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Abstract
Blends polyamide 6 (PA6) and acrylonitrile-butadiene-styrene (ABS) were compatibilized with a styrene–(ethylene–butene)–
styrene triblock copolymer grafted with maleic anhydride (SEBS-g-MA). In particular, the effects of ABS (0–100 wt%) and
compatibilizer (0, 8, and 16 wt%) content were studied. The blends were first prepared by twin-screw extrusion, and different
specimens were prepared by injection molding. From the samples produced, the effects of blend composition on morphological,
mechanical, rheological, and thermal properties are reported. The structural analysis confirmed that the original blend is immis-
cible but showed some compatibilization when in the presence of SEBS-g-MA. Incorporation of the compatibilizer and ABS
showed negligible effect on the melting behavior of PA6. The compatibilized blends showed higher tensile strength compared
with uncompatibilized ones. However, Young’s modulus decreased with increasing compatibilizer content. The mechanical
results were confirmed by rheological measurements in terms of interaction between each components in the blend.
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1 Introduction

Still today, polymer blending is an important and active area
in the field of material processing specially to improve the
general properties of neat polymers [1, 2]. Blending of poly-
mers gained credibility as a simple approach to create novel
materials without the cost associated with synthesis of new
molecules [3]. Polymer blends were mainly developed tomeet
technical requirements that neat resins were unable to achieve

[4]. Also, blending existing polymers is less expensive than
developing a new polymer [5]. However, most polymer
blends are immiscible systems and this has substantial influ-
ence on their properties and performances since they are main-
ly determined by their morphology, i.e., the distribution of
each components in terms of size and form [6, 7]. Phase sep-
aration in the blends, due to immiscibility, leads to low me-
chanical properties because of poor interactions between each
phase. These unfavorable interactions lead to significant inter-
facial tension in the melt state and low interfacial adhesion in
the solid state leading to a multiphase morphology [8, 9].
Nevertheless, the properties of polymer blends are not only a
function of interfacial interaction between the components but
also depend on the dispersed phase size and blend composi-
tion (general blend morphology), which can be controlled by
processing conditions. Usually, two types ofmorphologies are
formed: the sea-island morphology and the co-continuous
morphology [10, 11] . In contrast, other classes of polymers
blend are not inert. They may interact strongly with the envi-
ronment and adopt special functions. Examples include spe-
cific interactions with molecules and ions exploited in separa-
tion and purification techniques; electrical and optical proper-
ties used in polymer solar cells, organic light emitters, and
optical elements; and properties relevant for solar cell appli-
cation [12–14].
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Polymer blends based on polyamide 6 (PA6) have gained
large attention in industrial applications because they combine
excellent mechanical properties and easy processability [15,
16]. PA6 has attracted a particular attraction because of a good
balance between high strength/stiffness, low friction, and ex-
cellent chemical/wear resistance. These properties led to a
wide range of applications like automotive, electrical, and
mechanical/structural [17, 18] . However, PA6 has some dis-
advantages such as high mold shrinkage and low-dimensional
stability due to its rapid crystallization and high moisture sen-
sitivity (hygroscopic nature). On the other hand, acrylonitrile–
butadiene–styrene (ABS) terpolymer is better compared with
PA6 in terms of low mold shrinkage, ease of processing, low
water absorption, and high impact strength. It is also more
interesting from an economic point of view since ABS is less
expensive than PA6 [19]. Recently, several investigations
were devoted to PA6/ABS blends [19, 20]. If optimized,
blending PA6 with ABS could be an interesting route to
achieve new materials with promising property combinations.
Nevertheless, it was reported that blends of PA6 and ABS are
immiscible and exhibit low impact toughness because butadi-
ene particles formed during melt blending are relatively large.
Moreover, ABS consist of butadiene rubber dispersed in a
styrene–acrylonitrile copolymer matrix. The rubber phase
can improve the low-temperature toughness of PA6, while
the styrene–acrylonitrile copolymer phase provides stiffness
[21]. Therefore, PA6/ABS blends were found to have high
thermal stability and high mechanical properties [22].
Nevertheless, when good chemical resistance and high dimen-
sional stability is required, PA6, with its highly polar func-
tional group, is not miscible with ABS, so their blends exhibit
a limitation in final properties under specific conditions lead-
ing to phase separation. One effective way to overcome the
limitation of immiscibility is the introduction of a third com-
ponent which can act as an interfacial agent to reduce the
interfacial tension and promote adhesion at the interface[23].

In the present work, ABS that is blended with PA6 using a
twin-screw extruder and styrene–(ethylene–butene)–styrene
triblock copolymer grafted with maleic anhydride (SEBS-g-
MA) is used as a compatibilizer to improve interfacial adhe-
sion. The idea is to improve interfacial adhesion and ductility
decreased of the polymer after using a rigid part (ABS). For
these reasons, the modification is due by grafting a functional
group such as maleic anhydride to ensure a good interfacial
adhesion (coupling agent behavior) where a MA function on a
styrene–(ethylene–butene)–styrene triblock copolymer was
grafted as a rubber part to confer to material a ductile behavior
[24, 25]. The samples were then injection molded to perform a
complete morphological, thermal, mechanical, and rheologi-
cal characterization of the blends to investigate the effect of
ABS and SEBS-g-MA content. In this work, besides the struc-
tural, morphological, and thermomechanical characterization,
the rheological properties were investigated in the solid state

(applications) and in the molten state to simulate the material
behavior under processing (viscosity). On the other hand, the
modeling approach via standard models such as Voigt, Reuss,
Hirsch, and Tsai-Pagano was used to characterize the adhe-
sion level at the interface with addition of SEBS-g-MA.

2 Materials and methods

2.1 Materials

Polyamide 6 (PA6) Ultramid O was obtained from BASF
(density = 1.13 g/cm3 and melting temperature = 220 °C),
while acrylonitrile–butadiene–styrene (ABS) terpolymer was
purchased from SODEVIC (density = 1.04 g/cm3 and melting
t empe r a t u r e = 220 °C ) . A t r i b l o ck copo l yme r
styrene–(ethylene–butene)–styrene grafted with 1.4 to 2 wt
% maleic anhydrides (SEBS-g-MA) (Kraton FG-1901X) sup-
plied by Shell was used as coupling agent (Table 1).

2.2 Experimental procedure

Three compatibilizer (SEBS-g-MA) contents were used (0, 8,
and 16 wt%) with different ABS contents (5, 15, 25, 35, 40,
45, 50, 55, 60, 65, 75, 85, 95, 100 wt%) to prepare binary
(PA6/ABS) and ternary (PA6-SEBS-g-MA-ABS) blends
(Table 2) . The compounds were prepared on a Leistritz
ZSE-18 twin-screw extruder operating at a screw speed of
125 rpm (L/D = 40). The temperature profile was set at 230,
230, 220, 220, 200, 200, 200, and 200 °C from the hopper to
the die (3 mm) [26]. The strands coming out of the extruder
were then cooled in a water bath and pelletized (Thermo
Fisher, Stone, UK). All the specimens for testing were molded
using an Engel e-Victory injection molding machine with a
40-ton platen force [27, 28]. The temperature was fixed at 220
°C in the barrel and at 180 °C at the nozzle, while the mold
was maintained at 45 °C [29, 30].

3 Characterization techniques

3.1 Scanning electron microscopy

In order to evaluate the morphology of the polymer blends a
scanning electron microscopy (SEM) was recorded using
EDAX Quanta 200, manufactured by FEI Company. SEM
was used at different magnifications on samples previously
cryofractured (liquid nitrogen). Before observation, the frac-
tured surface was sputter coated with a thin gold coating to
increase the surface conductivity.
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3.2 FTIR analysis

Fourier transform-infrared spectra of the blends were recorded
using an ABB Bomem FTLA 2000-102 spectrometer (ATR:
SPECAC GOLDEN GATE). The spectra were obtained by a
superposition of 16 scans with a resolution of 4 cm−1.

3.3 Thermal analysis

Differential scanning calorimetry (DSC) analysis was carried
out using a Q100 instrument from TA Instruments. Test sam-
ples, weighing about 12 mg, were placed in an aluminum pan
and heated, cooled, and heated again from − 50 to 230 °C at 10
°C/min. The first cycle was only used to delete the sample
thermal history and was not analyzed.

3.4 Tensile testing

According to ISO 527-3 [19], tensile testing of five specimens
from each type of blend polymer was performed. The tests
were performed on a universal testing machine INSTRON
8821S (Instron, USA) at a crosshead speed of 5mm/min using
a 5-kN load cell. For mechanical characterization five tests
(samples) were taken for each blendmaterial, and the averages
were used as representative values.

3.5 Dynamic mechanical thermal analysis

The RSA machine form TA Instruments was used to deter-
mine the dynamic mechanical thermal properties (DMTA) of
the blends according to ASTM D 4092-01 [20]. Samples of
45 mm in length, 5.5 mm in width, and 2 mm in thickness
were used in the dual cantilever configuration. The strain
sweep test was performed at a frequency of 1 Hz. The fre-
quency sweep test was ranged from 0.015 to 15 Hz at a set
strain rate of 0.002 when the temperature sweep test was
ranged from 30 to 120 °C with a heating rate, frequency,
and strain at 5 °C/min, 1 Hz, and 0.002, respectively.

Table 1 Materials used in this study

Material Grade Supplier Comment

PA6 Ultramid O BASF Density = 1.13 g/cm3 and
melting temperature = 220
°C

ABS Terpolymer SODEVIC Density = 1.04 g/cm3 and
melting temperature = 220
°C

SEBS-g-MA Kraton
F-
G-1901-
X

Shell 1.4 to 2 wt%maleic anhydrides

Table 2 ABS/PA6 Master bach formulation

ABS
(wt%)

PA6
(wt%)

Master bach
(wt%)*

ABS/PA6-0 wt%
SEBS-g-MA

0/100/0 0 100 0

5/95/0 5 95 0

15/85/0 15 85 0

25/75/0 25 75 0

35/65/0 35 65 0

40/60/0 40 60 0

45/55/0 45 55 0

50/50/0 50 50 0

55/45/0 55 45 0

60/40/0 60 40 0

65/35/0 65 35 0

75/25/0 75 25 0

85/15/0 85 15 0

95/5/0 95 5 0

100/0/0 100 0 0

ABS/PA6-8 wt%
SEBS-g-MA

0/100/8 0 100 8

5/95/8 5 95 8

15/85/8 15 85 8

25/75/8 25 75 8

35/65/8 35 65 8

40/60/8 40 60 8

45/55/8 45 55 8

50/50/8 50 50 8

55/45/8 55 45 8

60/40/8 60 40 8

65/35/8 65 35 8

75/25/8 75 25 8

85/15/8 85 15 8

95/5/8 95 5 8

100/0/8 100 0 8

ABS/PA6-8 wt%
SEBS-g-MA

0/100/16 0 100 16

5/95/16 5 95 16

15/85/16 15 85 16

25/75/16 25 75 16

35/65/16 35 65 16

40/60/16 40 60 16

45/55/16 45 55 16

50/50/16 50 50 16

55/45/16 55 45 16

60/40/16 60 40 16

65/35/16 65 35 16

75/25/16 75 25 16

85/15/16 85 15 16

95/5/16 95 5 16

100/0/16 100 0 16

*The value of SEBS-g-MA is taken for equivalent of 100 g blend (ABS/
PA6)
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3.6 Dynamic rheological measurements

Oscillatory melt rheology tests were performed on an MCR
500 (Physica) rheometer equipped with a CTD600 device.
The measurements were carried out at 220 °C under small
amplitude oscillatory shear mode using a 25-mm parallel
plate-plate geometry with 2-mm-thick samples. Frequency
sweeps between 500 and 0.5 Hz were performed at a strain
of 5%, for which the materials exhibit a linear viscoelastic
behavior as verified by previous strain sweeps.

4 Results and discussion

4.1 Blend morphology

In the relevant studies, SEM was successfully used to eluci-
date the compatibility of blends by observing the morphology,
and degree of dispersion [31, 32]. Figure 1 presents typical
morphologies of the blends with and without the
compatibilizer. As expected, the morphology (texture) of the
blend’s changes with ABS content. At low dispersed phase
content (15% ABS or 15% PA6), the morphology is mostly
sea-island with a large amount of droplet phenomenon and
droplet size close to 8 μm, which confirms that both polymers
are immiscible. On the other hand, Fig. 1 (b, b′, c, c′) shows
that the addition of SEBS-g-MA at 8 wt% may decrease the
size of droplets to the average diameter of 5 μm leading to a
formation of finer morphology with the presence of lower
amount of pullout phenomenon as compared of neat ABS/
PA6 material that may be ascribed to compatibilizing effect
of SEBS-g-MA via the physical interaction engendering by
the hydroxyl group. However, at high SEBS-G-MA loading
(16 wt%), the morphology of blend starts to transform in a co-
continuous structure with the presence of highly dispersed a
small droplet with a size of 3 μm .This structure is due to the
coalescence suppression of phase-separated domains through
the formation of physical interaction between the polymer
components via SEBS-g-MA [25]. In this case, any properties
change as described next can be associated with better inter-
facial stress transfer due to better compatibility instead of
changes related to the microstructure of the blends
(morphologies).

4.2 Fourier transform infra-red spectroscopy analysis

FTIR spectra of PA6, ABS, and PA6 mixed with 50% by
weight of ABS are shown in Fig. 2a. The spectrum of PA6/
ABS blend shows the characteristic absorption of PA6 and
ABS. The PA6 peak positions showing major absorption
bands are 3307, 3088, 2925, and 2847 cm−1. The broad ab-
sorption at 3307 and 3088 cm−1 corresponds to N–H hydro-
gen bond stretching vibration and N–H stretching,

respectively [33]. The peak at 2925 cm−1 corresponds to CH

2 non-symmetric stretching vibration, and the peak at 2847
cm−1 is assigned to CH2 symmetric stretching vibration [33]
. The peak at 1637 cm−1 is assigned to carbonyl stretching
vibration of amide I band. The peak at 1542 cm−1 corresponds
to N–H bending and C–N stretching of amide II band [34]. On
other hand, FTIR spectrum of ABS shows the hydroxyl
groups (2635 cm−1), carbonyl groups (1644 cm−1), a broad
region of C–O stretching vibrations (1000–1300 cm−1) [35],
the unsaturated groups from the polybutadiene phase of ABS
corresponding to the peak of trans-1,4 (960 cm−1), and vinyl-
1,2 (908 cm−1) [35]. The absorption band peak at 702 cm−1

corresponds to the out-of-phase bending vibration of the C–H
bond of the aromatic ring [36]. It was observed from the spec-
trum of PA6/ABS blends that the characteristic bands of PA6
were not modified by the presence of ABS and no new band
appeared which can explain that the chemical groups were not
affected between PA6 and ABS.

Figure 2 b presents the FTIR spectra of PA6, SEBS-g-
MA, and PA6/SEBS-g-MA blend. The spectra of tri-bloc
SEBS grafted with maleic anhydride (SEBS-g-MA)
showed the characteristic absorption bands at 2934,
2860, 1712, 1460, and 1020 cm−1 corresponding to C–
H stretching asymmetric, symmetric, C=O stretching vi-
bration, and symmetrical stretching vibration of the C–
O–C ester groups in the maleic anhydride ring, respec-
tively [37] . Also, the SEBS-g-MA spectrum shows two
characteristics band at 1712 cm−1, which is attributed to
the symmetric and asymmetric vibration of saturated an-
hydride ring [38]. It can be seen in the FTIR spectrum of
the (PA6/SEBS-g-MA) mixture at a weight ratio of 84/16
that the stretching vibration of C–O–C decreases strongly
when SEBS-g-MA is added to the PA6 and the presence
of the amide group was confirmed by the C–N and C–C
stretching vibration in the region (1345–1235 cm−1). The
presence of amide bands and the decrease in starching
band of MA indicate that the amide grafting reaction
between PA6 and SEBS-g-MA occurred. During melt
blending, anhydride acid functional groups of SEBS-g-
MA react with the amine end groups of PA6 and also
amide linkage, leading to SEBS-g-PA6 copolymer at the
interface, enhancing interfacial adhesion between PA6
and SEBS-g-MA.

Figure 2 c shows the infrared spectrum of (PA6/SEBS-g-
MA), ABS, and (PA6/SEBS-g-MA and ABS blend) at a
weight ratio of 50/50. In the spectrum of PA6/SEBS-g-MA
and ABS blend, it is seen that bands of this blend are the result
of the superposition of the spectra of PA6/SEBS-g-MA and
ABS. Indeed, the characteristic peaks of PA6/SEBS-g-MA
and ABS appear with slight variations in area and intensity,
which results in changes in interfacial interaction between
PA6/SEBS-g-MA and ABS, and no chemical reaction is ex-
pected in this blend.
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4.3 Differential scanning calorimetry

DSC was used to investigate the influence of the blend effect
and the use of SEBS-g-MA on the melting temperature (Tm),
specific enthalpy of melting (Hm), and crystallization temper-
ature (Tc) (Table 4). In general, the crystallinity of the com-
posite is related to the dispersed phase, which can act as nu-
cleating agents in a polymer matrix. The polymer molecular
chains can crystallize by themselves through a self-nucleation
effect (homogeneous nucleation) or by introducing a

nucleating agent (heterogeneous nucleation) [26, 39]. Semi-
crystalline polyamide 6 may have its melting and crystalliza-
tion behavior changed by the presence of a second component
in polymer blends. Any significant modification of PA6 melt-
ing and/or crystallization behavior in the blend can lead to
properties changes of the resulting material. PA6 molecular
grafting, due to reactive compatibilization, may modify its
kinetics of crystallization, which would lead to different crys-
tal dimensions and different degree of crystallinity compared
with neat PA6. Parameters such as melting temperature (Tm),

Fig. 1 Typical SEM images of
selected blends: (a) 85PA6/
15ABS, (a′) 85PA6-SEBS-g-
MA/15ABS, (b) 50PA6/50ABS,
(b′) 50PA6-SEBS-g-MA/50ABS,
(c) 15PA6/85ABS, and (c′)
15PA6-SEBS-g-MA/85ABS

1099Int J Adv Manuf Technol (2020) 110:1095–1111



Fig. 2 FTIR spectrum of a PA6,
ABS, and 50PA6/50 ABS blend;
b PA6, SEBS-g-MA, and PA6-
16 wt% SEBS-g-MA; and c PA6-
16 wt% SEBS-g-MA, ABS, and
50PA6-16 wt%-SEBS-g-MA/50
ABS

1100 Int J Adv Manuf Technol (2020) 110:1095–1111



crystallization temperature (Tc), and heat of fusion (Hm) were
used to observe changes in melting and crystallization behav-
ior of PA6 compatibilized by SEBS-g-MA blends with ABS.
Table 3 presents these results.

The addition of ABS to PA6 did not change the melting
temperature (Tm). However, the heat of fusion (Hm) was af-
fected only for higher amounts of ABS in the binary blends.
During cooling, the crystallization temperature (Tc) decreased
when ABS is blended with PA6. Therefore, there is evidence
that ABS with a lower crystallinity interferes in the crystalli-
zation of PA6.

The results show that the heat of fusion (Hm) for the ternary
blends is lower than that for binary ones. However, changes in
Tm values for the ternary blends are not significant. That trend
is similar for both change in the blend composition and the
amount of SEBS-g-MA copolymer. Therefore, decrease of
heat of fusion could be a result of partial miscibility between
ABS and grafted PA6-g-SEBS-MA molecules. There was al-
so a depression in the crystallization temperature with the use
of the compatibilizer. The rubber (amorphous) character of
SEBS-g-MA copolymers can strongly affect PA6 melting
and crystallization in PA6/SEBS-g-MA/ABS ternary blends.

4.4 Tensile properties

4.4.1 Young’s modulus

The addition of ABS into PA6 leads to a significant change of
its mechanical properties. Increasing ABS content from 0 to
100 wt% resulted in increasing Young’s modulus from
931 MPa for neat PA6 to 1800 MPa for neat ABS (Fig. 3a).
This is due to the higher rigidity of ABS compared with PA6
and ABS, which is acting as a reinforcement agent. It is also
observed in Fig. 3b, c that the use of a compatibilizer increases
the Young’s modulus of the blends. This can be ascribed to
better stress transfer at the interface since SEBS-g-MA has a
very low elastic modulus around 7.2 MPa [40, 41]. The ex-
perimental values of Young’s modulus were compared with

two commonly used theoretical models, which are Voigt and
Reuss [42] :

E== ¼ VAEA þ 1−VAð ÞEB

E⊥ ¼ EAEB

VAEB þ 1−VAð ÞEA

8
<

:

where E// is Voigt model and E⊥ is Reuss model, and EA; EB
are the elastic modulus of the phases A and B, respectively,
and are the volume fraction.

These models are generally used to approximate the me-
chanical behavior of blend materials/blends. The Voigt model
can be viewed as an upper limit, while Reuss model should
represent the lower limit. Most of the time, the degree of
compatibility and adhesion between the continuous and dis-
persed phases control the final results between these limits. It
can be clearly observed in Fig. 3a that the Young’s modulus
for the uncompatibilized blends is in agreement with Reuss
model. On the other hand, the data are more closely in agree-
ment with Voigt model with increasing compatibilizer con-
tent. It can be deduced that the addition of SEBS-g-MA en-
hanced the adhesion between ABS and PA6 so to improve
compatibility and modulus.

Since the highest coupling agent content (16 wt%) gives
results close to the Voigt model over all the ABS concentra-
tion range, this value can be considered as the optimum.

4.4.2 Tensile strength

The tensile strength represents the maximum amount of ten-
sile stress that a material can sustain before failure starts. For
all blend system the curves are normalized and show that for
all the blends (PA6/ABS with and without SEBS-g-MA), the
tensile strength generally increases with ABS and SEBS-g-
MA contents (Fig. 4; Table 4). The slight decreases at low
ABS content can be related to possible stress concentration
generated by the sea-island morphology created and de-
cohesion of the phases, especially at low compatibilizing
agent content (0 and 8%). The position and the value of this
minimum depend on coupling agent content. On the other
hand, the following increase in the curves can be explained
by the creation of a co-continuous morphology in the blends.
At higher SEBS-g-MA content (16%), the minimum disap-
pears indicating again a better stress transfer at the interface
which seems to be optimally compatibilized which confirms
again the previous trends observed since the use of reactive
compatibilizers in immiscible blends often leads to higher
interfacial area and higher entanglement at the interface lead-
ing to improved tensile properties [43]. The amine group at the
end of PA6 macromolecule is capable of reacting with maleic
anhydride groups in SEBS-g-MA and forms grafted co-
polymer at interface of the blends. These interactions can sta-
bilize the interface by reducing the interfacial tension,

Table 3 DSC results of PA6/ABS blends with and without SEBS-g-
MA

Sample ABS/PA6-wt% SEBS-g-MA Hm (J/g) Tm (°C) Tc (°C)

100/0/0 22.3 225 180

0/100/0 75.5 221 190

15/85 72.1 222.1 188.6

15/85/8 60.8 221.2 188.3

50/50 51.8 222.3 188.2

50/50/8 42.0 221.8 187.5

85/15 33.9 222.5 186.6

85/15/8 23.9 221.1 184.7
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Fig. 3 Experimental and
predicted Young’s modulus of
PA6/ABS blends as a function of
ABS content with a 0, b 8, and c
16 wt% SEBS-g-MA
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resulting in enhancement of the interfacial viscosity and adhe-
sion. This is the reason why those compatibilized ABS/PA6
blends exhibited higher tensile strength than uncompatibilized
ABS/ PA6 blends.

4.5 Dynamic mechanical thermal analysis

4.5.1 Frequency sweep

DMTA analysis has been used in the past to determine the
boundary of co-continuity because the mechanical properties

are susceptible to the morphology of blends since the continuous
phase is mainly controlling the stiffness of the sample [44, 45].

Dynamic frequency sweeps were performed at a 0.002
strain amplitude to stay in the linear viscoelastic range of the
materials, and Fig. 5 presents the values of complex modulus
and mechanical loss factor (tan δ) at different frequencies
(0.015, 0.15, 1.5, and 15 Hz) as a function of ABS and
SEBS-g-MA contents. It can be seen that the trends are similar
for all the curves[45].

According to Fig. 5, it is clear that the complex modulus
increases with ABS content and frequencies, indicating that

Table 4 Tensile strength of
different composite formulation Composites formulation

(ABS/PA6)
Tensile strength (MPa/
MPa)

Tensile strength Tensile strength

ABS/PA6-0 wt%
SEBS-g-MA

ABS/PA6-8 wt%
SEBS-g-MA

ABS/PA6-16 wt%
SEBS-g-MA

5/95 1 1 1

15/85 0.8896 0.8947 0.9800

25/75 0.8580 0.8620 1.0262

35/65 0.8353 0.9295 1.0874

40/60 0.8683 0.9352 1.1435

45/65 0.9116 1.0163 1.2066

50/50 0.9774 1.0774 1.3231

55/45 1.0316 1.1437 1.2965

60/40 1.0734 1.2162 1.3867

65/35 1.1246 1.3303 1.4753

75/25 1.2431 1.4487 1.5147

85/15 1.3248 1.5153 1.6699

958 1.3637 1.5690 1.8058

100/0 1.3561 1.5688 1.8445

Fig. 4 Tensile strength of the
blends as a function of ABS and
SEBS-g-MA contents
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the relaxation time decreases with the addition of ABS and
increasing frequency [29, 46]. It can be observed that ABS
content has a significant influence on the complex modulus of
the blends. Thus, ABS cause a remarkable increase in the
complex modulus, which is attributed to the increase in the

polymer chain displacement and the change in the molecular
dynamics. This is presumably due to a reinforcing effect of the
interface by the presence of ABS, which play the reinforce-
ment role. Figure 5 shows that for the systems studied, the
complex modulus (E*) increases, while the loss factor (tan

Fig. 5 Complex modulus as a function of ABS content: (a) 0, (b) 8, and (c) 16 wt% SEBS-g-MA; as well as the value of the damping factor (tan δ as a
function of ABS content: (a′) 0, (b′) 8, and (c′) 16 wt%. Different curves represent different frequencies
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Fig. 6 Damping factor (tan δ) as a
function of temperature for
different ABS content with a 0, b
8, and c 16 wt% SEBS-g-MA
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δ) decreases with frequency [29, 46]. This is attributed to the
fact that the molecular chains, for this range of frequency,
have not enough time to respond to the applied strain, so the
rigidity increases with increasing frequency, i.e., the elastic
character of the material prevails over its viscous behavior.

It was also observed that the complex modulus is much
more sensitive to ABS content than the loss factor. A change
in the tan δ curve indicates a relaxation process, and it is
associated with the motion of small groups and chains of
molecules within the polymer structure.

4.5.2 Temperature sweep

Damping factor (tan δ) is closely connected to the impact
strength of the material. The material changes from a solid
state to a viscous state depending on the movement of its
constituent groups and the main polymer chain structures.
The variation of tan δ of the uncompatibilized and
compatibilized systems as a function of temperature is
shown in Fig. 6. Tan δ was almost constant at low temper-
ature but increases substantially with temperature, which
corresponds to higher damping due to the initiation of mo-
tion in segments of the main polymer chain[30] . The tem-
perature at which the tan δ peak occurs is commonly re-
ported as the glass transition temperature (Tg). Otherwise,
if the interfacial adhesion is poor, applied energy will be
dissipated in the form of heat due to the interaction be-
tween the polymers. Consequently, the peak of tan δ (Tg)
is increased with decreasing the interfacial adhesion. The
results reported in Table 2 show that increasing ABS con-
tent shift the tan δ curve peaks to higher temperature for all

the systems studied. Tg increase rapidly between 0 and
15 wt% ABS; i.e., from 40 °C (Tg of neat PA6) to reach
110 °C (Table 5). Then, a plateau in the range 15–100 wt%
ABS is observed. In the blend systems, the increasing of Tg
is due to incorporation of ABS, resulting in an improve-
ment in damping and showing that the blend polymer com-
posites are more elastic; the elastic behavior became more
prominent with the highest amount of ABS due to the
higher intrinsic rigid character of Abs against PA6 and
SEBS-g-MA.

In the other hand, it is clear that the Tg increase be-
came more rapid when coupling agent was added.
Indeed, Tg increased from 47 (Tg of compatibilized
PA6) to 109 °C as the ABS content has increased only
from 0 to 5 wt%. This increase in Tg is probably related
to a change to a co-continuous morphology with the
addition of the compatibilizer [45, 47]; i.e., a blend with
poor interfacial bonding tends to dissipate more energy
than good interfacial bonding; if the interfacial adhesion
is poor, applied energy will be dissipated in the form of
heat due to the interaction between the polymers [45, 47]
. The increase in Tg is taken as a measure of interfacial
interaction. Furthermore, these effects are enhanced at
higher SEBS-g-MA content, when using a coupling
agent, the polymer matrix become more ductile, and the
effective energy dissipation mechanism in the brittle bi-
nary blend increases. As a contrast, the brittle-ductile
transition occurs with the incorporation of SEBS-g-MA.
These results confirm again that better compatibility or
miscibility is obtained in the blends with the addition of
coupling agent.

Table 5 Glass transition
temperature as a function of ABS
and SEBS-g-MA contents

Glass transition temperature (°C)

ABS content (wt%) 0 wt% SEBS-g-MA 8 wt% SEBS-g-MA 10 wt% SEBS-g-MA

0 40.2 47.0 47.0

5 49.0 109.7 48.2

15 110.8 109.4 110.7

25 110.8 109.0 111.0

35 110.8 109.3 111.1

40 110.8 109.4 110.8

45 110.8 109.6 111.1

50 111.1 109.9 111.5

55 111.1 110.2 111.5

60 111.3 110.5 111.8

65 111.7 111.1 112.1

75 112.2 112.6 112.1

85 113.0 113.6 113.6

95 114.0 114.4 114.6

100 114.7 114.7 114.7
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Fig. 7 Storage and loss moduli as
a function of frequency for
different ABS content with a 0, b
8, and c 16 wt% SEBS-g-MA
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4.6 Rheological properties

4.6.1 Storage modulus and loss modulus

The curves of dynamic storagemodulus (G′) and lossmodulus
(G″) as a function of angular frequency (ω) are presented in
Fig. 7 for the different blends with and without compatibilizer.
It is evident that both G′ and G″ increase with increasing
angular frequency, which is in agreement with DMTA results.
The addition of ABS increases G′ and G″ revealing the rein-
forcing effect of ABS. It is also observed for all the blends that
at high frequency, G′ values are higher than G″ indicating a
more solid-like response in molten state, while the reverse
occurs at low frequency. This behavior is due to insufficient
time at higher frequency to allow polymer chains to relax
which contributed to an increase in the elastic nature of the
polymer melt. Hence, the solid-like behavior indicates strong
interactions between the components [48].

According to the crossover point were G′ = G″ (Fig. 8), this
condition indicates a transition from an elastic to a viscous be-
havior; i.e., the blend composites at the crossover points have the
same viscous and elastic behavior. It was observed that increas-
ing the rigid content, ABS phase in the polymer matrix (PA6)
decreases the crossover frequency. The results indicate a decreas-
ing crossover frequency from 330(neat PA6) to 12 Hz (neat
ABS) indicating the reinforcing effect of ABS leading to a higher
elastic behavior of melt. Lower crossover frequency indicates an
increase of the relaxation time of the polymer [26, 49]. Beyond
the crossover point, G″ becomes smaller than G′ and shows a

plateau-like non terminal behavior, which implies an elastic be-
havior of the melt. The addition of ABS disturbs the mobility of
polymer chains in the melt, thus increasing the storage modulus
and loss modulus of the blend confirming the reinforcement
effect of ABS. On the other hand, it can be clearly seen that the
rheological properties of the blend show a predominantly viscous
behavior at low frequencies (G′ <G″), and a more elastic behav-
ior at high frequencies (G′ > G″) which is due to the polymer
chains relaxation time.

Also, a closer examination and comparison of the blend com-
posites response with and without coupling agent reveals a very
interesting effect of the coupling agent microstructure on the
polymer chain response [26, 49]. A shift of the crossover fre-
quency is observedwith compatibilizer addition. Higher frequen-
cy at higher SEBS-g-MA contents indicates a lower relaxation
time of the blend. SEBS-g-MA is a coupling agent characterized
by a rubber support (SEBS) with a ductile behavior and theMA,
which ensure the adhesion [41]. This coupling agent effect is
further supported by the rheological curves where the blend com-
posites with coupling agent show a more viscous behavior. The
observed shift in crossover frequency can be associated with the
combined effect of the compatibilizerwith it rubber character and
changes at the blend matrix interface and makes the processing
and blending of composites, easier.

4.6.2 Complex viscosity

The melt rheological response for the blends with and without
compatibilizer is presented in Fig. 9 Neat PA6 shows mainly a

Fig. 8 Crossover frequency (G′ =
G″) as a function of ABS and
SEBS-g-MA contents
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Fig. 9 Complex viscosity as a
function of frequency for different
ABS content with a 0, b 8, and c
16 wt% SEBS-g-MA
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Newtonian flow behavior in the measured frequency range as
complex viscosity is found to be independent of the frequency. In
addition, the melt viscosity of the blends increases with increas-
ing ABS content. Globally, the increase of ABS content percent-
age in the (PA6-ABS) blend, with or without compatibilizer,
leads to an increase in viscosity. This has been due certainly to
the higher viscosity of neat ABS. With the addition of the cou-
pling agent, a slight increase in melt viscosity is observed for the
compatibilized blends. The observed increase in melt viscosity
can be associated to the effect of the compatibilizer, changing the
rheological behavior of the interphase [26, 50]. Here again, the
melt state data (Figs. 8 and 9) confirm the results obtained in the
solid state (Figs. 2, 3, 4, 5, 6, and 7); i.e., PA6 properties increase
with ABS and SEBS-g-MA contents

5 Conclusion

The structural, morphological, mechanical, and rheological
properties of PA6/ABS blends were studied considering the
effect of ABS content and SEBS-g-MA content as 8 and
16 wt% contents. The amount of compatibilizer was found
to have significant effect on the mechanical and rheological
properties; it was exhibited that the tensile strength improved
upon the addition of compatibilizer. Dynamic mechanical
thermal analysis confirmed the system immiscibility and de-
termined the Tg of the two phases in the polymer blend. It was
observed a slight increase in the Tg with addition of ABS and
compatibilizer. The processing property of the blends systems
was investigated by using dynamic rheometer analysis. The
rheological measurement shows the increased adhesion inter-
facial between the blend’s components. In the other hand,
addi t ion of ABS in PA6 (uncompat ib i l ized and
compatibilized) increases the storage and loss modulus as well
as the complex viscosity of the blend’s material.
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