
aqueous aniline solution for 16 h, there occurs a
form of loosely bound network between the semi-
IPN and aniline monomer. Finally Semi-IPN radi-
cal and PANI cation radicals are combined to form
Gg-cl-poly(AAm-ipn-aniline) graft copolymer. Sul-
fate ion is the primary radicals, generated from the
APS by the reduction of one electron as shown in
Figure 1. Simultaneously, APS generated sulfate
ion radical by the reduction of two electrons and act

as oxidant. They initiate the oxidative polymeriza-
tion of aniline. The macro radical semi-ipn* may be
generated by the abstraction of H by the growing
PANI ion radical in the acidic medium, which may
add onto the semi-ipn macro radicals generating
new radical semi-IPN* and these chains will be
grow and combined with other semi-IPN* chains to
give a graft copolymer (Figure 3) [26, 31]. Prepara-
tion of Gg-cl-poly(AAm-ipn-aniline) conducting
hydrogel is schematically displayed in Figure 4.
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Figure 3. Formation of conducting Gg-cl-poly(AAm-ipn-aniline)

Figure 4. Schematic representation of preparation of Gg-cl-poly(AAm-ipn-aniline) hydrogels



3.2. Optimization of different reaction
parameters for the synthesis of semi-IPN
[Gg-cl-poly(AAm)]

In order to get the crosslinked hydrogel with maxi-
mum swelling capacity, the different reaction param-
eters such as initiator, crosslinker and monomer
concentration, reaction time, amount of solvent, pH
and reaction temperature were optimized (Figure 5).
It was observed that the APS/MBA system could
effectively be used to crosslink AAm onto Gum
ghatti and maximum percentage swelling (857%)
was observed with APS, AAm and MBA concentra-
tion of 0.131·10–1, 1.971 and 0.162·10–1 mol·L–1,
respectively. The optimized reaction time was
found to be 210 minutes. 
Here it is observed that an increase in the concentra-
tion of the initiator led to a decrease in the swelling
of the superabsorbent (Figure 5a). This is due to the
fact that the increase in initiator concentration result-
ing in an increased number of free radicals led to a
terminating step by initiating a bimolecular colli-
sion [35] and decreasing molecular weight of the

candidate superabsorbent [36], so both results in
shortening of the polymer chains and reducing the
available free volumes within the hydrogel.
Reaction time was found to possess an important
role in getting the synthesized samples with higher
water absorbency. However, after attaining the opti-
mum reaction time further increment resulted in a
decreased percentage swelling (Figure 5b), which
again could be due to excessive crosslinking result-
ing in more compactness and rigidity [37].
Other optimized parameters such as reaction sol-
vent, pH and temperature were found to be 12 mL,
7.0 and 60°C respectively (Figure 5c–5e). In the case
of the reaction medium different controlling phe-
nomenon was found to play an important role in
deciding the reaction volume dependent swelling of
the synthesized samples. The maximum swelling of
crosslinked superabsorbent was observed with a
12 mL solvent (Figure 5c). However, further increase
in the amount of solvent results in increasing con-
centrations of hydroxyl radicals which finally leads
to the termination of the chains. Since the absorbency
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Figure 5. Variation of percentage swelling with (a) initiator concentration, (b) reaction time, (c) solvent concentration,
(d) pH, (e) temperature, (f) monomer concentration, (g) amount of crosslinker, and (h) amount of aniline



of the superabsorbent is strongly influenced by the
ionic strength therefore, no additional ions were
added to the medium (through buffer solution) for
setting the pH. The equilibrium swelling was studied
for pH from 3.0 to 11.0 using NaOH stock solution
(Figure 5d). Maximum Ps (857%) was observed in
the neutral medium whereas, a lesser Ps was found in
acidic as well as in the alkaline media. The minimum
swelling occurred in the hydrogel prepared in the
highly acidic medium having a pH of 3 to 5. Which
might be due to the fact that the NH2 groups of acry-
lamide being present along the macromolecular
chains in the hydrogel remained almost unionized
[38], thus resulting in almost nil osmotic swelling
pressure inside the hydrogel [39]. It was observed that
hydrogel prepared in neutral a medium showed
maximum swelling because the degree of protona-
tion in acrylamide increased and NH2 ions get con-
verted to NH3

+ ions that resulted in a more hydro -
philic polymer network and contributed to the higher
water uptake [40].When the pH was changed to basic,
dissociation of –NH2 group is almost complete but
a very high concentration of Na+ and OH– ions lead
to the reduction of Ps. The highest concentration of
Na+ ions acted as a screening bar hence a lesser Ps
was observed [41] (Figure 5d).
It has been observed that the water absorbency of
the hydrogels increased significantly with increas-
ing the reaction temperature from 40 to 60°C (Fig-
ure 5e). Furthermore, an increase in the reaction tem-
perature lead to degradation of the carbon chain by
sulphate radicals generated due to the decomposi-
tion of APS. The decomposition of APS also gave
O2 radical scavenger which reacted with free radi-
cals which lead to less hydrogel formation [42].
Additionally high temperature also leads to the
fastest chain termination and chain transfer reac-
tions.
Similarly with the increase in AAm concentration
beyond the optimum level gave rise to favored homo -
polymerization over graft copolymerization and
also caused the self-cross-linking phenomenon [35]
and cross-linker concentration though gave rise to a
medium stable product but increased crosslinking
resulted in a rigid and compact structure with
decreased swelling capacity [36] (Figure 5f). Cross-
linker could prevent the dissolution of hydrophilic
polymer chains in aqueous medium and increased the
dimensional stability. Therefore, the significance of
the optimization was to get the synthesized product

with maximum water absorbance capacity along
with good dimensional stability.
Semi-IPN with a varying amount of crosslinker in
the 0.0972·10–1 to 0.356·10–1 mol·L–1 ranges were
synthesized and swelling capacity in distilled water
was investigated. The results, as shown in the Fig-
ure 5g, indicate that as the concentration of cross -
linker increases from 0.0972·10–1 to 0.162·10–1 mol·L–1,
the swelling capacity of the resulting hydrogel
increased. However, a further increase in the cross -
linker concentration decreased the swelling capac-
ity. The higher concentration of crosslinker resulted
in the enhancement in degree of crosslinking which
in terms decreased in flexibility of the macromolec-
ular chains [43]. This hindered the chain relaxation
process, thus causing a decrease in the swelling
capacity. This behavior can also be explained in
terms of the reduction in gelation time with the
increase in the crosslinker concentration. At higher
crosslinker concentration, the gelation time was so
short that bubbles formation did not occur in the
proper manner, due to an increase viscosity of the
gelation medium. In this way the extent of porosity
decreased in the resulting hydrogel which lead to
the lowering of swelling capacity.
After the optimization of different reaction parame-
ters for the formation of semi-IPN in the hot air
oven, the replications carried-out for the repro-
ducibility of the results were in triplicates and the
statistics of the results obtained was performed
using the Statistical Package for Social Science
(SPSS) version 10. Statistical results of the opti-
mum percent grafting and percent swelling are
depicted in Table 1.

3.3. Optimization of aniline concentration for
the synthesis of
Gg-cl-poly(AAm-ipn-PANI)

The effect of the aniline concentration was studied
at different concentrations keeping other influential
factors constant. It has been observed that with ini-
tial increases in aniline concentration, there was an
increase in percentage swelling. However, after
reaching the maxima, further increase in aniline
concentration resulted in decreased swelling capac-
ity of the synthesized sample (Figure 5h). This could
be due to the more compactness, decreased pore
size and formation of PANI homopolymer, giving rise
to decreased water absorbency [31].
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3.4. FTIR spectroscopy
The crosslinking was determined on the basis of IR
spectrum of gum ghatti, Gg-cl-poly(AAm) and Gg-
cl-poly(AAm-aniline) (Figure 6). The gum ghatti
showed broad peaks at 3434 and 1032 cm–1, char-
acteristics of the saccharide structure (due to –OH
stretching) [44]. The peaks at 2925 and 1622 cm–1

was assigned to the stretching vibration of the –CH
group and –C=O stretching of a carbonyl group
respectively [30]. Another characteristic peak of the
acid group was found at 1422 cm–1 due to –OH
bending. After gum ghatti had been grafted copoly-
merized with acrylamide, broad peaks were observed
at 1658 and 1456 cm–1 contributing to the C=O
stretching of amide I band and –NH in plane bend-
ing of amide II respectively [21, 22]. Interestingly,
the peaks after grafting shifted to a higher wavenum-
ber region indicating the formation of crosslinked
hydrogel. On the other hand FTIR spectrum of Gg-
cl-poly(AAm-ipn-aniline) illustrated the character-
istics peaks of PANI, as well as Gg-cl-poly(AAm)

[30, 45]. The bands at 1496 and 1574 cm–1 repre-
sent the benzoid and quinoid ring vibration of PANI,
respectively. Conducting form of PANI is described
by band at 1237 cm–1 [10, 46]. The bands at 796 and
1731 cm–1 were corresponding to an out-of-plane
bending vibration of C–H on para-disubstituted
rings and carboxyl groups, respectively [10, 47,
48]. It has been reported that the band at 1110 cm–1

to be a measure of the degree of the delocalization
of electrons and is also revealing of high conductiv-
ity. The shifting and formation of new bands (728,
3660 and 3768 cm–1) supported the formation Gg-
cl-poly(AAm-aniline) hydrogel. Thus, it is quite evi-
dent from FTIR studies that grafted chains of AAm
and aniline got grafted onto gum ghatti.

3.5. Current-voltage characteristics
The current-voltage (I-V) curve of the IPN samples
at room temperature was measured using a two-
probe method. The I-V relationships of the IPN
sample with 0.5N concentrations of each dopant are
shown in Figure 7a, which shows an ohmic behav-
ior. The nature of the dopants significantly influ-
enced the conductivity. The differences in I-V char-
acteristics were due to the effect of the dopant ions.
It was found that HClO4 doped IPN showed a max-
imum current, which pointed to the maximum con-
ductivity (Table 2). Various authors reported the syn-
thesis of PANI by using different dopants and its
characterization [49, 50]. Kulkarni et al. [51] synthe-
sized PANI by chemical polymerization using dif-
ferent inorganic acids, such as HCl, H2SO4, HClO4,
and HNO3, as protonic acid media. They have
reported a maximum conductivity for HClO4 doped
PANI sample.
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Figure 6. FTIR spectra of (a) Gum ghatti, (b) Gg-cl-poly
(AAm) and (c) Gg-cl-poly(AAm-ipn-aniline)

Figure 7. Current-voltage plots for IPN hydrogel with (a) different dopants and (b) as a function of perchloric acid concen-
tration



Taking this into account the IPN samples were fur-
ther doped with different concentration of HClO4
varying from 0.5–2.5N (Figure 7b). The improve-
ment in the electrical conductivity with increasing
HClO4 concentration was due to increasing the
degree of protonation of the imine group of PANI in
the IPN. However, a decrease in electrical conduc-
tivity occurred at higher HClO4 concentrations (2.0–
2.5N). This may be probably due to the over proto-
nation of PANI chains causing a decrease in the
delocalization length of PANI and hindrance in the
amount of the electrons between the valence band
and the conduction band. The maximum conductiv-
ity was observed at a 1.5N HClO4 concentration. Var-
ious authors reported the synthesis of conducting
hydrogels with different materials [3, 5–7, 52].

3.6. Surface morphology
The surface morphology of the gum ghatti and its
amalgamated structures are shown in (Figure 8) in
three states the native, cross linked and layered/
hybrid with polyaniline (undoped). The pure gum
ghatti showed a smooth surface as shown in Fig-
ure 8a–8b. The film is also covered with white spots
uniformly distributed over the whole surface [29,
30]. After the cross linking of gum ghatti with poly
(AAm), the structural morphology gets changed
and resembles an whisker like morphology with a
rough agglomerated surface (Figure 8c–8d). These
figures display the favorable cross linking network
between gum ghatti and poly(AAm). Gg-cl-poly
(AAm-ipn-aniline) hydrogel form a heterogeneous
network type structure, as shown in Figure 8e–8f. The
three micrographs and their magnified images clearly
show the variation in chemical structures and change
in surface morphology in the cross linked networks.
Figure 9 shows SEM micrographs of Gg-cl-poly
(AAm-ipn-aniline) doped with H2SO4, HCl, HClO4,
HNO3 and pTS. The morphology of the IPN sam-
ples was changed based on the type of acid used to
dope. As shown in the SEM images of Figure 9,

IPN samples with varying dopants exhibit varying
microstructures. It was observed that the type of
dopants has considerable influence on the proper-
ties-in particular, electrical and morphological fea-
tures of the resulting IPN hydrogel. Each acid pro-
duced characteristic morphology. It is well docu-
mented that the incorporation of dopant ions modi-
fies the polymer lattice, which leads to the ioniza-
tion of sites in the chains which in terms creates
defects in the chain [53]. The formation of defects
due to the dopant ions provide the mobility of the
charge carriers on which conduction depends. More-
over, the conductivity is also dependent on the num-
ber of charge carriers. The morphological studies
reveal some interesting features as a function of
protonic acid used during synthesis.
Figure 9a–9b shows the H2SO4 doped IPN showing
agglomerated particles type morphology with dif-
ferent shapes and noticeable pores which can be
useful for chemical sensing applications. The HCl-
doped sample has flat-faced particles of varied shapes
and sizes (Figure 9c–9d); the HClO4 doped sample
(Figure 9e–9f) has a rough surface with noticeable
pores. Figure 9g–9h shows the loose flaky struc-
tures of the HNO3-doped IPN hydrogel. Lastly, Fig-
ure 9i–9j shows the rough surface of the pTS doped
sample. The low conductivity of the HNO3-doped
sample may be due to these loose flaky structures
and presence of air space. Thus, SEM analysis reveals
the variation in the surface morphologies of the
undoped and doped IPN hydrogel. Finally, it can be
concluded that the surface morphology and the con-
ductivity of the resulting IPN hydrogel can be tuned
by varying the types of dopant.

3.7. X-ray diffraction studies
XRD patterns of the samples are characterized by
halos extending in the 2! range 10–60°. XRD pat-
tern of gum ghatti showed that the gum ghatti is
partly crystalline with a dominant amorphous phase
while on poly(AAm) grafting, the graft copolymer
acquires  more amorphous area (Figure 10). Change
in the XRD pattern confirms the grafting. In the graft
copolymer the decrease in the diffraction intensity
and an increase in the broadness was due to the
presence of poly(AAm) grafts at gum ghatti, which
was also confirmed by changes in the surface mor-
phology as seen from SEM micrographs (Figure 8a–
8f). Gum ghatti showed peaks at 19.740 and 360 with
relative intensities of 462 and 257, respectively.
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Table 2. Room-temperature conductivities of IPN hydrogel
doped with different acids

Hydrogels Conductivity
[S/cm]

Gg-cl-poly(AAm-ipn-aniline)-H2SO4 0.15·10–7

Gg-cl-poly(AAm-ipn-aniline)-HCl 0.80·10–7

Gg-cl-poly(AAm-ipn-aniline)-HClO4 0.50·10–6

Gg-cl-poly(AAm-ipn-aniline)-HNO3 0.10·10–8

Gg-cl-poly(AAm-ipn-aniline)-pTS 0.20·10–7



However, Gg-cl-poly(AAm) showed peaks at 22
and 35.4° with relative intensities of 289 and 150,
respectively. It is interesting to note that the inten-
sity of the diffraction peaks increased with a cross
linked network on moving from Gg-cl-poly (AAm)
to Gg-cl-poly (AAm-ipn-aniline), which indicated
the enhancement in crystallinity [30, 44]. This
enhancement in crystallinity could be attributed to
the interaction of PANI chains in the crosslinked

network of Gg-cl-poly(AAm) [54]. The PANI chains
crosslinked with each other during the polymeriza-
tion process to form a network structure [30]. This
phenomenon relates the changes in the surface mor-
phology revealed by SEM images. Thus, the XRD
patterns of the crosslinked hydrogels provide an
additional evidence of AAm and PANI crosslinking
onto gum ghatti.
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Figure 8. Scanning electron micrographs of (a–b) Gum ghatti, (c–d) Gg-cl-poly(AAm), and (e–f) undoped Gg-cl-
poly(AAm-ipn-aniline)
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Figure 9. Scanning electron micrographs of IPN samples doped with (a–b) H2SO4, (c–d) HCl, (e–f) HClO4, (g–h) HNO3
and (i–j) pTS



3.8. Thermal analysis
The effect of crosslinking of poly(AAm) and poly
(AAm-aniline) on the thermal stability of gum ghatti
was studied with the help of the thermogravemetric
technique (Figure 11). Grafting is clear from the
TGA that the Gg-cl-poly(AAm-ipn-aniline) has more
thermal stability than the gum ghatti and Gg-cl-
poly(AAm) both [26]. The percent of weight losses
at the selected temperatures are listed in Table 3.
TGA of Gg showed two-stage decomposition. Gg
exhibited initial decomposition temperature (IDT) at
207°C and final decomposition temperature (FDT)
at 534°C [44]. Whereas, Gg-cl-poly(AAm) showed

IDT at 190°C and FDT was at 578°C. It was found
that the IDT of Gg was higher whereas, the FDT
was lower than that of Gg-cl-poly(AAm). The TGA
spectrum of IPN shows three-step degradation. The
first step degradation was due to the loss of mois-
ture or water content, which ends at 180°C [55]. The
second weight (28%) loss at temperature between
211 and 320°C is believed to be due to the elimina-
tion of some low molecules or due to dopant evolu-
tion. The third stage decomposition started at about
340°C is assigned to the breakdown of the IPN
structure. Thus, it is clear from the thermo gravimet-
ric analysis studies that the synthesized IPN was
found to posses higher thermal stability with higher
decomposition temperature in comparison to gum
ghatti and semi-IPN Gg-cl-poly(AAm). Thus, good
thermal stability coupled with high electrical con-
ductivity is the most significant advantage of dopants
for the synthesis of conducting IPN hydrogels. This
enhanced thermal stability of the grafted hydrogel
networks might be due to the formation of cross -
links between different polymeric chains through
covalent bonding.

4. Conclusions
In summary we have investigated the effects of
dopants on the surface morphologies and electrical
conductivity of the IPN hydrogels. It was found that
the surface morphology and electrical conductivity
strongly depended on the type of dopants. These
results indicate that the present work may open a
new way to synthesize IPN structures with different
surface morphologies and conductivities. Further,
thermogravemetric analysis showed good thermal
stability for the IPN hydrogel. The hydrogels based
on biodegradable natural gum ghatti significantly
improved the swelling capacity, which can be used
as promising water holding materials for agricul-
tural and biomedical applications. Further studies in
the direction of controlled drug delivery of cross -
linked hydrogels are under progress in order to
extend the application of these hydrogels in bio-
medical applications.
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Figure 10. XRD patterns of the Gum ghatti, Gg-cl-poly
(AAm) and Gg-cl-poly(AAm-ipn-aniline)

Figure 11. TGA spectra of Gum ghatti, Gg-cl-poly(AAm)
and Gg-cl-poly(AAm-ipn-aniline)

Table 3. Details of % weight loss at different temperatures

Sample name IDT
[°C]

FDT
[°C]

Weight loss [%] at different temperature
250°C 300°C 350°C 400°C 450°C 500°C 600°C

Gg 207 534 5.8 32.3 61.2 65.8 69.7 70.7 73
Gg-cl-poly(AAm) 190 578 12.0 23.7 30.7 53.3 63.2 66.0 68
Gg-cl-poly(AAm-ipn-aniline) 100 600 18.0 26.0 30.7 43.7 51.0 52.7 54
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1. Introduction
Automotive parts like bumpers, body panels, dash-
boards and door claddings are nowadays made out
of advanced polypropylene (PP) materials. Most of
the time, heterophasic blends – where PP is the con-
tinuous phase and an ethylene-propylene copoly-
mer (EPR) the dispersed one – are used. The poly -
propylene matrix delivers the stiffness of the mate-
rial whereas the rubbery inclusions act as impact
modifiers providing a grade with balanced stiff-
ness-impact behavior. Besides this basic require-
ment, getting a low shrinkage (i.e. a very limited
difference between mold and part geometry) and a
low thermal expansion is also more and more tar-
geted. The latter is especially relevant when poly-
mer parts are combined with metal parts which will
normally have a significantly lower thermal expan-
sion in the application temperature range.

Shrinkage is not an intrinsic material property, but
rather a result of the thermal and mechanical condi-
tions a material experiences during processing. The
main factors that influence the shrinkage of the
final part are the polymer itself, the processing
parameters, the mold design and the geometry of
the molded part.
Most studies concerning post-molding shrinkage of
polypropylene (PP) parts focus on the influence of
molding parameters (temperature and speed), geom-
etry and mold design [1–5], very often using only
one defined polymer for performing the study. One
of the earliest extensive studies regarding molecular
structure and polymer composition effects on the
shrinkage of PP was done by Fujiyama and Kimura
[6], in which both the general reduction of shrink-
age with increasing melt flow rate (MFR) and the
additional shrinkage-reducing effect of elastomer
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particles and filler became apparent already. For PP
homopolymers, these studies were later expanded
to variations of molecular weight distribution
(MWD) and isotacticity [7] to show a massive
effect of MWD polydispersity on morphology (skin
layer formation) and shrinkage.
When more complex compositions involving elas-
tomer and filler components have to be considered,
the contributions of the various components to
shrinkage were analyzed (e.g. Pantani and Titoman-
lio [8]), finding reasonable agreements for a volume-
based addition approach in model experiments.
While platy mineral particles like talc have been
found to have a stabilizing effect, reducing the shrink-
age in a rather isotropic manner [9], fibrillar or aci-
cular particles like glass fibers or multi-walled car-
bon nanotubes (MWNT) will certainly increase
shrinkage anisotropy due to their high degree or ori-
entation in flow direction during mold filling [10]. In
addition to the composition, the testing time for
shrinkage also needs to be considered, as different
polymer compositions and/or processing parameter
sets will generate different time dependences of
shrinkage [3, 11].
The number of studies dealing with the thermal
expansion of PP parts which is frequently expressed
as the coefficient of linear thermal expansion (CLTE)
is significantly lower than for shrinkage. The mor-
phology plays a decisive role, even more than for
the case of shrinkage, on top of the component con-
tributions as demonstrated in the work of Ono and
coworkers [12, 13]. The development of highly ori-
ented elastomer arrays or networks through the
selection of a suitable viscosity ratio can quite obvi-
ously reduce expansion significantly. Especially in
combination with a modification by solid micro- or
nanoparticles [14], the interactions can become
very complex as these particles will in turn modify
the phase morphology.
Hence, the present study aims to evaluate the influ-
ence of the phase morphology on the shrinkage and
CLTE (coefficient of linear thermal expansion) of
PP/EPR blends. For this purpose, in-reactor made
heterophasic copolymers have been investigated
and key morphology drivers were varied systemati-
cally based on earlier experience in polymer devel-
opment.

2. Experimental
2.1. Materials
A set of eight in-reactor made heterophasic copoly-
mers with a systematic variation in molecular
weight of the rubber portion at comparable EPR
compositions were polymerized in lab scale (Table 1
and Table 2). To evaluate the effect of matrix crys-
tallinity, both a series with and without in-reactor
nucleation were prepared.
These materials were polymerized in a multi-stage
process using a 4th generation Ziegler-Natta catalyst
supported on MgCl2 in combination with a silane
donor and triethyl–aluminum as an activator/scav-
enger. For the in-reactor nucleated versions, the cat-
alyst system further contained isotactic poly(vinyl
cyclohexane) (PVCH) as a polymeric nucleating
agent. PVCH is effective at already very low load-
ings (<100 ppm) and, compared to other external
nucleating agents, shows clear advantages in terms
of mechanical and optical properties [15, 16].
In particular, the investigated heterophasic copoly-
mers consist of an isotactic PP homopolymer matrix
with a Melt Flow Rate (MFR) of ~40 g/10 min
(ISO 1133, 230°C/2.16 kg) and about 29 wt% of an
ethylene-propylene copolymer (EPR). Apart from
the molecular weight of the EPR phase, all other
polymer parameters were kept rather constant
throughout the series. Since the investigated materi-
als have been produced in a two stage polymeriza-
tion process, the EPR phase is not accessible inde-
pendently. Therefore, the xylene cold soluble (XCS)
fraction (determined acc. ISO 6427-1992) was
assumed to represent the EPR phase. The average
molecular weight of the rubber (EPR) fraction was
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Table 1. Material composition parameters of non-nucleated
samples

Table 2. Material composition parameters of in-reactor
nucleated samples

IV 1.5 IV 1.9 IV 2.2 IV 2.5
XCS-content [wt%] 29.2 31.2 31.5 31.7
C2-content of XCS [wt%] 34.4 34.6 34.3 33.4
IV of XCS [dL/g] 1.5 1.9 2.2 2.5
MFR [g/10 min] 27.2 19.4 16.3 14.4

IV 1.5N IV 1.9N IV 2.2N IV 2.5N
XCS-content [wt%] 27.9 29.0 29.4 27.6
C2-content of XCS [wt%] 36.2 36.3 36.5 34.2
IV of XCS [dL/g] 1.5 1.9 2.2 2.5
MFR [g/10 min] 27.1 20.6 17.1 14.7



assessed by intrinsic viscosity (IV) measurements of
the XCS fraction (ISO 1628-1, decaline at 135°C)
and varied between 1.5 and 2.5 dL/g.
The comonomer (ethylene) content was determined
by quantitative Fourier transform infrared spec-
troscopy (FTIR) after basic assignment calibrated via
quantitative 13C nuclear magnetic resonance (NMR)
spectrometry in a manner well known in the art.
Thin films were pressed from the XCS fraction to a
thickness of ~300 !m and spectra recorded in trans-
mission mode. Specifically, the ethylene content of
the EPR was determined using the baseline cor-
rected peak area of the quantitative bands found at
720–722 and 730–30 733 cm–1. Quantitative results
were obtained based upon reference to the film
thickness, and the ethylene content of the XCS frac-
tion was 35±1.5 wt% for all materials.

2.2. Dimensional stability
2.2.1. Shrinkage
Shrinkage was determined on injection molded
quadratic plaques of 60"60"2 mm3. The film gated
specimens were produced on an Engel V60 injection
molding machine. The following process parameters
were applied: 200°C melt temperature, 100 mm/s
flow front velocity (inside the mold), 10 seconds
holding pressure time and 10 bars hydraulic holding
pressure level. The dimensions (length and width)
of the plaques were determined with a digital meas-
uring slide and compared to the dimensions of the
cavity at room temperature about (but not less than)
96 h after de-molding.

2.2.2. Coefficient of linear thermal expansion
(CLTE)

CLTE measurements were done at Johannes Kepler
University Linz (Institute of Polymer Science) in
accordance with DIN 53752 on 10"10"4 mm3 spec-
imen prepared from injection molded test bars (80"
10"4 mm3). These test bars are normally used for
assessment of Charpy impact strength according to
ISO 179 and the central portion of the bars is cut and
polished for the CLTE measurements. The thermal
expansion in flow direction was monitored in a
temperature range from –30°C to +80°C. The aver-
age CLTE on a given temperature range (!T1/T2) is
defined by Equation (1):

                                             (1)

where L, L1 and L2 are resp. the reference length
determined at 23°C, the length measured at temper-
ature T1 and the length at temperature T2.

2.3. Scanning electron microscopy (SEM)
For morphology investigations the shrinkage speci-
mens as defined above were cut perpendicular to
the flow direction. The surface of the specimens was
prepared with an ultra-cryo-microtome (PMC PC-
PT). To increase the contrast between matrix and
rubber phase the samples were etched in n-heptane
at room temperature over night (~14 hours). n-hep-
tane dissolves the amorphous EPR-inclusions but
hardly affects the semi-crystalline PP matrix. Holes
are created in the samples surface due to the removal
of the EPR particles. These holes appear as dark
regions in the SEM image allowing an evaluation of
the dispersed phase morphology. Following this pro-
cedure SEM micrographs were taken from the skin
to the core of the specimen in order to assess and
quantify the changes in particle size and shape over
the thickness. The SEM investigations were done
with a FEI Quanta 200 FEG microscope at an accel-
eration voltage of 5.0 kV and various magnifica-
tions (1,000–30,000").

3. Results and discussion
3.1. Morphology
From the overview of SEM images in Figure 1, it is
obvious that the particle size of the dispersed EPR
phase is affected significantly by the molecular
weight of the EPR phase. As both matrix viscosity
and the composition of the EPR is similar for all
samples the phase viscosity ratio between matrix
and rubber can be assumed to be the driving force
for this development [17–22].
For heterophasic polymer systems like the investi-
gated ethylene-propylene copolymers (also termed
rTPOs for ‘reactor thermoplastic polyolefins’) the
viscosity ratio " between dispersed phase and
matrix phase is known to control the final morphol-
ogy. The ratio in dynamic viscosity between rubber
and matrix at a defined shear rate is considered for
the calculation of " (e.g. compare [17] and [18]), as
shown by Equation (2):

                                                             (2)

For a first approximation and in lack of viscosity
data from dynamic measurements, " can also be
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Figure 1. SEM-images of the investigated plates taken at different distances from the surface of the samples: IV(XCS) 1.5–
1.9–2.2–2.5 from top to bottom, skin layer at 100 !m below surface left column a–d, core layer at 1000 !m below
surface right column e–h; MD perpendicular to image plane, TD horizontal, ND vertical).



determined by the ratio in intrinsic viscosity
between dispersed phase IVd and matrix phase IVm
(e.g. compare [18] and [19], see Equation (3)), pro-
vided that relative rather than absolute values are
targeted:

                                                            (3)

While the final phase morphology may be affected
by the processing step, the particle size distribution
(PSD) is mostly defined by particle break-up and
aggregation during the melt mixing (compounding
or pelletization) step [21]. In this respect, the initial
particle size expressed by the radius R, the interfa-
cial tension # between the phases and the actual
shear rate #* control the dispersion process in this
melt mixing step. Particle deformation and break up
only occurs if the according Equation (4) calculated
Weber number is larger than a critical value [18].

                                                    (4)

This effect has not being considered quantitatively
in the current investigation due to a lack of experi-
mental data for radius R and interfacial tension !.
In earlier studies, the various averages of the same
PSD have been related to the melt viscosity ratio
and/or the compatibility between the phases, often
expressed by the interfacial tension !. Wu [23] as
well as Serpe et al. [24] have investigated blend com-
binations with high chemical diversity and conse-
quently high interfacial tensions e.g. nylon and
polyester as the matrix and EPR as the dispersed
phase. More relevant for the present study, in which
matrix and disperse phase are very similar, are papers
like the ones by Mighri et al. [25] and Kock et al.

[26]. None of these studies investigated reactor-
based heterophasic systems like the ones in this
study. Common to all these works is the fact that for
reliable results relaxed specimens are necessary to
determine equilibrium PSDs with spherical EPR
particles.
From the SEM images the size distribution (PSD)
of the dispersed EPR particles was determined by
means of Image J (V1.43), a public domain Java
image processing and analysis software [27]. Since
the morphology of the dispersed phase is believed to
be only marginally affected by an additional alpha
nucleation, SEM images were taken from the nucle-
ated materials only. The validity of this assumption
was proven by comparing the morphologies of sam-
ples IV2.2 and IV2.2N (Figure 2). It can conse-
quently be assumed that nucleation will affect shrink-
age and CLTE largely independent of the phase
morphology.
The morphology images were reworked manually
before analyzing the size and shape of the EPR par-
ticles. This was inevitable since the contrast between
the dark areas (holes where the EPR was extracted)
and the matrix phase was too low to allow an auto-
mated detection of the phase boundaries via Image J.
In a subsequent step, the manually contrasted images
were converted into binary images (i.e. converted
into black and white images). All particles at the
edges of the image where excluded from the analy-
sis to avoid misinterpretation of the data. Further-
more, a minimum particle size of 0.05 !m2 was
defined in order to remove speckles and noise in the
pictures.
Assuming spherical particles for the sake of PSD, the
average particle diameters in number Dn, in weight
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l 5
IVd

IVm

l 5
IVd

IVm

We 5
g*hm~R
a

                                          Grestenberger et al. – eXPRESS Polymer Letters Vol.8, No.4 (2014) 282–292

                                                                                                    286

Figure 2. Distribution of particle aspect ratio (a) and particle size (b) for the nucleated and non-nucleated version of sample
IV2.2



Dw and in volume Dv were evaluated according to
[19] and [20] as Equation (5):
Average particle diameters in number Dn

                                                     (5)

Average particle diameters in weight Dw (Equa-
tion (6)):

                                                    (6)

Average particle diameters in volume Dv (Equa-
tion (7)):

                                                    (7)

Applying Equations (5)–(7) to the particle sizes in
the core as well as near the surface of the specimen
allowed for the determination of Dn, Dw and Dv
from the SEM-images. It can be clearly observed
from Figure 3 and Table 3 that the average particle
size of the dispersed phase increases with the intrin-
sic viscosity of the EPR phase, i.e. with increasing
melt viscosity ratio between the phases. This is

completely in line with previous experience [19,
20]. Furthermore, the particles are smaller in the
high shear skin region than in the core of the speci-
mens. Although this is in line with literature (com-
pare [17–22] and [25–28]), the determined diame-
ters are not reflecting the actual shape of EPR the
particles.
The particles are oriented and elongated during the
filling of the mold. The assumption of spherical
particles is an inaccurate approximation of the
actual particles shape. Therefore, the average parti-
cle diameter and IV of the XCS show a low correla-
tion coefficient. For a better correlation between
polymer design parameters and morphology, the
aspect ratio in combination with the particle area
was considered further on.
Image J automatically fits an ellipse of the same
area to each particle and records its shape and
aspect ratio. The ellipse’s area A and aspect ratio AR
are determined by Equations (8) and (9):

                                                         (8)

                                                               (9)

In these equations, a is the major axis and b the
minor axis of the fitted ellipse. The number average
particle height and width were determined by apply-
ing this simple calculation. With this approach, a
nicely fitting logarithmic correlation between IV of
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Figure 3. Average particle diameters by number (a), weight (b) and volume (c) as function of the intrinsic viscosity of the
dispersed EPR phase (XCS fraction) determined for nucleated samples

Table 3. Average particle diameters of in-reactor nucleated materials (spherical particles assumed)
Region Parameter Unit IV1.5N IV1.9N IV2.2N IV2.5N

Core
Number average particle diameter, Dn !m 0.62 0.67 0.73 0.74
Weight average particle diameter, Dw !m 0.75 0.83 0.94 0.91
Volume average particle diameter, Dv !m 1.06 1.25 1.32 1.21

Skin
Number average particle diameter, Dn !m 0.49 0.65 0.63 0.63
Weight average particle diameter, Dw !m 0.53 0.86 0.82 0.87
Volume average particle diameter, Dv !m 0.67 1.39 1.27 1.38



XCS and particle dimensions could be found (Fig-
ure 4). Only the particle width in the skin region of
sample IV1.9N was not fitting into this correlation.
A possible explanation for this outlier could be a
more pronounced agglomeration of particles (com-
pare Figure 1). However, a more in-depth analysis
of the samples morphology in flow direction would
be required to prove this assumption.
Plotting the number average aspect ratio versus the
IV of the EPR phase (i.e. XCS) shows that the
deformation of particles in processing is most pro-
nounced for the sample IV1.5N and steadily
decreases with increasing molecular weight of the
rubber. On the other hand the area of particles is
lowest for IV1.5N and almost linearly increases
with the intrinsic viscosity (compare Figure 5). Fur-
thermore, some significant changes in morphology
along the specimen thickness were found. As
expected, particles in the skin region showed a
clearly higher orientation than in the core. This phe-
nomenon was most pronounced for samples IV1.5N
and IV1.9N. Only minor differences in particle defor-
mation along the lateral direction were found in the
case of IV 2.2N and IV 2.5N (compare Figure 5).

3.2. Shrinkage
Injection molded parts of crystalline polymers are
known to exhibit a skin-core structure rather inde-
pendent of the type of polymer. For impact modified
PP, this effect was described by e.g. Karger-Kocsis
and Csikai [17]. Taking into account this skin-core
structure, Fujiyama and Kimura [6] claim that the
shrinkage in flow direction is increasing with the
crystalline skin layer thickness of injection molded
plaques which in turn is influenced by flowability,
molar mass distribution etc. Corresponding light

microscopy investigations of samples IV1.5N to
IV2.5N did not show any change in skin layer thick-
ness.
It is difficult to link the shrinkage data to the parti-
cle size of the rubbery phase due to the differences
in orientation of particles and the skin core structure
of the samples. Just the morphology in the core was
subsequently considered in order to simplify the
analysis. Applying this simplification, an increase
in shrinkage with increasing IV of XCS and particle
size was found. This shows that shrinkage is linked
to the molecular weight of the dispersed phase and
viscosity ratio between rubber and matrix respec-
tively. However, the almost identical average parti-
cle area of sample IV2.2N and IV2.5N but signifi-
cantly different shrinkage results (Figure 6) indicate
that not only the size but also the shape of particles
has a decisive influence on the shrinkage of het-
erophasic systems. Therefore, the actual particle
dimensions were linked to shrinkage instead of the
particle area. As already mentioned above, the par-
ticle area and particle aspect ratio were used to cal-
culate the number average height and width of the
dispersed phase. Comparing this data to the shrink-
age of the samples resulted in a very nice fit of data
(Figure 7).
The nucleation effect was only evident for the shrink-
age perpendicular to the flow direction. Generally,
the shrinkage of the non-nucleated samples was
approximately 0.1% lower than for the nucleated
materials. The shrinkage in flow direction displayed
no significant difference between non-nucleated
and nucleated compositions. As the nucleation only
marginally affects the morphology of the dispersed
phase, this can be assumed to reflect the influence
of the matrix crystallinity on shrinkage.
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Figure 4. Average particle aspect ratio by number (a), particle height (b) and particle width (c) as function of the intrinsic
viscosity of the dispersed EPR phase (XCS fraction) determined for nucleated samples
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Figure 5. Particle size distribution in the skin layer (a–d) and core region (e–h); IV(XCS) 1.5–1.9–2.2–2.5 from top to bot-
tom



3.3. Coefficient of linear thermal expansion
(CLTE)

The CLTE was determined on specimens cut from
injection molded test bars (in flow direction). These
bars have a different geometry and are molded
under different conditions than the shrinkage plates.
The morphology determined from the latter can
therefore only give a rough indication on the influ-
ence of dispersed phase morphology on CLTE.
SEM investigations of the CLTE specimen would
be required to get a more precise correlation. In lack
of morphology data for these specimens CLTE was
linked to the intrinsic viscosity of the EPR phase
resp. XCS only. Similarly to the shrinkage cases, an
increase in dimensional change with increasing IV
of XCS was observed (Figure 8).
Due to their higher crystallinity, nucleated materials
showed an approximately 15 !m·(m–1·K–1) lower
CLTE than the corresponding non-nucleated sam-
ples. The mobility of polymer chains in a crystal
lattice is much more constrained than in amorphous
regions. Hence, the volume increase upon heating

and thermal expansion respectively is less for crys-
talline regions than for amorphous (at least for tem-
peratures above the glass transition and below the
melting of the crystals).

4. Conclusions
In the current investigation, the shrinkage of injec-
tion molded plates from reactor based PP/EPR blends
with a high EPR-content of about 30 wt% and iden-
tical EPR composition were evaluated. Scanning
Electron Microscopy (SEM) investigations of the
polymers showed that the melt viscosity of the dis-
persed EPR phase, represented by the intrinsic vis-
cosity of XCS fraction, significantly affects the size
and distribution of EPR particles. This is in line with
theory and was reported by a number of research
groups (compare [17–22] and [25– 28]). Unlike in
previous studies, the particles’ cross sections were
not considered to be circular but taken to be ellipti-
cally shaped as a result of the orientation in the pro-
cessing step. Therefore, the average particle diame-
ter was not used in the evaluation of the morphol-
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Figure 6. Correlation between shrinkage and number aver-
age particle area

Figure 7. Shrinkage as a function of the number average particle aspect ratio (a), particle height (b) and particle width (c)

Figure 8. CLTE of the nucleated and non-nucleated materi-
als in relation to the IV of the XCS-fraction (related
to melt viscosity of the EPR phase)



ogy of the materials. Instead, the width and height,
the aspect ratios as well as the areas of the particles
were considered. It was shown that an increase in
molecular weight of the EPR is accompanied by an
increase in particle size and a decrease in the parti-
cles aspect ratio, i.e. a reduced deformation of the
particles in the molding step. This coarsening of the
phase morphology resulted in an increase in shrink-
age and CLTE with the molecular weight of the
EPR phase.
From the comparison of nucleated and non-nucle-
ated materials it was found that alpha-nucleation
increases the shrinkage across flow direction by
about 0.1% while it hardly influences the shrinkage
in the flow direction. This increase in shrinkage is a
consequence of the higher crystallinity of the nucle-
ated sample. At similar processing conditions,
nucleation of PP leads to an increase in the molding
shrinkage. The opposite is true for the CLTE.
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1. Introduction
Heat management is a critical issue during the serv-
ice life of electronic devices. Many applications
would benefit from the use of polymers with high
thermal conductivity. To have efficient devices, the
heat released from itself must be managed to reduce
afterwards operating temperature. However, the use
of polymeric composite heat sinks is one of the con-
ventional methods to manage the heat in electronic
devices. Overheating of LED lightening instruments
can decrease their shelf life, quality and amount of
light [1]. Heat dissipation through transparent opti-
cal parts in electronic devices can suggest new
approaches in heat management filed. Incorporation
of thermally-conductive micro size ceramics such
as silicon carbide, Aluminum Nitride, Boron nitride
(BN) and Al2O3 to polymeric matrix can enhance
thermal conductivity [2–10]. Incorporation of high
filler contents of these micro type fillers to get mod-
erate heat dissipation is usual. Addition of limited
amount of fillers to transparent polymers will dam-

age their optical transmittance. However in some
special applications the transparency is also an impor-
tant factor for polymer composites. Addition of
nano fillers to transparent polymeric matrix can bal-
ance both transparency and thermal properties. Based
on our knowledge there are few publications on
using transparent polymeric composites for heat
management applications. Transparent boron nitride
nanotubes (BNNT)/ polyvinyl formal composites
fabricated by Terao et al. [11]. Thermal conductiv-
ity of PVF composites contain 1 wt% of filler raised
by rate of 156% and reached to 0.26 W·m–1·K–1. In
another report [12] these authors aligned BNNT in
PVA by electrospinning method. Thermal conduc-
tivity of transparent composites reached to
0.54 W·m–1·K–1 along the BNNT orientation
(10 wt%). Greatest through-plane thermal conduc-
tivity was claimed in that investigation related to
randomly dispersed BNNT composites in PVA
(0.28 W·m–1·K–1). It should be noted that in none of
above reports, authors did not dislcose the optical
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transmittance. Shimazaki et al. [13] fabricated trans-
parent (T!550 nm: 72.6%) Epoxy/Cellulose nanofibers
(CNFs) with high in-plane thermal conductivity
(1 W·m–1·K–1 and Through-plane: 0.23 W·m–1·K–1).
Excellent thermal conductivity of CNFs, small diam-
eter of fibrils (<50 nm) and low refractive index
mismatch between the components can offer such
unique combination.
In this letter, transparent nanocomposites were pre-
pared by impregnation of thermoset resin into an
annealed AAO membrane. In addition, morphologi-
cal structure, thermal conductivity and transmit-
tance of nanocomposites were evaluated.

2. Experimental
2.1. Materials
Commercially available AAO membrane (pore size:
20 nm, Anodisc 47, Whatman, International Ltd,
Maidstone, UK) selected as a filler. A mixture of
Bisphenol A type epoxy (50 wt%, KFR-120,  Kukdo
Chemichal Co. Ltd, Seoul, South Korea) and hard-
ener (50 wt%, KFH-9590H, Kukdo Chemichal Co.
Ltd, Seoul, South Korea) used as a resin. All of the
chemicals were used as received. Refractive index
of ingredients listed in Table 1.

2.2. Sample preparation
In order to crystallize AAO membrane, we sand-
wiched them between two alumina plates and
located in a furnace (EW-33855-30, Cole-Parmer,
Illinois, USA). The temperature was increase at a
rate of 3°C·min–1 to a target temperature (1200°C,
AAO-1200, ramping: 3°C·min–1) for four hours and
then cooled down to room temperature.
Nanocomposites were fabricated by immersion of
AAO or AAO-1200 in resin. The impregnated mem-
brane tightly sandwiched by two glass slides and
fixed by parallel metal clips and cured at 85°C for
three hours to get the nanocomposites. Figure 1
shows a graphical scheme of preparation of these
nanocomposites. In order to prepare free-standing
films, silicon base release agent (FREKOTE 700-

NC, Henkel, Hong Kong, China) was applied on the
surface of glass before starting the procedure. After
curing step, we simply discharged the composites.

2.3. Characterization and measurements
2.3.1. X-ray diffraction
Powder X-ray diffraction (XRD, D/MAX-2500H,
Rigaku, Tokyo, Japan) analysis with Cu K"1 =
1.54056 Å radiation was used to show the crys-
tallinity enhancement of annealed AAO compare to
non-treated AAO membrane. The detector moved
step by step (#2! = 0.05°) between 10 to 90°.

2.3.2. Field emission scanning electron
microscopy (FE-SEM)

A field emission scanning electron microscope (S–
4500, JEOL, Tokyo, Japan) at an acceleration volt-
age of 10 kV used to observe morphological features
of unannelead, annealed AAO membrane and pre-
pared composites. Samples were Pt coated, using a
sputter coater (108Auto, Cressington Scientific,
Watford, UK) for 2 min before imaging, to avoid
charging during observation.

2.3.3. Light transmittance
Light transmittance percentage of composites was
measured using UV-Vis spectrophotometer (HP-
8453, Hewlett Packard, Germany). Two slide glasses
were considered as blank for transmittance meas-
urement of all composites which were laminated
between two glasses. Laminating between two
glasses can limit surface disorders and improve the
transmittance of composites.
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Table 1. Refractive index (R.I.) of raw materials
Materials R.I. Ref

Amorphous alumina 1.60–1.67 Whatman [14]
AAO membrane 1.63 [15]
Epoxy 1.50–1.57 [13, 16]

Figure 1. Nanocomposites preparation scheme and related
photograph of AAO/epoxy nanocomposites (Glass
slides should be added)



2.3.4. Thermal conductivity
Through-plane thermal conductivity of nanocom-
posites can be calculated from thermal diffusivity
by using Equation (1):

K = " · # · Cp                                                        (1)

Thermal diffusivity (" [mm2/s]) was measured
using laser flash method in Microflash instrument
(LFA-457, NETZSCH, Selb, Germany). Laser flash
technique introduced in 1961 by Parker et al. [17].
Laser heat pulses irradiated on the front side of
square shape sample; the heat transmitted through
the sample thickness direction and measured by an
infrared camera. The time to reach the half of the
maximum temperature (t1/2) at the back side of the
sample was chosen to calculate the heat diffusivity
according to the Equation (2):

                                                         (2)

Density (# [g/cm3]) gained by electronic densitome-
ter (MD-300S, Alfa Mirage, Tokyo, Japan) and dif-
ferential scanning calorimeter (N-650, Scinco,
Seoul, Korea) used in order to measure the specific
heat (Cp [J/(g$K)]). 10–15 mg sample was loaded in
the Al pan and the experiments were conducted
under nitrogen atmosphere. Optical tightness of trans-
parent free standing films provided by gold sputter-
ing (200 sec) and carbon coating on both sides of
samples (1%1 mm). The specific heats of nanocom-
posite estimated from those of polymer and AAO in
terms of mixing rule: Composites = $polymerPoly-
mer + $AAOAAO, where $ denotes weight frac-
tions.

3. Results and discussion
3.1. Membrane crystallinity
XRD graphs of annealed (AAO-1200) and unan-
nealed AAO membrane are shown in Figure 2. As it
is clear, unannealed membrane just shows a flat
curve (without any characteristic peaks) compared
to AAO-1200. Flat appearance of unannealed XRD
chart can come from amorphous structure and
extremely low intensity of fully amorphous struc-
ture sample. On the other hand, AAO-1200 chart
shows sharp peaks which can relates to !-alumina
[3]. Annealing of amorphous AAO led to crys-
tallinity enhancement of AAO which later can
improve the thermal conductivity of membrane.

3.2. Morphological characteristics
Morphology of annealed and unannealed mem-
branes investigated and the micrographs are shown
in Figure 3. Unannealed membrane image (Fig-
ure 3a) is same as typical surface of AAO sheets
that contains high pore density and narrow pore size
distribution (~25 nm). Annealing of membrane led
to phase transition of amorphous alumina and par-
tially sintering of walls which subsequently reduced
the final pores size (~15 nm) of membrane. The
insets show opposite side of membranes before and
after annealing. Similar evidences found in oppo-
site side, but it was not significant. In addition, mor-
phological changes in cross section, studied after
fracturing the membranes as shown in Figure 3c–3d.
Figure 3c illustrates non interconnected channels of
the membrane which extended in parallel fashion
through the thickness. As it can be seen, annealing
of membrane made disorders on the cylindrical shape
walls (Figure 3d). It is worth nothing to say that,
there is a great chance for resin to penetrate to this
structure and form polymeric nanowires.
The morphological surface of nanocomposites was
also investigated and the images illustrated in Fig-
ure 4. For both un-annealed (Figure 4a) and annealed
(Figure 4b) composites, surface roughness decreased
well in comparison with virgin AAO membrane.
Figure 4c–4d shows cross-section of unannealed and
annealed composites, respectively. As it is clear,
nanowires formed in both types through the sample
thickness.

a 5
1.38L2

p2t1>2
a 5

1.38L2

p2t1>2
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Figure 2. XRD charts of AAO and annealed AAO at
1200°C (AAO-1200)



3.3. Light transmittance of nanocomposites
Light transmittance measured using UV-Visible
spectrophotometer and the results are demonstrated
in Figure 5. Lack of optical transmission in AAO
membrane is due to surface light scattering and lim-
itations for light diffusion through the thickness
(60 &m) of membrane. In transparent organic-inor-
ganic composites, filler size, composite surface
roughness and refractive index (RI) difference [18]
between inorganic phase and matrix might be respon-
sible for their transparency. The light transmission
percentages of annealed and unannealed compos-
ites are demonstrated in Figure 5a. Transparency
(T!550 nm [%]) of unannealed Anodisc is about 0.04%
while for unannealed AAO/epoxy nanocomposites
the transparency reached up to 87.90%. As it is clear
from Figure 5b, letters behind the free standing
AAO-1200/epoxy in the background (nodisc 25)
can be seen completely, confirming that the nano -

composites are transparent. Filling pores by trans-
parent resin, which has low refractive index mis-
match with membrane, can result in transparent
films. As a result of capillary forces [19], precursor
successfully penetrated (Figure 3) into the pores
and solidified after polymerization. Impregnated ther-
moset formed nanowires in channels after cross -
linking. Nanowires can discharge by dissolving alu-
mina template in nanocomposite at 6 M NaOH. They
(Figure 5c) can act as polymeric optical fibers which
helped the light to diffuse through the thickness. In
addition, it is worth nothing that, prepared compos-
ites have high transparency near IR spectral region.
Annealing of AAO membrane led to decrement of
nanocomposite transparency (AAO-1200, T!550 nm:
72.6%) compared to AAO/epoxy. As it was men-
tioned, the sintering of the membrane [3] would
happen due to phase transition of amorphous alu-
mina. Introducing of these types of disorders (Fig-
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Figure 3. Surface images of (a) unannealed AA sheet, (b) annealed AAO at 1200 °C and cross sectional images of (c) unan-
nealed AA sheet, (d) annealed AAO at 1200°C



ure 2b and Figure 2d) can decline pore size and
subsequently decrease the transparency of AAO-
1200/epoxy nanocomposites. In addition, prepared
AAO-1000/epoxy nanocomposites shows similar
optical results as we found in the case of AAO-
1200/epoxy nanocomposites.

3.4. Thermal conductivity of nanocomposites
High through-plane thermal conductivity of trans-
parent nanocomposites is one of the interesting
areas in optical electronics. The highest improvement
in through plane thermal conductivity of transpar-
ent polymer composites is 53.33% (0.18 to
0.23 W·m–1·K–1) which reported by Shimazaki et
al. [13] for cellulose nano-fiber based nanocompos-
ites. Thermal conductivity of unannealed AAO/
epoxy composites attained to 0.25 W·m–1·K–1.
Higher thermal conductivity of AAO compared to
epoxy (0.15 W·m–1·K–1) can suggest this improve-

ment. Thermal conductivity of annealed-AAO/
epoxy nanocomposites, calculated and the results
reported in Table 2. The thickness and volume con-
tents of filler in nanocomposites mentioned too. As
it was expected [3] incorporation of annealed AAO
membranes can enhance the total thermal conduc-
tivity of composites. Thermal conductivity of epoxy/
AAO-1200 samples enhanced up to 1.13 W·m–1·K–1.
Based on our knowledge this is the highest through-
plane thermal conductivity of transparent polymer
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Figure 4. Surface images of nanocomposites with (a) an unannealed AAO/epoxy, (b) AAO-1200/epoxy and cross sectional
images of (c) an unannealed AAO/epoxy and (d) AAO-1200/epoxy samples

Table 2. Thermal conductivity (TC), filler contents and
thickness of epoxy nanocomposites

Sample Filler content
[vol%]

Thickness
[!m]

TC
[W·m–1·K–1]

Epoxy – 80 0.15
AAO membrane – 60 1.3 [20]
Epoxy/AAO 33 73 0.25
Epoxy/AAO-1000 38 76 1.06
Epoxy/AAO-1200 39 72 1.13



nanocomposites which has been reported till now.
Thermal conductivity of composites enhanced more
than 7 times while transmittance percentage (T!550 nm
[%]) is about 70%. It should be considered that, to
get more accurate thermal conductivity results,
thickness of samples should be close to thickness of
AAO membrane (60 &m).

4. Conclusions
In summary, we successfully prepared thermally
conductive and transparent nanocomposites by a
simple impregnation based method. Crystalline
structure of annealed AAO membrane characterized
by XRD. FE-SEM was selected to study the mor-
pholigcal changes as a result of annealing. Filling
the parallel pores of membrane with resin of similar

refractive index and formation of polymeric nano -
wires through the sample thickness resulted in trans-
parent nanocomposites. Through-plane thermal
conductivity of composites enhanced as high as
1.13 W·m–1·K–1 as a result of devitrification of the
amorphous alumina membrane after annealing at
1200°C. These types of nanocomposites can open
new heat management approaches in small elec-
tronic devices, high power LED lightening devices
and so on.
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Figure 5. (a) Transmission spectra of annealed and unannealed AAO membrane and their nanocomposites, (b) a photo-
graph of AAO membrane and AAO/epoxy composites (c) FE-SEM image of epoxy nanowires through the AAO
thickness of AAO/epoxy nanocomposites
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