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Polyamide 6 (PA6) with low moisture-sensitivity is realized by blending with poly(ethylene terephthalate) (PET),
the crystal structure and morphology formed under high cooling rate and shear stress are also investigated. A
pronounced reduction in the maximum water content from 9.7 to 5.6 wt% accompanying the variation of the
diffusion coefficient from 1.2 � 10 6 to 5.2 � 10 7 mm2/s with the increasing of PET content is achieved. The
dielectric constant decreases from 12.3 to 6.2 (@103 Hz) and the dielectric loss decreases from 0.25 to 0.13
(@103 Hz) with the increasing of PET content. The structural characterization confirms that the hydrogenbonding interactions between PA6 and PET play a major role in the reduction of moisture-sensitivity of PA6
as well as that the evolution of the polymorphism of PA6 that the high shear stress facilitates the formation of
α-form while the high cooling rate promotes the generation of γ-form.

1. Introduction
As one of the most widely used engineering plastics, polyamide 6
(PA6) plays a major role in many areas such as automotive, textile and
packaging for its unique combination of excellent mechanical proper
ties, chemical resistance, self-lubricity, and barrier properties [1,2]. It is
generally recognized that hydrogen-bonding interactions coming from
the amide groups between adjacent PA6 chains play a critical role in
these excellent properties. However, it must be stressed that the exis
tence of amide groups makes PA6 absorb a large amount of water, which
could up to around 10 wt% [3–7].
The interactions between water molecules and PA chains are the key
factors that affect the rate and amount of water absorption in PA. The
water absorption of PA has been extensively studied by nuclear mag
netic resonance [4,8,9], dielectric spectroscopy [10–12], quasi-elastic
neutron scattering [12], molecular dynamics simulation [13–15], and
so on [16,17]. The water molecules interact strongly with the amide
groups in PA chains to generate hydrogen-bonds and then to replace the
initial hydrogen-bonds between adjacent PA chains [11]. Jia and co
workers [17] have studied the water absorption process of PA6 by
scaling moving-window two-dimensional correlation spectroscopy and

generalized two-dimensional correlation analysis, confirming that a
single process with two steps exists in the water absorption. Firstly,
hydrogen-bonds form between amide groups and water molecules, and
then is the hydration of hydrophobic groups. During the initial step of
water absorption, water molecules diffusion faster than the plasticiza
tion of amorphous in PA6 [18]. So, the α relaxation that relating to the
glass transition, is not directly correlated with the water diffusion.
However, the secondary β relaxation (which originates from the motion
of the amide group dipoles) including the local chain dynamics of
hydrogen-bonded amide groups under the existence of water influences
the diffusion of water molecules directly. In summary, water molecules
jump between neighboring preferential adsorption sites, that are, the
amide groups, to realize the diffusion process in PA [11]. Consequently,
Preda et al. [11] suggested that the diffusion of water molecules in PA is
restricted by the relaxation time of hydrogen-bonds between amide
groups in PA and water molecules as well as the adjustment of confor
mation of the amide groups. Finally, the moisture absorption may lead
to three different states of absorbed water in PA, including the tightly
and loosely bound water. The tightly bound water molecules form
double hydrogen-bonds between the adjacent CO groups while the
loosely bound water molecules form hydrogen-bonds between the
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adjacent CO and NH groups. Furthermore, larger aggregates generate
owing to the clustering of water molecules upon a certain moisture
content [19–21].
Besides the hydrogen-bonding interactions between water molecules
and amide groups, the aggregation structure of PA could substantially
affect water absorption and diffusion. As reported in literature [22–24],
the crystalline domains are generally inaccessible for most types of
penetrant molecules. That is, the crystalline domains could act as
impermeable barriers for the water diffusion and absorption. Hence,
water molecules almost exclusively diffuse through the amorphous
phase. However, the dynamic heterogeneity of amorphous domains,
which possessing different mobility and so on could essentially affect
water absorption and diffusion. There is only a small amount (about 6%)
of PA6, which is far away from the crystalline domains and defined as
the most mobile amorphous domain, is significantly plasticized by water
molecules [25]. Thus, the higher draw ratio contributes to the lower
self-diffusion of water molecules in amorphous domains of PA6 fibers
due to the inhibited chain mobility in the amorphous domains [9].
After water absorption, the amorphous phase of PA will change from
glassy into rubbery state, which strongly deteriorates the glass transition
temperature (Tg), mechanical, wear, barrier, dielectric, and other
properties of the material [26–30]. For example, the Young’s modulus
and the yield stress of PA6 could lose over 50% when saturated with
water due to the increase of the mobility of macromolecular chains [6,
31]. Silva et al. [32] found that the bounded water, as mentioned pre
viously, plays a critical role in the change of the Young’s modulus for PA.
Additionally, the hardness reduces up to approximately 50% under the
presence of water due to the swelling and softening of the surface,
leading to the reduction of wear resistance of PA [33,34]. Also, the gas
barrier properties show a significant reduction due to the plasticization
of amorphous, where the oxygen permeability coefficient could increase
by about 50% [17].
It is a common strategy to blend a fraction of other polymers with
PA6 to overcome the substantial absorption of water. These polymers
include polypropylene (PP) [35–37], polyethylene (PE) [38,39], and
polystyrene (PS) [40,41]. Unfortunately, the poor interfacial adhesion
coming from the immiscibility of the blend systems causes a deteriora
tion in the properties of the blends. For example, the tensile strength of
the blends is reduced compared with pure PA6. What is more, in recent
work about the PA6/PP blend, it has found that the tensile strength
reduces up to 50% despite the addition of compatibilizer when
compared with pure PA6 [37]. Compared with polyolefin, the presence
of polar functional groups in polymers offer the possibility of specific
interactions, which could be used to provide better interfacial adhe
sions, such as poly(vinylidene fluoride) (PVDF) [42,43], poly(ethylene
terephthalate) (PET) [44,45]. For example, approximately 5 wt% of
PVDF can be included in the PA6 amorphous lamellar regions owing to
the presence of specific interactions [43].
Furthermore, as the most widely used polyester, PET has the ad
vantages of large yield, low cost, and excellent comprehensive proper
ties. More importantly, it is much less sensitive to water when compared
with PA6. In industrial, at the same time, there is an urgent need to find
new applications for PET due to its overcapacity. Additionally, the in
teractions between the ester groups and amide groups as well as the
crystallization ability of PET shed a high light on water barrier for PA6.
However, just a few works addressed the concern about PA6/PET
blends, the relationship between “structure-properties” of the blends has
not been fully understood, especially under high cooling rate and shear
stress in an industrial scale.
Herein, we attempt to realize low moisture-sensitivity of PA6 by
blending with PET. The effects of high cooling rate and shear stress
during processing on the structure evolution of the blend are investi
gated systematically. The microscopic morphology of the blend is
revealed by scanning electron microscopy (SEM). Differential scanning
calorimetry (DSC), wide angle X-ray diffraction (WAXD) and small angle
X-ray scattering (SAXS) are used to study the crystal structure of the

blend. The existence of interactions between PA6 and PET is reflected by
Fourier transform infrared spectroscopy (FTIR). The performance of the
structured PA6 and PA6/PET blend is evaluated by mechanical and
dielectric properties test.
2. Experimental
2.1. Materials
PA6 (M3400) is a commercial product from Guangdong Xinhui
Meida Nylon Co. Ltd (China). It has a melting index of 6.50 g/10 min
(ASTM D1238, Method A). The PET is a commercial grade of textile
polyester and was supplied in pellets by LuoYang Petroleum Chemical
Co. (China) with Mn of about 2.3 � 104 g/mol.
2.2. Sample preparation
Pure PA6 and PA6/PET blends containing 10, 20 and 40 wt% PET
were fabricated by extrusion compounding followed by injection
molding. In order to avoid degradation due to hydrolysis during pro
cessing, PA6 and PET were dried at 90 � C and 100 � C under vacuum
overnight before extrusion, respectively. Melt blending of PA6 and PET
was performed by a twin-screw extruder. The screw speed of the twinscrew extruder was kept constant at 150 rpm, and the processing tem
perature profiles were 235, 255, 260, 270, 270, 270, 265, 265, 265 and
260 � C from hopper to die, respectively. The extruded pellets after
drying at 100 � C were injection molded into standard “dog-bone” tensile
bars with a neck dimension of 30 mm � 6 mm � 4 mm (length � width
� thickness). The barrel temperature profiles for injection molding were
set at 210, 260, 270, 260 and 260 � C from the hopper to the nozzle,
respectively, the mold temperature was set at 40 � C.
2.3. Characterizations
2.3.1. X-ray diffraction (scattering) characterization
Micro-beam two-dimensional (2D) WAXD and SAXS measurements
were carried out at BL15U and BL16B of the Shanghai Synchrotron
Radiation Facility (SSRF), China, respectively. The wavelength of the
synchrotron radiation was 1.24 Å. A Mar165 CCD detector (2048 �
2048 pixels with a pixel size of 80 μm) and a Pilatus 2M detector (1475
� 1679 pixels with a pixel size of 172 μm) were employed to collect 2D
patterns for WAXD and SAXS respectively, which were placed at 158.9
mm away from the samples for WAXD and 2208.9 mm for SAXS. Onedimensional (1D) WAXD intensity curves as a function of q were ob
tained by integration in the azimuthal angular range of a whole circle
(0–360� ) from the samples patterns employing xPolar software, 1DSAXS intensity curves were transformed from the 2D-SAXS patterns by
Fit2D software, while background scattering was subtracted in advance.
2.3.2. Thermal behavior testing
A TA Q2000 differential scanning calorimeter (DSC) instrument was
used to examine the melting and crystallization behaviors of pure PA6
and PA6/PET blends. For preparing the samples for the DSC measure
ment, the different layers were cut away from the injection-molded bars.
The skin layer was defined as the layer within a depth of about 0.5 mm
away from the surface layer, while the core layer was defined as the
layer far away from the surface layer. To investigate the melting
behavior, samples of both layers with a weight of 5–6 mg were heated to
280 � C with a heating rate of 10 � C/min, while the crystallization
behavior was carried out with a cooling rate of 30 � C/min after
isothermal at 280 � C for 5 min to eliminate the thermal history. The
crystallinities (χc) of PA6 and PET components were determined by χ c ¼
ðΔHm =ΔH0m Þ=ϕ, where ϕ is the weight fraction of PA6 or PET. As for PET,
the ΔHm ¼ ΔHmelting ΔHcc , where ΔHcc is the enthalpy for the cold
crystallization. The theoretical heat fusions of 100% crystallized PA6
2
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and PET, which were used for evaluation of crystallinity, are 240 J/g
(the heat of fusion for perfect α-form crystals of PA6 is 241 J/g while for
perfect γ-form crystals is 239 J/g) and 122 J/g, respectively [46,47].

structure is observed in the blends and there is a very uniform distri
bution for the “island” phase. This indicates that the PET phases exhibit
a good dispersion in the matrix of PA6. The statistics on the domain size
shows that the mean size of the PET domains increases from 500 nm to
1000 nm with the content of PET increasing. This result is much smaller
than that of completely immiscible blends, for example, PA/PP [37,48,
49] and PA/PE [50–52], where the mean size of the guest phase could
reach micrometer scale. According to the Taylor size [53]:

2.3.3. Scanning electronic microscopy (SEM)
SEM observation was performed to observe the intuitional revelation
of phase morphology. The injection-molded samples for all of the pure
PA6 and the blends were placed in liquid nitrogen for 50 min, and then
the samples were cryogenically fractured vertical to the flow direction.
The smooth cryo-fractured surfaces were etched with 10 wt% potassium
hydroxide (KOH) aqueous solution for 24 h to remove the PET phase.
Before SEM observation, all treated surfaces were cleaned by distilled
water, then dried in a vacuum oven at 50 � C for 6 h. A field-emission
SEM (Nova Nano, FEI, USA) was utilized with an accelerated voltage
of 5 kV, all samples were sputter-coated with gold before observation.

where Cacrit is the critical capillary number, γ is the estimated average
shear rate, ηm is the matrix viscosity and Γ is the interfacial tension. It
can be concluded that there is a low interfacial tension between PET and
PA6 leading to a well dispersion of PET particles in the matrix. Based on
the previous results [45,54], this could be attributed to the possible
hydrogen-bonding interactions and trans-condensation reactions be
tween PA6 and PET. The increased domain size of PET particles with the
increasing of PET content is mainly resulting from the significant droplet
coalescence during melt mixing [42,55].
To study the specific interactions between PA6 and PET, the FTIR
spectra in the wavenumber range of 1800-1500 cm 1 is shown in Fig. 2a.
The band of the carbonyl group of PA6 locating at 1632 cm 1 moves
slightly with the addition of PET. However, the band of the carbonyl
group of PET locating at 1712 cm 1 moves to higher wavenumber
obviously with the increasing of PA6 content and shifts up to 1723 cm 1
when the content of PA6 reaches 90 wt%. This indicates that the exis
tence of hydrogen-bonding interactions or trans-condensation reactions
between PA6 and PET [56]. However, comparing the melting behavior
of pure PET (Fig. S2) and PA6 with the blends (as shown in the next
section, Fig. 3a and b), no obvious variation or trend could be found.
Additionally, the trans-condensation reactions between ester groups and
amide groups usually require a long time to take place [54,57]. So we
think that the hydrogen-bonding interactions are more pronounced in
this work.
Fig. 2b shows the crystallization behavior of the PA6/PET blends and
the corresponding homopolymers. It can be seen that the onset crys
tallization temperature for the blends moves to a higher temperature as
the content of PET increases when compared with pure PA6. Regarding
the crystallization of PET, there is a distinct crystallization peak for it at
around 170 � C and the finished crystallization temperature of it (about
155 � C) is much higher compared with its pure counterpart (about 125
�
C). More interestingly, the onset crystallization temperature for the 60/
40 blend (about 208 � C) is well above both the pure PA6 (about 184 � C)
and pure PET (about 195 � C). Meanwhile, there displays a third crys
tallization peak belonging to the crystallization of PET at around 200 � C
in the 60/40 blend. However, the third crystallization peak for PET
vanishes as the content of it decreases due to the domain size is too small
to present a heterogeneous nucleation process [43,58].
Therefore, the good dispersion for the PET in the matrix of PA6 could
be attributed to the hydrogen-bonding interactions between them, as
shown in Fig. 2a. At the same time, the hydrogen-bonding interactions
are also responsible for the accelerated crystallization behaviors of both
components in the blends. Overall, it can be concluded that there is
partial miscibility between PA6 and PET.
�

2.3.4. Fourier transform infrared spectroscopy (FTIR)
The interactions of the blends were examined by Fourier transform
infrared (FTIR) spectrometer (Nicolet 6700, Thermal Scientific) in the
ATR mode by averaging 16 scans at a resolution of 4 cm 1.
2.3.5. Mechanical properties testing
Tensile properties of the “dog-bone” samples were measured at 23 � C
using the Instron Instrument Model 5576 at a cross-head speed of 20
mm/min. A minimum of five replicates for each sample were tested at
the same conditions, and the average values were presented with stan
dard deviations.
2.3.6. Dielectric properties testing
The frequency dependencies of the dielectric constant and loss
tangent (tan δ) of the blend were all tested by a broadband dielectric
spectrometer (BDS, Concept 50, Novocontrol, Germany) over the fre
quency range from 101 to 106 Hz at 23 � C after sputter-coated with gold
on both sides of the samples using a mask with 9-mm-diameter eyelets
by vacuum magnetron sputtering coater (Q150S, Quorum, UK).
2.3.7. Water absorption testing
The water absorption tests were carried out by immersing the dry
samples into liquid water at 23 � C until equilibrium was reached and the
thickness of samples is 4 mm. We measured the weight of the samples
using a precision balance after removing the water on the surface, and
repeated the procedure until the samples were saturated with water.
After the amount of water absorption reached its maximum value, the
tensile tests were also carried out. The amount of absorbed water was
determined using the following equation:
Mt ¼

Wt

W0
� 100%
W0

(2)

�

Dmin � 2ΓCacrit =ηm γ

(1)

where Mt is the water content, and Wt and W0 are the instantaneous and
initial weights of the sample, respectively.
3. Results and discussion
3.1. Phase morphology of PA6/PET blends
As for the phase morphology of the PA6/PET blends, no distinct
phase separation behavior could be found between the two components,
as shown in Fig. S1. It can be seen that it is difficult to recognize the PET
phase in the 90/10 blend. The phase interface between PA6 and PET
becomes obvious with the increasing of PET content. When the content
of PET reaches 40 wt%, there are some interface defects could be
observed in the SEM image, as shown in Fig. S1d. To get a clear view of
the dispersion behavior of PET in the matrix of PA6, the PA6/PET blends
were etched by 10 wt% KOH aqueous solution to remove the PET phase,
as shown in Fig. 1. After the addition of PET, typically, a “sea-island”

3.2. Crystal structure of PA6/PET blends
Fig. 3a and b presents the melting behavior of pure PA6 and PA6/
PET blends in the skin and core layer, respectively. There are two
melting peaks for the blends corresponding to the melting of PA6 (about
220 � C) and PET (about 254 � C), respectively. Interestingly, no obvious
cold crystallization peak could be found during the heating process and
the calculated crystallinity is approximately 30% for the PET in the
blends, as shown in Fig. 3c. This result is in agreement with the existence
of the distinct crystallization peak of PET in Fig. 2b. Inversely, it has
3
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Fig. 1. Phase morphology of PA6/PET blends with different compositions by weight and etched by 10 wt% KOH aqueous solution: (a) 100/0, (b) 90/10, (c) 80/20,
(d) 60/40. The holes in each image represent for the PET domains dispersed in the matrix of PA6. The insets of (b), (c), (d) present the histogram for domain size
distribution of the PET particles.

Fig. 2. (a) FTIR spectroscopy with the wavenumber range of 1800–1500 cm
fast cooling process (30 � C/min).

1

for the PA6/PET blends in reflection mode, (b) DSC curves of PA6/PET blends for the

been shown that there is an obvious cold crystallization peak and the
crystallinity of PET is about 11.4% during the injection molding [47],
which is far less than the PA6/PET blends. As for the crystallinities of
PET in different layers of the samples, as shown in Fig. 3c, it can be
found that the crystallinity of the core layer is slightly higher than that of
the skin layer. A probable reason is that there is enough time for the
semi-rigid chains of PET to crystallize due to the slow cooling process in
the core layer with the aid of PA6. Nevertheless, on the contrary, the
crystallinity of PA6 in the core layer is slightly lower than that of the skin
layer. It is likely to be attributed to shear-induced crystallization due to
the memory of shear of PA6 in the skin layer [59], where possessing high
shear stress.
The crystal structure of PA6/PET blends prepared by injection
molding is characterized by WAXD, as shown in Fig. 4. It can be seen
from the 2D-WAXD patterns that the oriented crystalline disappears
gradually from the skin layer to the core layer in all of the samples. This
could be attributed to the shear stress weakening gradually from the skin
layer to the core layer. More attractively, the obvious diffraction signal
for the PET crystalline could be discovered especially when the content
of PET reaches 40 wt%, as indicated by arrows in Fig. 4. This confirms

strongly that the melting of PET comes from the initial crystallization
during the injection molding rather than the cold crystallization during
the heating process in the DSC measurement. The result is also in
consonance with the depressing cold crystallization behavior of the PET
during the heating process, as shown in Fig. 3a and b. Moreover, the
diffraction signal of PET in the skin layer is negligible. One can suggest
that it is a result of the crystallization of PET is inhibited by the rapid
cooling process. It is also consistent with the slightly lower crystallinities
in the skin layer, as shown in Fig. 3c.
1D-WAXD curves are integrated circularly from the corresponding
2D-WAXD patterns, as shown in Fig. 5a–d. There are four main char
acteristic diffraction peaks for PA6 locating at q ¼ 7.8, 14.4, 15.1, and
16.5 nm 1, respectively. The q ¼ 14.4 and 16.5 nm 1 are assigned to
(200) and mixed (002)/(202) planes of the α-form crystal structure,
while the q ¼ 7.8 and 15.1 nm 1 are assigned to (020) and (200) planes
of the γ-form crystal structure, respectively [2,46]. The growth of the α
and γ-form of PA6 shows highly dependence on the crystallization
condition. Isothermal crystallization at high temperature (higher than
130 � C) [60], shear stress [61] or slow cooling process [62,63] leads to
the generation of α-form crystals, while γ-form is usually obtained
4
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Fig. 3. DSC curves of PA6/PET blends for the melting traces: (a) skin, (b) core layers of the injection-molded samples; and (c) crystallinities of PA6 or PET in different
layers of the blends.

cooling rate and shear stress on the evolution of the crystals structure of
PA6 are confirmed, as shown in Fig. 5. For the pure PA6, the γ-form
crystals disappear gradually and the α-form develops into the dominant
crystal structure gradually from the skin to the core layer, as shown in
Fig. 5a. As aforementioned, this result could ascribe to the decrease of
cooling rate from the skin to the core layer where the cooling rate for the
skin layer could reach approximately 68.3 � C/s while it is only
approximately 1.0 � C/s for the core layer, as shown in Fig. S3. With the
addition of PET, the evolution of the crystal form of PA6 in the blends
behaves a similar behavior with pure PA6 before the content of PET
reaches 40 wt%. The characteristic diffraction peaks of PET appear and
become obvious as the increases of its content, as shown in Fig. 5b and c.
Differently, the diffraction intensity of γ-form relative to α-form of PA6
presents an abrupt reduction in the intermediate layer (around 600 μm
away from the surface layer) for the 60/40 blend. Afterward, it rises
suddenly and decreases gradually from the intermediate layer to the
core layer, as shown in Fig. 5d. This result is different from the evolution
of the crystal form of PA6 in other compositions that the γ-form crystals
disappear gradually from the skin to the core layer. Tracing back to the
crystallization behavior during the fast cooling process, as shown in
Fig. 2b, where the initial crystallization temperature of PA6 moves to a
higher temperature (approximately 187.5 � C, which is about 3 � C higher
than pure PA6) in the 60/40 blend. Besides, the shear stress in the in
termediate layer that 600 μm away from the surface is very high in the
samples, which reaches approximately 3000 s 1, as shown in Fig. S4.
Thus, in view of the aforementioned conditions that influence the
polymorphism of PA6, the high crystallization temperature and the
strong shear stress are synergistically responsible for the generation of
the α-form of PA6 in the intermediate layer of the 60/40 blend regard
less of the high cooling rate. Subsequently, with the decreasing of the
shear rate from the intermediate layer to the core layer, the cooling rate
becomes the dominant factor to control the crystal form of PA6, and the
high cooling rate facilitates the formation of the γ-form. As for the core
layer, the slow cooling rate helps the development of the α-form of PA6.
As shown in Fig. 6, the SAXS curves of pure PA6 and PA6/PET blends

Fig. 4. 2D-WAXD patterns of PA6/PET blends by injection molding processing
at different regions away from the surface layer in the thickness direction: skin
layer (within about 5 μm away from the surface layer), intermediate layers
(about 600 μm and 1200 μm away from the surface layer), core layer (about
2000 μm away from the surface layer).

through isothermal crystallization at low temperature (lower than 130
�
C) [60], rapid crystallization from the melt during the fast cooling
process [62,63], or electrospinning [46]. In this work, the effects of high
5
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Fig. 5. WAXD curves integrated from Fig. 4 of PA6/PET blends by injection molding processing at different regions away from the surface layer in the thickness
direction: (a) 100/0, (b) 90/10, (c) 80/20, (d) 60/40.

show that the scattering peak shifts to lower q value as the content of
PET increases. However, the scattering peak of pure PET locates similar
to PA6 with a slightly lower q value [64]. So, it is difficult to distinguish
the scattering peaks coming from PA6 and PET. In other words, the
scattering peak of the blends comes from the overlapped peaks of PA6
and PET. As a result, the reason for the increase of the long period could
be attributed to the average effect of the overlapped two long periods
that correspond to PA6 and PET, which, in return, could confirm that
PET is crystallized in the blend. This also supports our previous
conclusion that the melting of PET during the heating process in the DSC
curves comes from the initial crystallization of PET during the injection
molding.

final stage of water absorption [3]. Therefore, we assume that the
variation of the diffusion coefficient in the initial linear part of the water
absorption curve is negligible up to Mt/M∞ ¼ 0.5, then it can be
calculated by Eq. (3).
Furthermore, the theoretical water content (MT) is defined for the
blends, as given in Eq. (4), the results are listed in Table 1:
MT ¼ ME

PA6 *ϕPA6

þ ME

PET *ϕPET

(4)

where MT is the theoretical water content of the blends when saturated
with water, ME-PA6 and ME-PET are the maximum water content of pure
PA6 and PET recorded by experiments, respectively, where ME-PET is
taken as 0.67 wt% [65], ϕ is the percent of component content by weight
in the blends, where the subscript shows the corresponding component.
As shown in Fig. 7 and Table 1, the maximum water content and the
diffusion coefficient for pure PA6 is about 9.7 wt% and 1.2 � 10 6 mm2/
s, respectively. As the content of PET increases, both the maximum
water content and the diffusion coefficient of the PA6/PET blends show
a noticeable reduction. They decrease by about 42% and 57% when the
content of PET reaches 40 wt%, respectively. It is more noteworthy that
the theoretical water content of the blends is higher than the experi
mental value. Therefore, it can be concluded that the water absorption
of PA6 in the blend is restricted by the introduction of PET. In this work,
PET is much less sensitive to water than PA6, especially when it is
crystallized. On the other hand, the decline of the density of amide
groups in the samples with the addition of PET results in a decrease of
preferential adsorption sites for water molecules. Then it will put a
limitation on the hopping of water molecules between adjacent amide
groups. Most importantly, given that the influence of the variation of

3.3. Water absorption of PA6/PET blends
Fig. 7 presents the water absorption curves of pure PA6 and PA6/PET
blends. The water content (Mt) as a function of immersion time can be
expressed in terms of the diffusion coefficient (D) and the maximum
water content (M∞). For most polymers, the water absorption follows a
Fickian behavior (with a constant D), where the water diffusion
behavior can be calculated quantitatively as follows (Eq. (3)) [3,11]:
�
�
∞
Mt
8 X
1
Dð2i þ 1Þ2 π2 t
¼1
exp
(3)
2
2
2
h
M∞
π i¼0 ð2i þ 1Þ
where h is the sample thickness in millimeter and t is the immersion time
in second.
However, there is a non Fickian behavior due to the high amount of
water absorption resulting in a great decrease in the Tg of PA6 in the
6
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Fig. 6. SAXS curves of PA6/PET blends by injection molding processing at different regions away from the surface layer in the thickness direction: (a) 100/0, (b) 90/
10, (c) 80/20, (d) 60/40.
Table 1
The parameters for the water absorption of PA6/PET blends with different
compositions by weight.
Sample
100/0
90/10
80/20
60/40
0/100 [65]

D (mm2/s)

Water content (%)
Experimental value

Theoretical value

9.7
8.4
7.1
5.6
0.67

–
8.8
7.9
6.1
–

1.2 �
8.8 �
8.2 �
5.2 �
3.7 �

10
10
10
10
10

6
7
7
7
7

hydrogen-bonds between PA6 and water molecules. Overall, the addi
tion of PET will lead to a significant decrease in the rate and amount of
water absorption. However, because of the increased phase interface
defects, as shown in Fig. S1d, the reduction of the experimental value
relative to the theoretical value of water content in the 60/40 blend is
smaller than the 80/20 blend.
3.4. Mechanical properties of PA6/PET blends
Fig. 8a–c shows the representative stress-strain curves and compar
ison of the mechanical properties including strength, elongation at break
of injection-molded PA6 and PA6/PET blends after water saturation.
One can see that the strength of PA6 is enhanced with the introduction of
PET. When compared with the results of the dry samples, the strength
has been maintained effectively in the presence of water, as shown in
Fig. 8b and b0 . It is known that the influence of water absorption on the
strength of PET is negligible especially in the case of crystalline PET.

Fig. 7. Water absorption of PA6 and its blends that immersed in liquid water at
23 � C.

crystallinity for the blends is negligible, as shown in Fig. 3c. We suppose
that the difference between the theoretical water content and experi
mental value for the blends comes from the hydrogen-bonds between
PA6 and PET, as shown in Fig. 2a, which will compete with the
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Fig. 8. The representative stress-strain curves, strength, and elongation at break of PA6 and its blends for the (a), (b), (c) wet and (a0 ), (b0 ), (c0 ) dry samples.

Therefore, the PET with high strength (about 70 MPa [47]) could act as
the reinforcement phase to enhance the strength of wet PA6 (about 35
MPa) and to guarantee that the strength of the blends is less affected by
water absorption. Similarly, as for the dry samples, the slightly
strengthen of PA6 could ascribe to the introduction of PET with a higher
strength than dry PA6 (about 67 MPa). However, with the increasing of
PET content, there is somewhat loss in the strength of the dry samples
due to the existence of interfacial defects in the blends. Furthermore,
when the samples are saturated with water, the glassy amorphous phase
of the PA6 goes into the rubbery state. The high mobility of the amor
phous leads to the transition from brittleness to toughness for the 80/20
blend, as shown in Fig. 8c and c0 . However, when the content of PET
reaches 40 wt%, the blend still behaves a brittle fracture due to the
interfacial defects in the blends, as shown in Fig. S1d, which are also
reflected by the water absorption behavior of the blends as aforemen
tioned. Moreover, the stress-strain curves for the wet and dry samples
look quite different, as shown in Fig. 8a and a0 . The stress-strain curves
for the dry samples show an unusual behavior with a double yield point
and multiple peaks. According to the previous study about the defor
mation behavior of PA6 [66], we speculate that the difference of the
stress-strain curves is associated with the complex coupling process
between the crystalline and amorphous phases under the relative low
strain rate, where the state of the amorphous for the wet and dry samples
is quite different.
Furthermore, it recalls us that the recent work based on the PA6/PP
blends [37], where the yield strength decreases with the content of PP

increasing whether or not the samples are saturated with water. Our
work obtains a great maintain of strength especially when the samples
are saturated with water. Both the effectively maintain of strength and
elongation at break of PA6 based materials in the presence of water have
been achieved with the introduction of PET, which is attractive in
industry.
3.5. Dielectric properties of PA6/PET blends
Owing to the well combination of excellent mechanical, thermal and
chemical properties, PA6 would be very attractive as a candidate insu
lating material for next-generation electronic devices that requiring high
elastic modulus and heat resistance. For example, it is very attractive to
make PA6 act as the matrix material with electrical insulation and high
thermal conductivity in recent years [67–69]. However, the
moisture-sensitivity of PA6 has a significant impact on its dielectric
properties, which will lead to a dramatic increase for the dielectric
constant and dielectric loss. As a feedback, the accuracy of signal
transmission and the service life of electronic components will have a
great decline [26,70].
Herein, considering that the reduction of moisture-sensitivity and
the maintain of the mechanical properties in the presence of water for
the PA6/PET blend, we conduct exploration on its dielectric properties
by compression molding at 275 � C under a pressure of 10 MPa.
Fig. 9 presents the dielectric constant and loss tangent (tan δ) for the
wet and dry samples. As expected, the dielectric constant of PA6 is
8
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enhanced from 4.4 to 12.3 (@103 Hz, Fig. 9a and c) from the dry to the
wet state. It is well known that the dielectric constant of water molecules
is much higher than polymers due to the large dipole moment. Mean
while, the mobility of the dipolar in PA6 chains becomes much higher
due to the weakening of hydrogen-bonding between adjacent PA6
chains and the mobility of impurity ion increase obviously under the
presence of water. Consequently, the dielectric constant of PA6 in
creases obviously under the presence of water. However, the dielectric
constants of the blends at the wet state are much less than the pure PA6.
Especially when the content of PET reaches 40 wt% (about 6.2), which is
just a little higher than the dry PA6 and shows a low moisturesensitivity. Similarly, the dielectric loss of PA6 increases largely after
water absorption due to the motions of chain segments of PA6 associated
with water molecules [12] and so on. Whereas the dielectric loss of the
blends is much less than the pure PA6 especially at the wet state. The
dielectric loss decreases from 0.25 to 0.13 (@103 Hz) when the content
of PET reaches 40 wt% for the wet samples. These results provide a good
idea to fabricate PA6 with low moisture-sensitivity to perform as an
insulator in next-generation electronic devices that requiring high
elastic modulus and heat resistance.
What is more, it is noticeable that the γ relaxation of dry PA6
observed in the frequency window accessed by BDS [71], which is
mainly attributed to the local motion of the chain segments (–CH2– se
quences) involving dipolar amide groups [72], moves from about 9000
Hz in the dry state to about 6000 Hz in the wet state and shows as the γw
relaxation, as shown in Fig. 9b and d. According to previous study [10,
12], one could think that it is a reason of the different state of water
molecules. As aforementioned, the tightly bound water molecules result
in a higher density of hydrogen-bonds, which will lead to a larger
relaxation time. We can also find that the γw relaxation for the blends
becomes not obvious in the wet state when compared with pure PA6.
Concurrently, it moves to much lower frequency with the PET content
increasing. When the PET content reaches 40 wt%, it is almost dis
appeared. Combined with the FTIR spectroscopy, we speculate that the
possible reason for the variation of the γw relaxation in the blends in the

wet state is the cooperative segmental motions between PA6 and PET
due to the existence of hydrogen-bonds between them, which will give a
limitation for the motion of the chain segments of PA6.
4. Conclusion
To overcome the problem of excessive water absorption and main
tain the excellent performance of PA6, we prepare the PA6/PET blends
with low water absorption and investigate the structure evolution under
high cooling rate and shear stress during processing. PET is one of the
most widely used polyesters with the advantages of large yield, low cost,
and excellent comprehensive properties and it is much less sensitive to
moisture compared with PA6. The generation of hydrogen-bonds be
tween amide groups and ester groups as well as the reduction of the
density of amide groups in the blends provide a decline of adsorption
sites for water molecules, leading to a pronounced limitation of moisture
absorption and diffusion. Meanwhile, the crystallization of PET forms an
obstacle for the absorption and diffusion of water molecules.
Furthermore, the hydrogen-bonding interactions between PA6 and
PET promote a well dispersion for PET in submicron scale and cause the
accelerated crystallization behavior of the two components. The higher
crystallization temperature of PA6 induced by PET and high shear stress
facilitate the development of the α-form crystals when the content of
PET reaches 40 wt%. The dielectric and mechanical properties after
water absorption for the blends are maintained. The dielectric constant
decreases from 12.3 to 6.2 (@103 Hz) and the dielectric loss decreases
from 0.25 to 0.13 (@103 Hz) for the wet samples with the introduction
of PET. The strength of the blends presents an obvious enhancement
compared with pure PA6 when saturated with water. This work provides
a preferable and scalable method to fabricate competitive PA6 mate
rials, expanding the practical application in next-generation electronic
devices that requiring high elastic modulus and heat resistance. More
over, it can also provide a new application approach for PET.

Fig. 9. (a) Dielectric constant (ε0 ) and (b) loss tangent (tan δ) as a function of frequency for the wet samples, which are prepared by placed the dry samples in about
60% RH and 23 � C for 3 days, (c) dielectric constant (ε0 ) and (d) loss tangent (tan δ) for the dry samples.
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