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Abstract
To improve the impact property of Nylon 6 at temperature below 0°C, Nylon 6 was toughened by the blending of Pebax® Rnew
(PEBA) and compatibilized with poly(styrene-co-maleic anhydride) (SMA). The effect of the content of soft segment of PEBA,
polytetramethylene oxide (PTMO), on the toughening properties was investigated. The impact properties of the resulting blends
were measured at 23°C and − 20°C. With the increase of PTMO content, the impact strength increased, whereas the tensile and
flexural properties decreased. The thermal stability of these blends was not affected significantly. Rheological properties revealed
that these blends exhibited predominantly viscous behavior at 240°C. Furthermore, higher PTMO content led to higher storage
modulus (G’), lower loss modulus (G^) and complex viscosity (η*). The higher PTMO content of PEBA also improved the
toughness more. The DSC results showed that the glass transition temperature (Tg) of Nylon 6 decreased with the increase of
PTMO content. The crystallization temperature and the rate of crystallization of the blends were not much affected by the PTMO
content, yet the relative amounts of α and γ crystals formed were affected by the type of PEBA added. Based on the Avrami
model, the non-isothermal crystallization of Nylon 6 in the blends was a diffusion-controlled crystallization.
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Introduction

As an important engineering plastic, Nylon 6 is a semi-
crystalline thermoplastic exhibiting high mechanical strength,
resistance to heat and chemicals, low coefficient of friction
and wearability. However, at temperature below 0°C, Nylon
6 becomes brittle and notch-sensitive, thus limiting its appli-
cation at low temperature. To overcome this limitation, Nylon
6 is often toughened through melt-blending with other poly-
mers, as reported in the literature [1–28].

Melt blending is a common process for modifying the
properties of polymers. Usually, two or more polymers are
compounded with a twin screw extruder to achieve the good

melt blending. This modification process is fast and thus is
widely employed in the industry, and is frequently discussed
in related textbooks [29, 30]. Toughened Nylon 6 can be used
in applications such as office furniture, sport equipment, lug-
gage, strollers and automobile parts, etc.

In the literature, toughening agents for Nylon 6 are usually
chosen from soft thermoplastic elastomers including
polyethylene-octene elastomer (POE) [1–7], ethylene-
propylene diene copolymer (EPDM) [8–13], ethylene-
propylene rubber (EPR) [6, 14–17], natural rubber (NR) [18,
19], fluoroelastomer [20], styrene ethylenebutylene styrene rub-
ber (SEBS) [9, 14, 15, 21–24], ethylene vinyl acetate (EVA)
[25–27]. Because Nylon 6 is a polar material while those elas-
tomers are non-polar, maleic anhydride is often employed as the
compatibilizer to improve the toughening performance. In ad-
dition, the toughness of Nylon 6 can also be enhanced by a
core-shell structured polyacrylic modifier [28].

Pebax® Rnew resins are bio-based thermoplastic polyam-
ide elastomers manufactured byArkema, France. The Pebax®
Rnew is the poly(ether-block-amide) (PEBA) copolymer
consisted of flexible polytetramethylene oxide (PTMO) and
rigid polyamide 11 (PA11) constituents, and derived from re-
newable castor beans [31, 32]. The flexibility of PEBA de-
pends on the ratio of PTMO to PA11. Higher PTMO content

* Ming-Chien Yang
myang@mail.ntust.edu.tw

* Shinn-Gwo Hong
cesghong@saturn.yzu.edu.tw

1 Department of Materials Science and Engineering, National Taiwan
University of Science and Technology, Taipei 10607, Taiwan,
Republic of China

2 Department of Chemical Engineering and Materials Science,
Yuan-Ze University, Tao-Yuan 32003, Taiwan, Republic of China

Journal of Polymer Research (2019) 26: 25
https://doi.org/10.1007/s10965-018-1684-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-018-1684-2&domain=pdf
http://orcid.org/0000-0003-3352-3476
mailto:myang@mail.ntust.edu.tw
mailto:cesghong@saturn.yzu.edu.tw


makes PEBA more flexible and less rigid. On the other hand,
higher PA11 content makes PEBA more rigid and less flexi-
ble, due to the intermolecular hydrogen bonding [33].

In our previous study [34], it was shown that by blending
Pebax® Rnew 40R53 as the toughening agent and using poly(-
styrene-co-maleic anhydride) (SMA) as the compatibilizer, the
toughness of Nylon 6 was effectively improved. In this work,
the effect of flexibility of PEBA on the properties of Nylon 6
was studied and the mechanical, impact, thermal, rheological
and crystalline behaviors of different blends were characterized.

Experimental

Materials

Table 1 summarizes the properties of the materials used in this
study. Neat Nylon 6 (Zisamide TP4208, ZigSheng, Taiwan)
has a relative viscosity (RV) of 2.4 (−Mw= 20.5kD with PDI
1.38) and the density of amino end-groups was 44 μeq g−1.
Polyether block amides (PEBA) (Pebax® Rnew series) were
obtained from Arkema, France. The compatibilizer, SMA,
was purchased from Sigma-Aldrich, USA, with a mole ratio
of styrene to maleic anhydride of 1.3 to 1.

Blending

Table 3 lists the formulation of the blends. Before processing,
all materials were dried for 24 h at 85°C in a vacuum oven to
ensure removal of water. Blends were prepared in a co-rotating
twin screw extruder (L/D = 42, L = 1.05 m) (ZE 25A × 42D,
Thermo-Haake, Germany) operating at a screw speed of
250 rpm and a temperature profile of 205°C, 220°C, 225°C,
230°C, 235°C, 240°C, 245°C, 250°C, and 255°C (die). Table 4
lists the details of the processing conditions.

The molecular weight of Nylon 6 in Table 3 was estimated
from the relative viscosity (RV), which was measured by dis-
solving the sample in 96%H2SO4 to a concentration of 0.01 g/
mL at 25°C according to ISO 307. The resultant RV was then
converted to Mw based on the datasheet from BASF.

Mechanical properties

The extruded pellets were injection molded into standard
0.318 cm thick Izod (ASTM D256) and tensile (ASTM

D638 with type I) bars using an injection molding machine
(VS-100 M, Victor Taichung Machinery Works Co., Taiwan).
In addition, the flexural specimen bars were prepared as spec-
ified by ASTM D790. The barrel temperature was set up at
255°C (nozzle) and the molding temperature at 80°C. An
injection pressure of 8 MPa and a holding pressure of
3.5 MPa were applied. The details of the processing condi-
tions were described in Table 4.

Notched Izod impact strength was determined using an
impact tester (Cs137–25, Atlas Co., Germany). The tensile
testing was performed using an Instron tester (type 5567) at
a crosshead speed of 50 mm/min for strength measurements
and 5 mm/min for modulus measurements. In addition, flex-
ural testing was performed also using an Instron tester (type
5567) at a crosshead speed of 14 mm/min for strength mea-
surements and 1.4 mm/min for modulus measurements. The
fractured surfaces of Nylon 6/SMA/PEBA blends were exam-
ined using a scanning electron microscope (JSM-6150, JEOL,
Japan) at an accelerating voltage of 10 kV.

Thermogravimetric analyses

The thermal stabilities of Nylon 6/SMA/PEBA blends were
analyzed using a thermogravimetric analyzer (TGA) (Q-500,
TA Instrument, USA). Themeasurements were performed in a
temperature range of 30 to 600°C at a heating rate of
10°C/min under a nitrogen atmosphere(40 mL/min). The
mass of the samples was about 10 mg.

Rheological characterization

Rheological measurements of the Nylon 6/SMA/PEBA
blends were conducted with a rheometer (HR-2, TA
Instrument, USA). Frequency sweep for the Nylon 6/SMA/
PEBA samples was carried out using 25 mm plate-plate ge-
ometry. The gap distance between the parallel plates was

Table 1 Materials used in this study

Material Commercial name Description Source

Nylon6 Zisamide TP4208 R.V. = 2.4 and 44 μeq g−1 of amine end-groups ZigSheng

PEBA Pebax® Rnew series (see Table 2) A thermoplastic elastomer made of flexible PTMO and rigid PA11 Arkema

SMA – mole ratio of styrene to maleic anhydride is 1.3:1 Sigma-Aldrich

Table 2 Characteristics of Pebax® Rnew series

Properties 72R53 70R53 40R53 25R53

Renewable carbon content (%) 93–97 87–91 44–48 17–21

PTMO carbon content (%) ~5% ~11% ~54% ~81%

Hardness (Shore D) 71 68 42 26

Melting Point (°C) 186 186 148 136
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0.8 mm for all tests. A strain sweep test was initially conduct-
ed to determine the linear viscoelastic region of the materials.
The amplitude of the oscillation was 1%. The angular frequen-
cy range used during testing was 10–200 rad s−1. The temper-
ature was operated at 240°C.

DSC analyses

The thermograms were measured using Perkin-Elmer DSC-7
in the nitrogen environment with a nitrogen flow rate of 40ml/
min. The specimens were heated at a heating rate of 10°C/min
from −40°C to 230°C (1st heating scan), held at 230°C for
5 min to erase the thermal history, subsequently cooled to
−40°C at a cooling rate of either 5 or 10°C/min, and then again
heated to 230°C at a heating rate of 10°C/min (2nd heating
scan). The DSC thermal characteristics of the each sample
were averaged from at least three specimens with hermetic
aluminum (Al) pans. The indium standard and the baseline
obtained from the empty Al pan were used to calibrate the
thermograms acquired.

The corrected crystallinity of the samples was calculated as
follows,

X c ¼ ΔHcn

ΔHref
� 1

w
� 100% ð1Þ

where Xc is the crystallinity, ΔHcn is the nominal heat of
crystallization determined by DSC,ΔHref is the heat of fusion
of theoretical 100% crystalline Nylon 6 (241 J/g) and w is the
weight fraction of Nylon 6 in the samples. [34]

The kinetics of crystallization can be described by the
Avrami equation as follows [35].

X t ¼ 1−e−kt
n ð2Þ

or

ln −ln 1−X tð Þ½ � ¼ lnk þ nlnt ð3Þ
where k is the apparent rate constant, n is the Avrami
exponent, Xt is the relative crystallinity at time t, de-
fined as follows,

X t ¼
∫TT0

qdT

∫T∞

T0
qdT

¼ ΔHT

ΔHc
ð4Þ

where q is the heat flow in the cooling thermogram at
temperature T, and t is the elapse time of the crystalli-
zation,

t ¼ T−T0

Rc
ð5Þ

where T0 is the onset temperature of crystlization, and
Rc is the cooling rate (°C/min).

Results and discussion

Mechanical properties

Table 5 summarizes the mechanical properties of Nylon
6/SMA/PEBAs blends, including impact properties, tensile
properties and flexural properties. Comparing the properties
of TN-0 and TN-1, the addition of SMA improved both the
tensile properties and flexural properties, while reduced slight-
ly the impact strength.

Table 4 Processing conditions used in this study

Equipment type Processing conditions Manufacturer

Co-rotating twin screw extruder (ZE 25Ax42D) Screw speed:250 rpm Thermo Haake (Berstorff Co., Germany)
Barrel temp.:205~255 °C

Feed rate: 6 kg/h

L/D: 42

Injection molding (VS-100 M) Barrel temp.:245~255 °C Victor Taichung Machinery Works Co., Taiwan
Injection pressure: 8.0 MPa

Holding pressure: 3.5 MPa

Molding temp.:80 °C

Table 3 Formulation of blends

Sample composition TN-
0

TN-
1

TN-
2

TN-
3

TN-
4

TN-5

Nylon6 100 99 84 84 84 84

SMA 0 1 1 1 1 1

PEBA 72R53 0 0 15 0 0 0

PEBA 70R53 0 0 0 15 0 0

PEBA 40R53 0 0 0 0 15 0

PEBA 25R53 0 0 0 0 0 15

PTMO content (wt%) 0 0 0.75 1.65 8.1 12.15

Mw of Nylon 6 (kD)* 20.0 26.5 24.0 23.7 22.5 21.8

*. Mw was estimated from R.V. (Mw = 16.495*RV – 19.222,
R2 = 0.9996)
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Impact properties

Figure 1 shows the notched Izod impact strength of the blends at
23°C and − 20°C. According to the well-known toughening
mechanism [9, 36–40], the elastomers are dispersed in the plastic
matrix as fine particles; they activate the plastic layer surrounding
them, and the motion of plastic segments consumes a major part
of impact energy, resulting in toughening. The compatibilizer
(SMA) would react with the end groups of Nylon 6, thus extend-
ing the molecular chains, resulting higher tensile strength and
lower impact strength [41]. Because the SMA content was only
1%, the effect on the impact strengthwas insignificant. However,
the impact strength was greatly improved by the addition of
15wt% of PEBA. In the case of TN-2, although the soft segment
(PTMO) in PEBAwas only about 5%, the impact strength was
100% and 86%of that of TN-1, respectively at 23°C and− 20°C.
In addition, the impact strength increased with increasing soft
segment in the PEBA. In particular, sample TN-5 exhibited an
impact strength 3.8 folds (238.5 ± 9.1 J/m) of that without PEBA
(TN-1) at 23°C, and 3.5 folds (168.3 ± 8.3 J/m) at −20°C. This
indicates that the presence of higher soft-segment (PTMO) con-
tent in PEBA can greatly improve the impact strength of Nylon
6.

Figure 2 shows the SEM images of the fractured surfaces of
the samples after impact test. The morphologies for TN-0 ~
TN-3 appeared homogeneous. However, for TN-4 and TN-5,
submicron particles evenly dispersed in the matrix were ob-
servable. Even so, these particles (PEBA) were well embed-
ded in the major phase (Nylon 6), indicating that SMA did
compatibilize Nylon 6 and PEBA, hence improving the im-
pact strength.

Tensile properties

Figure 3 shows the effect of the addition of 15 wt% PEBAs on
the tensile strength and modulus of the blends with 1 wt%
SMA. The tensile strength decreased from 64.2 (TN-1) to
54.8 MPa (TN-5). This can be attributed to the presence of
lower-strength PEBAs. On the other hand, the tensile modulus
decreased from 2.81 (TN-1) to 1.79 GPa (TN-5), a reduction
of ~36%, indicating that higher soft elastomeric phase
(PTMO) in PEBA making the blend more flexible. As indi-
cated in the literature, flexible molecular chains can make the
blend softer [9, 34, 42, 43].

Flexural properties

Figure 4 shows the flexural strengths and modulus of the blends.
Similar to the tensile properties, the flexural properties exhibited
the same trend. The flexural strength decreased from 104.0 (TN-
1) to 62.6 MPa (TN-5). In addition, the flexural modulus de-
creased from 2.05 (TN-1) to 1.21 GPa (TN-5), a reduction of
~40%.With the increase in PTMO content in PEBA, the flexural
properties of blends decreased. In general, toughening elastomer
has a low modulus; inferior to that of Nylon6 and therefore
decrease the modulus of the blends [34, 44].

Thermal stability

The thermal degradation behavior of Nylon 6/SMA/PEBA
blends was examined via TGA analysis. Figures 5 and 6 show
the thermogravimetric curves and the derivative weight for
blends separately. The thermal decomposition temperatures

Table 5 Mechanical properties of blends

Sample Izod impact strength (J/m) Tensile strength (MPa) Tensile modulus (GPa) Flexural strength (MPa) Flexural modulus (GPa)

23 °C −20 °C

TN-0 64.3 ± 2.8 48.3 ± 2.1 60.0 ± 0.8 2.58 ± 0.02 97.7 ± 1.2 1.94 ± 0.01

TN-1 62.5 ± 3.1 47.6 ± 2.3 64.2 ± 1.3 2.81 ± 0.02 104.0 ± 1.6 2.05 ± 0.02

TN-2 126.8 ± 5.1 88.6 ± 4.1 59.6 ± 0.6 2.15 ± 0.02 81.8 ± 0.6 1.62 ± 0.01

TN-3 148.1 ± 6.2 102.5 ± 5.3 59.1 ± 0.5 2.08 ± 0.02 80.1 ± 0.7 1.58 ± 0.01

TN-4 191.2 ± 8.2 130.9 ± 6.1 58.3 ± 0.9 1.96 ± 0.03 69.9 ± 0.8 1.33 ± 0.01

TN-5 238.5 ± 9.1 168.3 ± 8.3 54.8 ± 1.1 1.79 ± 0.03 62.6 ± 0.8 1.21 ± 0.01
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Fig. 1 The Izod impact strength of Nylon 6/SMA/PEBAs blends at 23 °C
and − 20 °C
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(Td) at a 50 wt.% weight loss and (Tp) from the derivative
weight were listed in Table 6. These decomposition tempera-
tures are the temperature where the sample decomposes chem-
ically [45].

In TGA, the sample losses weight on heating due to evap-
oration or oxidation into gases. Nylon 6 degrades through fast
and slow decomposition. Pure Nylon 6 decomposes into cy-
clic caprolactam. Initially, fast decomposition due to

TN-0 TN-1

TN-2 TN-3

TN-4 TN-5

Fig. 2 SEM images of the
fractured surfaces of the samples.
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TN-5
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Fig. 4 The flexural strength and modulus of Nylon 6/SMA/PEBAs
blends

0

1

2

3

0

20

40

60

80

TN-0 TN-1 TN-2 TN-3 TN-4 TN-5

T
es

ile
 m

od
ul

us
 (G

Pa
)

Sample

Tensile strength

Tensile modulus

T
es

ile
 st

re
ng

th
 (M

Pa
)

Fig. 3 The tensile strength and modulus of Nylon 6/SMA/PEBAs blends
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backbiting occurs at the end of molecular chain, resulting in
decomposed product and active end group, allowing the de-
composition to repeat continuously. On the other hand, slower
decomposition is due to the cyclic transformation through the
inchworm movement in the molecular chain. This reaction
occurs all over the molecular chain, thus its occurrence is more
frequent than the backbiting reaction [46].

Figures 5 and 6 show that the onset of the decomposition
became more conspicuous with increase in the soft-segment
(PTMO) in PEBA, as TN-4 and TN-5 shown in Fig. 6, attrib-
uting to the decomposition of PTMO [33]. When the hard-
segment (PA11) increased, as TN-2 and TN-3 in Fig. 5, their
TGA curves became similar to that of TN-0 (Neat Nylon 6).
Based on the TGA results, those samples containing PEBA
with higher PA11 content exhibited higher thermal stability.
This can be attributed to the intermolecular hydrogen boding
between PA11 chains [33].

Table 6 shows the peak decomposition temperature (Tp)
ranges between 447~453°C. Thus the effect of PEBA on the
thermal stability of Nylon 6 was small especially when the
processing was carried out below 300°C.

Rheological properties

The rheological behavior of polymer melt affects greatly the
processing of polymer blends. Polymer melt exhibits visco-
elasticity, that is, the deformation recovers gradually with the
time after removing the applied stress [47]. The viscosity is
expressed with G’ (storage modulus) and G^ (loss modulus)
in dynamic rheological experiments. Figures 7 and 8 show
that both G’ and G^ for the Nylon 6/SMA/PEBAs depend
on the flexibility of PEBA.

Both G’ and G^ of Nylon 6/SMA/PEBAs blends increased
with increasing angular frequency. The storage modulus of
Nylon 6/SMA/PEBAs increased with the flexibility of
PEBAwithin the frequency range of 10–200 rad s−1, whereas

the loss modulus showed the reverse trend. The dynamic rhe-
ological results revealed that PEBAs with a higher PTMO
content are more elastic because the presence of flexible
PTMO confers a higher elasticity to the blends. On the other
hand, a higher PA11 content confers a higher rigidity to the
blends due to an extensive intermolecular hydrogen bonding
network that exists between the PA chains in the hard blocks,
leading to higher loss modulus (G^).

The complex viscosity η* can be obtained from G’ and G^
as follows:

η* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G02 þ G}2

p
ω

ð6Þ

where ω is the angular frequency in rad·s−1.
Figure 9 illustrates the relationship between complex vis-

cosity η* and angular frequency of Nylon 6/SMA/PEBAs
blends at 240°C. It can be seen that existence of 15 wt%
PEBAs had a dramatic effect on the complex viscosity of
the blends. The complex viscosity decreased with the increase
of angular frequency, indicating the shear-thinning behavior.
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Table 6 Degradation temperatures of the blends

Sample composition Tonset Td
a Tp

b

TN-0 408.7 440.3 450.0

TN-1 419.7 444.1 453.2

TN-2 415.9 441.5 450.1

TN-3 415.6 440.8 448.3

TN-4 407.8 437.1 447.6

TN-5 401.1 436.3 447.1

a The thermal decomposition temperatures (Td) at a 50 wt.% weight loss
from the TGA curves
b The thermal decomposition temperatures (Tp) were obtained from the
derivative weight
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This is because at higher angular frequency, the molecular
chains are more oriented in the flow, thus reducing the degree
of entanglement, and leading to lower viscosity.

At low frequency, the viscosity of the melt is dominated by
the entanglement, which is related to the chain length of the
polymer. Thus at 10 rad/s, η* decreased with the increase of
molecular weight of Nylon 6.

At higher frequency, the viscosity gradually levelled off,
indicating disentanglement occurred, and the interaction be-
tween molecular chains became important. In Pebax®, the
interchain hydrogen bond occurs between –NH and C=O
groups in the PA11 segments [33]. The PTMO segments
would reduce the interaction strength in the melt. At
200 rad/s, the ratio of η* for TN-5 to that of TN-1 was 0.83,
while the ratio of molecular weight of Nylon 6 for TN-5 to that
of TN-1 was 0.82. Thus η* decreased slightly more than the
molecular weight ratio, indicating the reduction in the inter-
molecular interaction due to the PTMO content was not as
important as the molecular weight of Nylon 6.

Figure 10 shows the loss factor (tanδ) of Nylon 6/SMA/
PEBAvaries with the frequency. For a viscoelastic melt, tanδ,
the ratio of dynamic loss modulus (G^) to dynamic storage

modulus (G’) in an oscillatory flow has been employed to
evaluate the viscoelasticity. G’ represents the elastic aspect
of the material and G^ is the viscous aspect. When tanδ equals
1 (GB/G’=1), indicating the transition frommore viscous (G^/
G’ > 1) to more elastic (G^/G’ < 1) [48, 49]. Because all the
values of tanδ were greater than 1, these samples exhibited a
predominantly viscous behavior rather than an elastic behav-
ior, especially during all the frequencies (10–200 rad s−1).
Figure 10 shows that the values of tanδ decreased with the
increase of PTMO content. This indicates that flexible PTMO
can increase the elastic aspect of the blends.

Crystallization characteristics

The crystallization behaviors of blends with different PEBA
were obtained from the DSC cooling thermograms shown in
Fig. 11 and the resultant crystallization characteristics were
listed in Table 7. For all blends, a large exothermal peak
starting from about 185~188°C (Tonset) and with the peak
(Tc) near 181~184°C was observed due to the crystallization
of Nylon 6 constituent. An additional small peak near 165°C
attributing to the crystallization of PA11 [50–53] from the
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added PEBAwas also observed in the thermograms of TN-2
and TN-3 because of the higher PA11 content (13%–14%).
The blends with PEBA (TN-2 ~ TN-5) all exhibited lower
Tonset and Tc than the unblended sample TN-1 (with Tonset =
188.2°C and Tc = 184.7°C), indicating that the addition of
PEBAwould impede the crystallization rate of Nylon 6 [34].

In Table 7, the time to 50% relative crystallization (t1/2) for
the Nylon 6/SMA/PEBA blends (TN-2 ~ TN-5) was signifi-
cantly longer than that of Nylon 6/SMA (TN-1), indicating
that the addition of PEBA did impede the crystallization.
This can be attributed to the flexible PTMO and rigid PA11
chains in PEBA that could impede the crystallization of Nylon
6. In Table 8, the effect of flexible PEBA was proved by the
lower glass transition temperatures (Tg) obtained from TN-2 ~
TN-5 than that of TN-1. It was also shown previously that
PEBA has a much lower Tonset and Tc, and a much smaller
ΔHcc [34]. Consequently, Nylon 6 diluted by PEBA exhibited
slower crystallization rate (larger t1/2).

Interestingly, the corrected crystallinities of Nylon 6 in the
blends were little affected by the PEBA added. As observed in
Table 7, the nominal crystallization enthalpy (ΔHcn) of TN-
2~TN-5 (52.9 ~ 57.0 J/g) were all smaller than that of TN-1
(63.7 J/g) because the amounts of Nylon 6 constituent in the
blends were diluted by PEBA. After corrected by the actual
content of Nylon 6, the corrected crystallization enthalpy
(ΔHcc) of the blends (63.0 ~ 67.8 J/g) were not too different
than that of TN-1 (64.3 J/g) when the standard deviations were
considered. Accordingly, the crystallinities (Xc) calculated

from ΔHcc by using 241 J/g as the theoretical heat of fusion
of perfectly crystallized Nylon 6 [54, 55] were between 26%
and 28% which also implied that the crystallinity of the Nylon
6 constituent was little affected by the presence of PEBA.

Figure 12 shows the 2nd heating thermograms of Nylon
6/SMA/PEBA and the corresponding melting characteristics
are summarized in Table 8. As shown in Fig. 12, all thermo-
grams exhibited two large melting peaks (Tm2 and Tm3) near
212 and 220°C corresponding to the melting of γ and α crys-
tals of Nylon 6, respectively [34]. The thermogram of TN-1
exhibited a small melting shoulder (Tm1) near 186°C due to
the melting of the formed small crystallites. For TN-2 and TN-
3, the Tm1 peak shifted to 181°C attributing to the melting of
PA11 that overwhelmed the original Tm1 of Nylon 6. On the
other hand, for TN-4 and TN-5, the melting peak of PA11 was
unobservable in Fig. 12 because of the abundance of amor-
phous PTMO in the PEBA added. Consequently, the small
Tm1 shoulder of Nylon 6 was exposed in the thermograms of
TN-4 and TN-5. In addition, regardless of the type of PEBA,
Tm2 (210 ~ 212°C) and Tm3 (219 ~ 220°C) of these five blends
differed little, indicating that the formation of γ and α crystals
of Nylon 6 constituent was not much affected by the type of
PEBA.

In Table 8, the nominal heat of fusion (ΔHmn) and
corrected ΔHmc of TN-1 ~ TN-5 were generally following
the similar trend of those of ΔHcn and ΔHcc shown in
Table 7. All the values ofΔHmc for TN-1~TN-5 were around
70 J/g, corresponding to a crystallinity of 30% for Nylon 6
[54]. Thus, the type of PEBA caused little effect on the crys-
tallinity of Nylon 6. It is also interesting to note that the values
ofΔHmc in Table 8 were all greater than the values ofΔHcc in
Table 7. This is attributed to the well-known cold crystalliza-
tion and secondary crystallization occurred during the 2nd
heating process that increased Xc by about 3%.

Although Tm and Xc of blends were affected little, the
ratios of α and γ crystals were affected by the type of
PEBA. As shown in Fig. 12, the relative intensities of Tm2

and Tm3 peaks changed with the type of PEBA. The presence
of PEBA favored the formation of α over γ crystals. It was
indicated that the processing conditions of Nylon 6 greatly
affected the type of crystals formed. Faster crystallization rate
would benefit the formation of γ crystals, while slower rate
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Fig. 11 The 1st cooling thermograms at a cooling rate of 10 °C/min

Table 7 The crystallization
characteristics of Nylon 6 at a
cooling rate of 10 °C/min

Sample Tonset (°C) Tc (°C) ΔHcn (J/g) ΔHcc (J/g) Xc (%) t1/2 (min)

TN-0 188.6 ± 0.2 184.7 ± 1.0 64.4 ± 0.7 64.4 ± 0.7 26.7 ± 0.3 0.39 ± 0.02

TN-1 188.2 ± 0.9 183.7 ± 0.9 63.7 ± 0.7 64.3 ± 0.7 26.7 ± 0.3 0.34 ± 0.01

TN-2 186.0 ± 0.1 182.0 ± 0.1 57.0 ± 0.8 67.8 ± 0.9 28.1 ± 0.4 0.41 ± 0.01

TN-3 186.0 ± 0.1 181.8 ± 0.2 52.9 ± 1.5 63.0 ± 1.8 26.1 ± 0.6 0.43 ± 0.00

TN-4 187.7 ± 0.6 183.2 ± 0.5 53.6 ± 2.2 63.8 ± 2.6 26.4 ± 1.0 0.46 ± 0.01

TN-5 185.8 ± 0.3 181.9 ± 0.4 56.3 ± 1.1 67.0 ± 1.3 27.8 ± 0.5 0.44 ± 0.02

± Standard deviation
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would favor the formation of α crystals [56–60]. From t1/2
obtained previously, TN-2 ~ TN-5 had slower crystallization
rates than TN-1, henceforth, they had more α crystals formed
during the cooling cycle. Consequently, the small differences
of Tc and t1/2 among TN-2 ~ TN-5 also resulted in the varia-
tions of the relative intensities of Tm2 and Tm3 peaks observed
in these four blends.

Figure 13 shows the cooling thermograms at a slower
cooling rate of 5°C/min and the related characteristics are
listed in Table 9. In addition to the major exothermic peaks
of Nylon 6 similar to those in Fig. 11, a small exothermic peak
at about 167°C corresponding to the crystallization of PA11
were also observed from TN-2 and TN-3. Comparing with
those in Table 7, all Tonset and Tc cooling at 5°C/min were
higher while the differences among the samples were much
smaller. This can be attributed to the kinetics of crystallization,
i. e., a slower cooling rate led to a longer crystallization time
(confirmed by the larger t1/2 obtained in Table 10). In addition,
a longer crystallization time starting at a higher temperature
obtained from the slower cooling rate resulted in a higher
crystallinity, confirmed by the higher ΔHcc and Xc in
Table 9. It is also interesting to note that the melting peaks at
Tm2 from the melting of γ crystals in Fig. 14 were much larger
than those in Fig. 12 due to the combining effects of crystal-
lization rates, crystallization temperatures, and time for crys-
tallization on the phases of crystals formed.

The crystallization behaviors of different blends were
further analyzed by using the Avrami equation on non-
isothermal DSC cooling thermograms. Figure 15 shows
the Avrami plot of ln(−ln(1-Xt)) vs ln(t) at three cooling
rates calculated from DSC thermograms of TN-1 where
Xt is the relative crystallinity of the sample crystallized
at time t. Obviously the data from these three cooling
rates fitted well to Avrami equation. Figure 16 shows
similar result for TN-3. The linear regions in the
Fig. 16 still covered a large range of Xt (10%~90%).
Thus, the Avrami equation is applicable to compare the
crystallization kinetics of TN-1~TN-5.

Figures 15 and 16 show the Avrami plots for TN-1
and TN-3, respectively. The resultant values of k and n
as well as the values of Tc and t1/2 were summarized
in Table 10. TN-1 exhibited greater k than those four
blended samples, suggesting the addition of PEBA
would re t a rd the c rys t a l l i za t i on of Nylon 6 .
Furthermore, the values of k increased with the cooling
rate, because higher cooling rate could increase the
nucleating speed, henceforth, increased the crystalliza-
tion rate [35]. These k values can be used to estimate
the crystallization half-time (t1/2) as follows

t1=2 ¼ ln2

k

� �1=n

ð7Þ

Table 8 The melting
characteristics of Nylon 6
crystallized at a cooling rate of
10 °C/min

Sample Tg (°C) ΔHmn (J/g) ΔHmc (J/g) Tm1 (°C) Tm2 (°C) Tm3 (°C)

TN-0 52.0 ± 1.9 65.7 ± 1.9 65.7 ± 1.9 188.5 ± 1.4 211.6 ± 0.7 219.6 ± 0.6

TN-1 54.0 ± 1.9 69.3 ± 0.6 70.0 ± 0.6 186.4 ± 0.9 212.2 ± 0.2 219.6 ± 0.6

TN-2 51.9 ± 1.1 59.3 ± 1.9 70.6 ± 2.2 181.1 ± 0.6* 210.5 ± 0.6 219.5 ± 0.8

TN-3 51.3 ± 0.8 60.4 ± 0.8 71.9 ± 0.9 181.3 ± 0.4* 210.5 ± 0.7 219.7 ± 0.3

TN-4 53.0 ± 1.1 58.7 ± 1.3 69.9 ± 1.5 188.3 ± 1.4 211.5 ± 0.4 220.5 ± 0.6

TN-5 48.6 ± 1.9 58.7 ± 1.2 69.8 ± 1.4 184.9 ± 0.5 210.5 ± 0.2 219.4 ± 0.7

± Standard deviation

*melting temperature of PA11 [33, 50–53]
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Fig. 12 The 2nd heating thermograms at 10 °C/min after cooling at
10 °C/min for samples TN-0 ~ TN-5
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Fig. 13 The 1st cooling thermograms at a cooling rate of 5 °C/min for
samples TN-0 ~ TN-5
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Those estimated values of t1/2 were comparable to those
experimental values, as shown in Table 10, suggesting that
Avrami Equation can fit the non-isothermal crystallization ki-
netics of Nylon 6 although it was originally for isothermal
crystallization.

All values of n were between 2 and 3, indicating that the
non-isothermal crystallization of TN-1~TN-5 was a diffusion-
controlled crystallization in the fitted regions. In addition, the
values of n of all five samples decreased with increasing
cooling rate. This suggests that at a higher cooling rate, the
crystallization follows a platelet growth more than a spheru-
litic growth [61].

Conclusions

The toughness of Nylon 6 were effectively improved
by melt blending Pebax® Rnew resins (PEBA) as the
toughening agent and compatibilized with poly(styrene-

co-maleic anhydride) (SMA). The soft-segment
(PTMO) content in PEBA was the key factor for
toughness enhancement. As revealed that the presence
of higher soft-segment (PTMO) content in PEBA can
greatly improve the impact strength of Nylon 6. In
particular, the blend of Nylon 6 containing 1 wt%
SMA with 15 wt% of PEBA 25R53 exhibited an im-
pact strength 3.8 folds of that without PEBA at 23°C,
and 3.5 folds at −20°C. Unlike impact strength, the
tensile and flexural properties of the blends decreased
with the increase of the PTMO content in PEBA.
However, the extent of reduction was around 20 ~
40%, which was acceptable considering the improve-
ment in the impact strength.

The results of TGA indicated the effect of PEBA on
the thermal stability of the blend of Nylon 6 with
1 wt% SMA was small especially when the processing
was carried out below 300°C. In addition, rheological
properties revealed that these blends exhibited predomi-
nantly viscous behavior. Furthermore, higher PTMO

Table 9 The crystallization
characteristics of Nylon 6 at a
cooling rate of 5 °C/min

Sample Tonset (°C) Tc (°C) ΔHcn (J/g) ΔHcc (J/g) Xc (%) t1/2 (min)

TN-0 192.0 ± 1.0 188.5 ± 0.5 81.2 ± 1.4 81.2 ± 1.4 33.7 ± 0.6 0.60 ± 0.04

TN-1 191.1 ± 0.1 187.6 ± 1.1 69.3 ± 1.4 70.0 ± 1.4 29.0 ± 0.6 0.58 ± 0.04

TN-2 191.3 ± 1.5 187.7 ± 1.7 56.7 ± 0.5 67.5 ± 0.6 28.0 ± 0.3 0.67 ± 0.04

TN-3 190.6 ± 0.2 187.2 ± 0.1 56.4 ± 1.8 67.1 ± 2.1 28.6 ± 0.9 0.66 ± 0.03

TN-4 191.3 ± 1.0 187.8 ± 0.8 56.8 ± 1.2 67.6 ± 1.4 28.0 ± 0.6 0.67 ± 0.02

TN-5 190.9 ± 0.6 187.7 ± 0.4 59.8 ± 1.4 71.2 ± 1.7 29.5 ± 0.7 0.69 ± 0.02

± Standard deviation

Table 10 The characteristics
obtained from the Avrami
equation

Cooling rate (oC/
min)

Tc (°C) Exp. t1/2
(min)

n k (min-n) Calc. t1/2
(min)

TN-1 5 187.6 ± 1.1 0.58 ± 0.04 2.73 ± 0.01 3.66 ± 0.04 0.54

10 184.7 ± 0.9 0.34 ± 0.01 2.61 ± 0.01 12.26 ± 0.18 0.33

20 176.6 ± 2.0 0.24 ± 0.01 2.56 ± 0.01 27.45 ± 0.22 0.24

TN-2 5 187.7 ± 1.7 0.67 ± 0.04 2.61 ± 0.01 1.74 ± 0.01 0.70

10 182.0 ± 0.1 0.41 ± 0.01 2.63 ± 0.01 7.37 ± 0.07 0.41

20 175.6 ± 0.9 0.28 ± 0.04 2.44 ± 0.01 12.91 ± 0.06 0.30

TN-3 5 187.2 ± 0.1 0.66 ± 0.03 2.74 ± 0.01 2.39 ± 0.02 0.64

10 181.8 ± 0.2 0.43 ± 0.01 2.54 ± 0.01 5.82 ± 0.04 0.43

20 175.6 ± 0.5 0.28 ± 0.02 2.26 ± 0.01 12.65 ± 0.17 0.28

TN-4 5 187.8 ± 0.8 0.67 ± 0.02 2.63 ± 0.01 1.76 ± 0.01 0.70

10 183.2 ± 0.5 0.46 ± 0.01 2.55 ± 0.01 5.02 ± 0.03 0.46

20 175.4 ± 0.6 0.30 ± 0.02 2.50 ± 0.01 16.58 ± 0.13 0.28

TN-5 5 187.7 ± 0.4 0.69 ± 0.02 2.78 ± 0.02 1.84 ± 0.01 0.70

10 181.9 ± 0.4 0.44 ± 0.02 2.67 ± 0.01 7.64 ± 0.11 0.41

20 175.7 ± 0.9 0.27 ± 0.01 2.60 ± 0.01 21.54 ± 0.37 0.28

± Standard deviation
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content led to higher storage modulus (G’), lower loss
modulus (G^) and complex viscosity (η*), indicating
that flexible PTMO can increase the elastic aspect of
blends.

The DSC results showed that the glass transition tem-
perature (Tg) of Nylon 6 decreased with the increase of
PTMO content. The addition of PEBA caused the de-
crease of the rate of crystallization. However, the crys-
tallization temperature and the rate of crystallization of
the blends were not much affected by the type of
PEBA, while the relative amounts of α and γ crystals
formed were affected. The crystallization behaviors of
different blends were analyzed by using the Avrami
equation on non-isothermal cooling thermograms. All
values of Avrami exponent (n) were between 2 and 3,
indicating that the non-isothermal crystallization of
Nylon 6/SMA/PEBA blends was a diffusion-controlled
crystallization in the fitted regions.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
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