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Abstract The crystallization behavior of polyamide 6,6 (PA66) under complex flow field is of great importance for its final mechanical properties.
Poly(vinyl pyrrolidone) (PVP) was applied as crystallization modifying agency to improve processability of PA66. The regulation nature on
hydrogen bonds (H-bonds) interaction of PVP was studied upon cooling process. As revealed by in situ FTIR, the sample with 5 wt% PVP displays
decreased enthalpy change (AH) for both the generation of H-bonds and the transition of H-bonds from “disordered” to “ordered” state, which
illustrates the molecular mechanism for the regulation of crystallzation behavior. Moveover, 2D-WAXD is applied to reveal the evolution of
microstructure for sample under external injection field. Hermans orientation factor (f;) decreases obviously with the addition of PVP, because
the relaxation of chain segments is promoted as well the crystallization is retarded. The above crystallization and microstructure changes during
the processing provokes the improvement of processability without the apparent sacrifice of mechanical properties.
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INTRODUCTION

The crystallization behavior with the synergistic effect of
external field, such as injection molding,!"* extrusion,>® film
blowing®' is of great significance for the industrial
application of semicrystalline polymer. Among them, injection
molding is an efficient and economic method for the mass
fabrication of industrial parts, and their application performance
exhibit great dependence on the microstructure formed during
the mold-filling process.>*'2'3! Thus, specific external field are
finely designed to explore the flow induced crystallization (FIC)
of polymer melt that subjected to different flow conditions, i.e.,
shear or extension rate, pressure, temperature, etc.'*"'”! Herein,
non-Newtonian flow and non-isothermal crystallization
behavior is acknowledged and crystalline structure shows
polymorphism that depends on the external field for diverse
polymer, such as polyolefin,l'®% polyester, polyamide (PA)*
and so on. Meanwhile, computational simulation has been well
established to depict the flow pattern inside the mold channel,
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and the fountain flow, which is characterized by a mushroom
pattern at the flow front, is therefore supposed.?%2" The most
prominent feature is the multilayer microstructure formed with
the orientation of chains?>24  According to early
experiments, a complex flow field, which coupled
extensional “pulse” and following shear flow effects, is
designed and the anisotropic microstructure evolves across
both parallel and perpendicular to the flow direction (FD). It is
revealed that shish-kebab structure exists in the core layer
and the lamellae twists as approaching the wall due to the
transverse tumble of fountain flow.

As aforementioned, temperature field is also an important
component of external field.25-27] The polymer melt usually
undergoes the non-isothermal crystallization process during
the processing. Thus, it is necessary to investigate the non-
isothermal crystallization behavior for a better understanding
of the original question. Herein, polyamide ranks the polymer
with strong interchain interaction.28! The crystallization beha-
vior of polyamide is mainly affected by the hydrogen bonds
(H-bond) interaction formed between the amide groups that
attributes to the regular arrangement of molecular
chains.29301 Among polyamides, polyamide 6,6 (PA66) has
high density of amide group and therefore exhibits high crys-
tallization temperature as well as crystallization rate.3 Vari-

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-022-2852-8
http://www.cjps.org
http://link.springer.com

Liu, Y. etal./ Chinese J. Polym. Sci. 2023, 41, 394-404 395

able temperature FTIR is a useful method to investigate the
non-isothermal crystallization behavior for the strong inter-
chain interaction system.[2932331 According to previous re-
ports for polyurethane, the act of H-bonds dominates the ini-
tial crystal formation process.[281 However, the overquick crys-
tallization rate leads to hardship for the industrial processing
of PA66. In order to improve the processability of PA66, it is
valid to hinder the crystallization behavior by regulating the
formation of H-bonds. For example, Lewis acid, such as GaCl;,
AlCl;, LiCl,B4-38] could embeds inside the lamellae sheets and
act as molecular zip by complexing with carbonyl group. In
addition, some kinds of polymer, i.e., poly(vinyl alcohol),37!
poly(vinyl pyrrolidone),38-401 poly(p-vinyl phenol),*1 etc.,
which could be a proton acceptor, could act as a strong Lewis
base and compose with other Lewis acid polymer. That is, the
regulation of H-bonds is the prerequisite for the decrease of
crystallization temperature.

In this work, poly(vinyl pyrrolidone) (PVP) is used to regu-
late the crystallization behavior of PA66. PVP is an amorph-
ous polymer that could form thermodynamically stable mis-
cible mixture with polyamide over the melt temperature. The
corresponding interaction between PVP and PAG6 is verified
by FTIR, and the carbonyl of PVP could form stronger H-bonds
with N—H of PA6.5381 Additionally, the nucleation stage could
be depressed by the addition of PVP, which is proposed for
both the PA66/PVP blends and PA66-PVP-fiber system.[40]
However, the mechanism of the regulation effect of H-bonds
during non-isothermal crystallization process is still indistinct.

Therefore, the aim of present study is to investigate the
regulation nature of PVP on H-bonds interaction for PA66
during crystallization, which determines the microstructure
and fluidity of PA66 within processibility. For this purpose,
temperature-dependent FTIR is applied here to study the H-
bonds regulation mechanism, and combined with thermal
and X-ray analysis, the interaction between PVP and PA66 is
investigated. Moreover, injection flow field is introduced to
explore the effect of PVP on microstructure for the injection
parts, which is associated with the H-bonds interaction in sys-
tem.

EXPERIMENTAL

Materials and Samples Preparation

The materials used in this research were provided by Kingfa Sci.
& Tech. Co., Ltd. The melt flow index of PA66 was 58 g/10min, as
determined at 275 °C according to ASTM D1238 (2.16 kg).
Poly(vinyl pyrrolidone) (PVP) with the weight-average molecular
weight M,,=1.3x10° g-mol~" was used in this research.

PA66-PVP blends were prepared by melt compounding us-
ing a single screw extruder set up with medium shear confi-
guration modular screw. The temperature of extruder was
maintained at 260 °C with a rotating speed of 500 r/min. The
neat PA66 was also submitted to the extrusion process to en-
sure the same thermomechanical history. Hence polymer
blends based on PA66 and containing different amounts of
PVP (0 wt%, 1 wt%, 3 wt%, 5 wt%, 8 wt%, 10 wt%, 15 wt%),
were prepared. And these prepared samples were named as
PA66, PA66_PVP1, PA66_PVP3, PA66_PVP5, PA66_PVPS,
PA66_PVP10 and PA66_PVP15, respectively. The pellets of
neat PA66 and PA66-PVP blends were dried in a vacuum oven

at 100 °C for 8 h before experiments.

The pellets were injected into rectangular plates with di-
mension of 400 mm x 280 mm x 3 mm on a 440T injection
molding machine. The mold had a V-shaped runner of 3 mm
thickness and an entrance of 280 mm x 3 mm, which is equal
to the cross section of the plate cavity and the V-shaped run-
ner enable the melt to flow uniformly along the width of the
cavity. The injection temperature and flow rate were set as
275 °C and 40 mm-s~!, respectively, while holding pressure
was 15 bar for 3 s.

Differential Scanning Calorimetry (DSC)

DSC instruments (TA Q200) was employed for the thermo
analysis in this research. About 3 mg of samples was sealed in
aluminum crucible. The crystallization and melting behaviors
were recorded from 30 °C to 300 °C, with a ramp rate of 10
°C/min after the elimination of thermal history at 300 °C for 3
min, and the melting enthalpy (AH,,) were integrated with the
second heating traces.

Temperature-Dependent FTIR Measurements

FTIR spectral were acquired by using a Nicolet 6700 FTIR
spectrophotometer (Thermo Fisher Scientific) equipped with a
mercury cadmium telluride (MCT) detector in transmission
mode. The specimens were first compression molded at 280 °C
and 5 MPa for 3 min, then quickly cooled to room temperature
by cool compression. Films with thickness of ~40 pm
sandwiched in between potassium bromide thin slice and
mounted onto a Linkam FTIR 600 hot stage in the test chamber
of FTIR to record in situ spectra. The specimens were isothermal
at 280 °C for 3 min and cooled to 180 °C at a rate of 4 °C/min,
and the spectrum of cooling process were recorded every 30 s.
For each spectrum, 16 scans were collected from 4000 cm™' to
650 cm™! at a resolution of 4 cm™'. The spectral correction was
carried out according to the total area of both symmetric and
asymmetric methylene stretching mode band (v, (CH,), 2936
cm™, v, (CH,), 2852 cm™).

X-ray Measurements

The ex situ WAXD/SAXS measurements were carried out on a
Xeuss 2.0 equipment operating at 50 keV with Cu-Ka radiation
(A=1.54 A). The sample-to-detector distance were 137 and 2500
mm, respectively.

(@) The specimens were compression molded at 280 °C and
5 MPa for 3 min, then cooled slowly to room temperature.
Films with thickness of 1 mm were set on the sample stage
and the exposure time was 300 s for WAXD and 600 s for
SAXS.

(b) The injection rectangular plates were used to investig-
ated the skin-core structure of samples under complex flow
field. The specimens were cut along the flow direction and
numbered according to their position from the cavity en-
trance (as shown in Fig. 1). The skin (~60 ym) and core (~700
pm) of the specimens were separated by using a Leica
RM2235 ultra microtome.

The Herman's orientation factor (f,) is applied to quanti-
fied the orientation behavior of neat PA66 and PA66-PVP
blends that subject to the injection field. For (hkl) plane, the
definition of f; could be expressed as:*2

2
= 3<cos q;)hkl -1 (1)
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where cos?¢ is defined as:
s
[ 1(9) cos’gsingd¢
[ (@) singdg
where ¢ is the azimuthal angle between orienting and reference

direction, while /(@) is the scattered intensity along ¢. In this
study, the reference direction is assigned to be flow direction.

<C052¢>hkl = (2)

Small Amplitude Oscillating Shear Measurements
Rheological experiments were performed with a Discovery
Hybrid rheometer (TA DHR-2) using parallel plates with
diameters of 25 mm. Small amplitude oscillating shear (SAOS)
measurements were performed with frequency ranging from
100 rad/s to 0.1 rad/s at 280 °C, with an amplitude of 1% in the
linear viscoelastic regime and with a continuous purge of
nitrogen.

Mechanical Performance

Tensile properties of injected specimens were tested by Instron
3365 instruments. and the dumbbell shaped specimens were
cut from the injected rectangular plates along both the parallel
and vertical directions to the FD, as shown in Fig. 1(b).

RESULTS AND DISCUSSION

Regulating Mechanism of PVP on Hydrogen Bonds
Organization under Thermal Field

It is well established that H-bonds dominate the crystallization
behavior of polyamide 6,6. Herein, thermal behaviors of PA66-
based resin are explored by DSC method, as displayed in Figs.
2(a) and 2(b). The plots of T_ and T, as a function of PVP content
are shown in Fig. 2(c). The incorporation of 1 wt% PVP causes a
sharped reduction in T, from 233.1 °C to 230.0 °C, and further
increase to 8 wt% causing a linear decrease of T. with a slope of
—0.367. However, the reduction of T, slows down and deviated
from the linearity. The explanation for this phenomenon will be
discussed in next section. Fig. 2(a) displays a typical dual-
endothermic behaviors for neat PA66, that has been intensively
studied in previous literature.*¥! It corresponds to the melting of
two morphological crystalline, forms | and Il. Form | is kinetically
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Schematic of the cut positions of specimens for (a) WAXD measurements, (b) tensile measurements.

preferred and represents a less perfect crystal, which can melt
and recrystallizable into more perfect morphology upon
heating, while form Il is thermodynamically preferred and its T,
is attributed to crystal size and perfection.**! But the
incorporation of PVP leads to the disappears of form | at high
PVP concentration, that is, this kinetically controlled crystalline is
impeded by PVP. Notably, there is hardly change for T, of form
II. Thus, the lamella thickness and perfection are considered to
remain unchanged with the addition of PVP. Herein,
SAXS/WAXD is applied to verified the effect of PVP on
microstructure. As shown in Fig. 3(a), there is no significant
change for the positions of reflection peaks.

That is, the d-spacings for (010)/(110), (100) lattices of a
phase are independent of PVP. On the other hand, SAXS is an
effective means to analyze the effects of PVP on microstruc-
ture (as shown in Fig. S1 in the electronic supplementary in-
formation, ESI), and L/I,/I. value is estimated by the 1-D elec-
tron density correlation function (as displayed in Fig. S2 in
ESI).1#6471 The effect of PVP on I. and I, is shown in Fig. 3(b).
With the increasing of PVP, I, increased first and remain un-
changed at high PVP concentration (>8 wt%), however the
value of [ is independent of PVP. These results are as expec-
ted with T, of these samples, which illustrate that PVP exist in
amorphous region and has no effects on the structure of lat-
tice. Considering the plateau in /, plot, it can be deduced that
a macro phase separation between PA66 and PVP is logical
regarding the compatibility at room temperature. And it
matches the variation of T, at high PVP concentration.

For a better understanding of the regulation nature for H-
bonds interaction of PVP, temperature-dependent FTIR is ap-
plied to study the crystallization behavior. Fig. 4 shows the ef-
fect of PVP on characteristic bands of PA66-based resin at
room temperature. Hydrogen-bonding interaction was veri-
fied in neat PA66 by sharped amide A, amide | and amide II
bands, which are assigned to V(N—H),,,q (3302 cm™),
V(C=0)pong (1638 cm~1) and v(C—N),onq (1540 cm~1), respec-
tively. Here, PVP is ranked as a Lewis base with nucleophilic
carbonyl on its side group, while the C=0 can hinder the H-
bonds interaction of PA66 according to literatures. Currently,
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Fig. 2 The (a) heating and (b) cooling curves of PA66 and PA66-PVP
blends in DSC measurements; (c) The plots of T./T. versus PVP
content according to DSC results.

the half-width of amide A and amide | is broadened and the
absolute intensity appears to decreased, which indicates
more diversified interaction. Meanwhile, as displayed in inser-
tion, amide | bands is sensitive to conformationally local or-
der and involve three contributions of C=0 stretching mode:
free, disordered hydrogen-bonded (amorphous domain) and
ordered hydrogen-bonded (crystalline domain), respectively.
A new shoulder peak of hydrogen-bonded carbonyl bands
arises at approximately 1651 cm~, which is associated with
the H-bonds interaction between PVP and PA66 in amorph-
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Fig. 3  Effect of PVP on the microstructure of PA66: (a) WAXD
spectra, (b) PVP content dependence of L/I,/ I, (calculated according
to SAXS results).
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Fig.4 FTIR spectra of PA66 and PA66-PVP blends (with an enlarged
portion of amide | and amide Il spectra).

ous domain, and with higher PVP mass fraction, the absorp-
tion at 1680 cm~'! emerges that is attributed to free C=0.
Hence, it has been verified that PVP can regulate H-bonds in-
teraction of PA66. That is, the regulation nature of PVP on
crystallization can be explored in situ by temperature-de-
pendent FTIR based on the evolution of amide | band. (The
measurements results are displayed in Fig. S3 in ESI)
Accordingly, the amide | bands are sensitive to the local ar-
rangement of C=0 groups with respect to the differences in
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the ordering of hydrogen bonds.[2932] Referring to the previ-
ous literature,32 the three components of amide | bands can
be discerned by second-derivative spectral, and the relative
contribution to amide | bands can be quantified by curves de-
convolution. Combined the published studies on poly-
amide,3932] the following restrictions should be obeyed for
the deconvolution: (1) the band shape is set as Gaussian-
Lorentz type, which shows the best approximated with the
initial curves; (2) The base line is separately adjusted from
1720 cm~" to 1590 cm™! (i.e., amide | band) to obtain more re-
liable fitting results; (3) The positions of three components are
initially affirmed by second derivative spectrum of amide |
bands at room temperature. As previous studies on polya-
mide 11 by Coleman,2 as well as polyurethane by Hsu,28!
the frequency of those fitted C=0O components is depen-
dent on temperature due to the variation of strength for H-
bonds. However, this dependence is not remarkable, and only
minor red shift happened upon each temperature interval.
Herein, we fine tune the position of fitted C=0 components
upon cooling stage based on the initial position to obtain a
better fitted result; (4) The breadth of resolved C=0 bands is
determined according to literatures, which shows little de-
pendence on temperature. Figs. 5(a) and 5(b) display the out-
come of deconvolution at selected temperatures (190 °C,
224 °C, 264 °C, 280 °C) for neat PA66 and PA66_PVP5. The out-
put fitted curves (blue pentagrams) shows good regression
compared with the origin curves (red circles) with the
r’>0.999 (r, coefficient of determination). For both cases,
there exit two components of free (pink downward triangles)
and disordered hydrogen bonded C=0O groups (green up-
ward triangles) at 280 °C, while the ordered hydrogen-bon-
ded C=0 emerges at 264 °C and increases in intensity at
lower temperature.

The absorption coefficient (¢) of amide | band is insensitive
to hydrogen bond strength.[28:321 Thus, amide | is appropriate
for quantitative analysis. The formation and dissociation of H-

° Qbserved curve « Hydrogen bonded C=0 (ordered)
+ Fitted curve Hydrogen bonded C=0 (disordered)

v Free C=0

Absorbance

1600 1720 1680 1640 1600

Wavenumber (cm’1)

1720 1680 1640
Wavenumber (cm’1)

Fig. 5 Deconvolution curves of C=0 stretching vibration band at
190, 224, 264 and 280 °C for samples: (a) PA66, (b) PA66_PVP5.

bonds, as well as the reorganization of H-bonds from dis-
ordered to ordered state, are being kinetic equilibrium.29!
Therefore, these two process upon crystallization can be ex-
pressed as Eqs. (3) and (4). Herein, we presume that it has ar-
rived the equilibrium at each temperature.

[C = O]free + [N - H]free 2 [CO"'NH]disordered (3)
[CO"'NH]disordered 2 [Co"'NH]ordered (4)

The total molar concentration of C=0 group in the system
is set as Cy, which exist equivalence relationship with N—H
group, and the fraction of each component is assigned as
Ofreer Ogisordereds ANA Oorgereqr respectively. According to the
Lambert-Beer law, the infrared absorbance of specific group is
proportional to the product of absorption coefficient, thick-
ness and molar concentration. Due to the absorption coeffi-
cient of C=O0 is insensitive to the strength of hydrogen
bonds, the equilibrium constant of the above reactions (K;
and K;) can be calculated as follows, respectively.

K. = C[Co'”NH]d'\sardered _ Odisordered (5)
' G e TGy P

[C=Olfee ™ ~[N-Hlree 0" Ofee

C[CO"'NH]ordered __Oordered (6)

2 = =
a .
C[Co...N|-|:|d.‘smdered disordered

Egs. (5) and (6) can be further expressed as Van't Hoff form:
Qdisordered _ AH1 1 AS]
=g TR TtR G (7)

free

ordered AHZ 1 ASZ
nadisordered - _T? * T (8)
where T is the absolute temperature and R is ideal gas constant
(8.314 Jmol™K™"). The AH, and AS, represent enthalpy and
entropy change for the generation of disordered H-bonds, while
the AH, and AS, represent the change of enthalpy and entropy
during the conformational transition of H-bonds from
disordered to ordered state, respectively.

As a result, Fig. 6(a) shows the plots of 1/1000RT versus
IN(AQgisordered/Aree?)- It can be discerned three linear regions in
280-190 °C for both neat PA66 and PA66_PVP5. The AH of
corresponding process can be calculated through the slope
of fitted straight lines for the Van't Hoff plots. Table 1 sum-
marizes the results of AH for the two samples, where nega-
tive value signifies a typical exothermic process.

As aforementioned, there are disordered H-bonds in sys-
tem within 280-264 °C and the increasing of H-bonds is
slowly. Thus, AH, is merely —25.5 kJ-mol~, and no significant
effect of PVP is observed; because the thermodynamic factor
dominates the generation of disordered H-bonds at high
temperature. When temperature is lower than 264 °C, there is
an apparently turning points in Van't Hoff plots and AH,
jumps to —222.8+21.0 kJ-mol-! for neat PA66, indicating a
greater tendency for the generation of H-bonds. As contrasts,
the AH, of PA66_PVP5 significantly reduced to —117.1+6.0
kJ-mol-1, that demonstrates the interaction between PVP and
PA66 hinders the generation of H-bonds. Zhou et al. studied
the crystallization behavior of PA66-PA6 blends and verified
that the generation enthalpy of hydrogen bonds is reduced
compared with neat PA66.2%! While in their opinion, the addi-
tion of second component occupied the position of origin
PA66 molecular chains, which retarded the generation of H-
bonds. In this research, there exist H-bonds interaction

https://doi.org/10.1007/510118-022-2852-8
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Table 1 the enthalpy of PA66 and PA66_PVP5 calculated from Van't Hoff plots during crystallization process.
: : N Conformational transition
samples Generation enthalpy of disordered hydrogen bonds, AH; (kJ-mol™") enthalpy, AH, (l-mol1)
280-264 °C 264-240°C 240-190°C
PAG6 -25.5 -222.8+21.0 -93.7£8.9 -527%3.0
280-264 °C 264-224°C 224-190 °C
PAG6_PVPS -33.9 -117.1+6.0 -33.6£10.1 204138

between PVP and PA66, while it is much more unstable than
that of PA66, as judged from the reduced AH,.

Furthermore, the second turning points appear at low
temperature for both the cases, and the AH, drastically de-
creases within this region. It mainly reflects that the dis-
ordered H-bonds is unstable and rearrange into ordered
state, just as illustrated in Eq. (4). The plots of In(ay,gered/Quis-
ordered)~1/T000RT is shown in Fig. 6(b) and the slope of fitted
linear regions indicates the conformational transition en-
thalpy (AH,) from disordered to ordered. While it should be
pointed out that this ordered domain represents short range
order domain rather than crystalline domain. As for the neat
PA66, Fig. 6(b) shows that the linear region starts from 240 °C
with the AH, equals —52.7+3.0 kJ-mol-'. That is, the molecu-
lar chains are more liable to reorganized as local ordered con-
formation at temperature lower than 240 °C, which suggests
the unstable of disordered H-bonds and logically lead to the
reducing of AH, to —93.7+8.9 kJ-mol-. In contrast, an obvi-
ously decrease in the turning point (224 °C) can be recog-
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and PA66_PVP5, and (b) Arrhenius plots for PA66 and PA66_PVP5.

nized for PA66_PVP5, and the AH, reduces to —33.6+10.1
kJ-mol-'. Meanwhile, the AH, reduced to —20.4+3.8 kJ-mol-".
In consequence, it demonstrates that PVP can effectively sup-
pressed the rearrangement of PA66 chain segments. Consi-
dering the interaction between PVP and PA66, it mainly re-
flect the restriction effects of PVP on the mobility of PA66 mo-
lecular chains.

Effect of PVP on Isothermal Crystallization Kinetics
The isothermal crystallization behavior is examined at several
annealing temperatures. The relative crystallinity, x;, can be
obtained by the integral of the heat flow curves according to Eq.
9):

/ ;(dH/dt)dt

) (i a——
,/? (dH/dt)dt

where dH/dt is the rate of heat evolution. Fig. 7(a) displays the
relationship between x, versus t, which illustrates the
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crystallization rate of PA66_PVP5 is significantly lower than
PA66. In order to quantitative describe the isothermal
crystallization behavior, the Avrami equation is applied here to
deal with the obtained data:1*?!

Xe = 1 - exp(-kt") (10)
where n represents the Avrami exponent that describe the
dimensionality of the nucleation and growth of crystals, and k is
the Avrami rate constant. The values of k and n can be obtained
by fitting x; and t according to Avrami equation and the results
are summarized in Table S1 (in ESI). It can be seen that the
values of n are around 2.7-3.0 for PA66 and PA66_PVP5 and
independent of the annealing temperature, suggesting the
incorporation of PVP has little effects on the dimensionality of
nucleation and growth of PA66. Meanwhile, the incorporation
of PVP lead to the reduction of k, which represents the
crystallization rate. The Lauritzen-Hoffman theory, that
establishes the relationship between the rate of crystal growth
and nucleation, is usually applied to describe the isothermal
crystallization behavior of polymers. However, the crystal grow
rate is hard to obtained through POM due to the spherulite is
fragmented and irregular-shaped for PA66. Thus, the Arrhenius
equation is applied here by assuming that the crystallization
process is thermal activated.*>*®¥ Apparent activation energy
(AE), which reflects the ability of segments to transport to the
surface of lamella, can be calculated according to Eq. (11):

1 (k) = Inky - — (1)

where k; is temperature dependent pre-exponential factor, T is
the isothermal temperature and R is gas constant (8.314
J-mol"K™"). The plots of (1/n)Ink versus (1/RT,) are displayed in
Fig. 7(b) and the value of AE can be obtained by fitting the
curves. The results are also listed in Table S1 (in ESI). The AE of
PA66_PVP5 is 426.3 kJ-mol~', which is significantly higher than
PA66 (376.0 kJ-mol™"). Therefore, it confirms that PVP can hinder
the transport of PA66 chain segments towards the growing
surface of lamella due to the H-bonds interaction with PA66.

Evolution of Microstructure under External Injection
Field

2D-WAXD technique can provide microstructure information of
the sample under injection flow field. As previous literature
reported, the thermoplastic melt experience fountain flow
during mold-filling process,” which shows mushroom-shaped
tracer line at the front of flow.2%2"! Thus, the injection part is
characterized by multi-layered microstructure across the
direction perpendicular to MD. Mavridis et al. proposed the
evolution mechanism of fountain flow at the section of injection
runner by numerical simulation method.”"? When fluid element
is near to flow front, it decelerates and stretches in the direction
vertical to FD, whereas as it reaches the wall in a curved path,
the fluid element deforms and orients along FD. Thus, the
lamella orientation is supposed to depend on the distance away
from centerline.

The evolution of multilayered microstructure has been well
established in several polymer system, i.e., polyolefin{2251.52]
and polyamide.l>4 Herein, we focus on the effect of PVP on
the microstructure under injection flow field. Fig. 8 displays
the evolution of diffraction pattern from gate to end for both
skin and core layer. The typical diffraction patterns of a-phase

Skin

Core

Skin

Core

Fig. 8 2D-WAXD patterns of the injection rectangular spline of (a)
PA66 and (b) PA66_PVP5. The skin and core layer microstructure were
characterized respectively and samples at different locations were cut
according to Fig. 1.

crystal with diffraction arcs of (100), and (010),/(110), planes
shows clearly intensity inhomogeneity along the azimuthal.
As shown in Fig. 8(a), the diffraction pattern of (100), plane
displays arc-shaped reflection maximum about the meridian
in core layer. It demonstrates that the c-axis of unit cell ori-
ented perpendicular to flow field. The diffraction rings be-
come nearly isotropous near the end position. The reduction
of orientation is reasonable considering the relaxation beha-
vior of orientated chain segments. The azimuthal intensity
scans of (100), planes and (010),/(110), are shown in Figs. S4
and S5 (in ESI), respectively. The diffraction intensity of (100),
increases obviously around meridian at the positions near
gate. The peak intensity of (010),/(110), plane shows a 20°
offset away from the equator, which is derived from the dis-
orientation or more prominently, twisting lamellae of a-
phase. At the end position, the orientation behavior is
weakened with homogeneous intensity along the azimuth,
which indicates random orientation after relaxation process.
However, the skin layer displays a distinct different diffraction
pattern, as shown in Fig. 8(a). There is a strong diffraction arc
for (100), plane around the equator, which is identified by azi-
muthal intensity distribution. It can be deducted that the c-
axis of unit cell oriented along the flow field under the shear
effect of mold wall at skin layer, and it is in accordance with
the predicts of fountain flow mode. Meanwhile, there is an arc
emerged around meridian of (010),/(110), plane, and it is fur-
ther identified by the azimuthal integral curves in Fig. S5 (in
ESI). The diffraction intensity decays slightly from meridian to
equator, representing the twisting of lamella at skin layer.

The regulation effect of PVP on microstructure is con-
firmed by 2D-WAXD. As shown in Fig. 8(b), the diffraction pat-
tern is approximately isotropic for (100), and (010),/(110),
plane at core layer, which indicates isotropous microstruc-
ture. It indicates that PVP impedes the orientation behavior
under external flow field. At skin layer, a (100), diffraction arc
emerges around equator, representing slightly degree of ori-
entation occurred under the shear effect of the wall. In order
to quantify the orientation degree, we calculated the Herman’
s orientation factor (fy) of (100), plane according to Eq. (1). I
the lamellae are random distribution, the f, yields zero, and if
the normal direction of lamellae completely vertical to the
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Fig.9 Herman'’s orientation factors (f,) of (a) core and (b) skin layer which were separated from PA66 and PA66_PVP5, respectively.

flow direction, i.e., the molecular chains orient along the flow
direction, f;=—0.5. However, if parallel to the flow direction,
i.e., the molecular chains orient opposite to the flow direction,
f=1.

As shown in Fig. 9, the f, yields positive value at core layer,
and first increase with the evolution of fountain flow at the
initial stage after entering the runner, whereafter, f; experi-
ences stepwise decrease as the relaxation of oriented chain
segments. At skin layer, the negative f, represent the parallel
alignment of chain segments along the flow direction. The f
value undergoes V-shape tendency just as core layer. Notably,
PVP causes the overall reduction of f,; compared with neat
PA66, in especial the £ is near zero at core layer.

Herein, the viscoelasticity is combined to explain the effect
of PVP on microstructure under injection flow field. As shown
in Fig. 10, the storage modulus (G'), loss modulus (G") and
complex viscosity (n*) of PA66_PVP5 obviously decrease com-
pared with neat PA66, which indicates improved mobility of
chain segments and accelerated relaxation process. As dis-
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Fig. 10  storage modulus (G'), loss modulus (G") and complex

viscosity (n") versus angular frequency of PA66 and PA66_PVP5.
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cussed above, the H-bonds in the molten state of PA66 is dis-
turbed due to the interaction between PA66 and PVP, thus
PVP can act as plasticizer for PA66 and promotes the fluidity
of PAG6.

Therefore, the regulation nature of PVP on crystallization
behavior of PA66 is depicted by Scheme 1. In the melt state,
the exist of PVP occupies the position of PA66, and forms H-
bond with amino group of PA66. This interaction restricts the
overall formation of H-bonds between PA66, which decrease
the G'/G"/n* of the system. Upon the cooling process, the
formation of disordered H-bonds of PA66 is retarded due to
the existed interaction with PVP. Moreover, the transition of
H-bonds from disordered to ordered state by the rearrange-
ment of chain segments is impeded, which hence lead to the
decrease of T.. Notably, the exist of PVP has no effect on the
lamellae structure, while I, thicken obviously. Thus, it indic-
ates that PVP is expelled out of the lamellae during crystalliza-
tion, and mainly exits in amorphous domain.

Effects of Poly(vinyl pyrrolidone) on Mechanical
Properties of Polyamide 6,6
We further examined the effect of PVP on mechanical properties
as the variation of microstructure. The specimens were cut from
the injection-molded rectangular plates along two directions, as
shown in Fig. 1(b).

The tensile measurements are carried out for PA66 and
PA66_PVP5, and the mechanical properties of specimens that
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Fig. 11 Tensile modulus of specimens that were cut along (a)
perpendicular direction; (b) Parallel direction to FD for samples PA66
and PA66_PVP5 at different flow field position.

are parallel and perpendicular to the flow direction are ana-
lyzed respectively. Fig. 11 compares the tensile modulus of
the PA66 and PA66_PVP5 samples at different flow field posi-
tion. As shown in Figs. 11(a) and 11(b), the evolution of micro-
structure from gate to end position has hardly effects on the
mechanical properties for both cases. Notably, the incorpora-
tion of PVP, which effectively regulate the crystallization be-
havior, exhibits limited influence on the tensile properties of
the PA66, especially for the specimens that cut perpendicular
to flow direction.

Hence, PVP offers a resultful way to improve the processi-
bility of PA66 by regulate the interchain interaction without
sacrificing the mechanical properties of the materials.

CONCLUSIONS

In the present work, the regulation effects of PVP on the
crystallization behavior and microstructure of PA66 under the
external field have been systematically investigated. The
crystallization behavior is investigated via temperature
dependent FTIR and the crystallization process can be
separated into two stages: the formation of disordered H-
bonds and the transition of H-bonds from disordered to
ordered state. The enthalpy of crystallization process has
been calculated according to Van't Hoff plots, and it is
revealed that PVP decrease the AH for both the two stages. It
illustrates that the interaction between PA66 and PVP can
suppress the formation of H-bonds and impede the
rearrangement of chain segments. Therefore, the crystallization
behavior is retarded and shows linear dependence on the
concentration of PVP. However, the efficiency decreases when
PVP exceed 8 wt% due to the phase separation between the
two components. As for the microstructure under injection flow
field, the skin and core layer show quite the opposite orientation
behavior due to the fountain flow pattern, while the evolution
of f,; along the flow direction can be attributed to the relaxation
process. With the incorporation of PVP, the relaxation is
promoted with an enhanced fluidity of the melt. Thus, it turns
out that the £, at both skin and core layer decreased compared
with neat PA66. Notably, the mechanical properties are basically
unchanged.

Above all, this study probes the regulation mechanism of
PVP on the crystallization behavior of PA66 when subject to
external field, and the crystallization temperature and micro-
structure can be finely designed by adjusting the interchain
interaction. It offers a new insight into the correspondence
between interchain interaction and microstructure under ex-
ternal flow field.

NOTES

The authors declare no competing financial interest.

6 Electronic Supplementary Information

Electronic supplementary information (ESI) is available free of
charge in the online version of this article at http://doi.org/
10.1007/s10118-022-2852-8.

https://doi.org/10.1007/510118-022-2852-8


https://doi.org/10.1007/s10118-022-2852-8
https://doi.org/10.1007/s10118-022-2852-8
https://doi.org/10.1007/s10118-022-2852-8
https://doi.org/10.1007/s10118-022-2852-8
https://doi.org/10.1007/s10118-022-2852-8

Liu, Y. etal./ Chinese J. Polym. Sci. 2023, 41, 394-404 403

ACKNOWLEDGMENTS

This work was financially supported by the materials project
(No.104).

REFERENCES

1

10

11

12

13

14

15

16

Sang, Z. H,; Xie, X. L; Zhou, S. Y,; Li, Y,; Yan, Z,; Xu, L; Zhong, G. J,;
Li, Z. M. Gradient structure of crystalline morphology in injection-
molded polylactide parts tuned by oscillation shear flow and its
influence on thermomechanical performance. Ind. Eng. Chem.
Res. 2017, 56, 6295—-6306.

Zhao, Z; Zhou, S, Hrymak, A. N; Kamal, M. R; Ai, T.
Microstructure and orientation evolution of microinjection
molded B-nucleated isotactic polypropylene/poly(ethylene
terephthalate) blends. Polym. Eng. Sci. 2020, 61, 971-982.

Yang, L.; Su, J,; Yang, Q.; Zhang, T.; Zhao, Z; Huang, Y.; Liao, X.
Effective in situ polyamide 6 microfibrils in isotactic
polypropylene under microinjection molding: significant
improvement of mechanical performance. J. Mater. Sci. 2016, 51,
10386—-10399.

Gao, Y,; Dong, X; Wang, L, Liu, G; Liu, X; Tuinea-Bobe, C,;
Whiteside, B.; Coates, P, Wang, D.; Han, C. C. Flow-induced
crystallization of long chain aliphatic polyamides under a
complex flow field: inverted anisotropic structure and formation
mechanism. Polymer 2015, 73,91-101.

Peterlin, A. Drawing and extrusion of semi-crystalline polymers.
Colloid. Polym. Sci. 1987, 265, 357—-382.

Schafer, C.; Meyer, S. P,; Osswald, T. A. A novel extrusion process
for the production of polymer micropellets. Polym. Eng. Sci. 2018,
58,2264-2275.

Huang, Z; Luo, P; Tong, J; Su, F. Velocity distribution of
extensional flow fields in an eccentric cylinder of an extensional
extruder. J. Macromol. Sci. B. 2018, 57, 732—745.

Yan, J. J; Xiao, C. F; Wang, C; Fu, H; An, S. L; Jiang, Y. M.
Crystalline structure changes of poly(vinylidene fluoride) fibers
during stretching process. Acta Polymerica Sinica (in Chinese)
2019, 50, 752-760.

Schultz, J. M;; Hsiao, B. S.; Samon, J. M. Structural development
during the early stages of polymer melt spinning by in-situ
synchrotron X-ray techniques. Polymer 2000, 41, 8887—-8895.
Zhang, Q. Li, L; Su, F; Ji, Y,; Ali, S;; Zhao, H.; Meng, L Li, L. From
molecular entanglement network to crystal-cross-linked network
and crystal scaffold during film blowing of polyethylene: an in
situ synchrotron radiation small- and wide-angle X-ray scattering
study. Macromolecules 2018, 51, 4350-4362.

Zhang, R; Ji, Y. X;; Zhang, Q. L,; Ju, J. Z; Sarmad, A, Li, L. F.; Zhao,
H. Y.; Li, L. B. A universal blown film apparatus for in situ X-ray
measurements. Chinese J. Polym. Sci. 2017, 35, 1508—1516.

Wang, K; Chen, F.; Li, Z; Fu, Q. Control of the hierarchical
structure of polymer articles via “structuring” processing. Prog.
Polym. Sci. 2014, 39, 891-920.

Su, R; Su, J,; Wang, K; Yang, C,; Zhang, Q.; Fu, Q. Shear-induced
change of phase morphology and tensile property in injection-
molded bars of high-density polyethylene/polyoxymethylene
blends. Eur. Polym. J. 2009, 45, 747—-756.

Ren, J. Y, Yang, S. G; Li, Y, Lei, J.; Huang, H. D; Pan, M,; Lin, H.;
Zhong, G. J.; Li, Z. M. Coupling effect of pressure and flow fields
on the crystallization of poly(vinylidene fluoride)/poly(methyl
methacrylate) miscible blends. Polymer 2021, 220, 123565.
Pantani, R,; Coccorullo, |; Speranza, V.; Titomanlio, G. Morphology
evolution during injection molding: effect of packing pressure.
Polymer 2007, 48, 2778-2790.

Wang, B,; Wan, T.; Zeng, W.; Zhou, X,; Zhang, X. Crystallization
and morphology of polyamide 1010/single-walled carbon

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

nanotube nanocomposites under elevated pressure. Polym. Int.
2012,67, 1462—-1469.

Wang, L. L; Zhu, P; Dong, X, Wang, D. J. Strain-induced
crystallization of long chain polyamide and its copolymers. Acta
Polymerica Sinica (in Chinese) 2020, 57, 1-11.

Na, B.; Zhang, Q.; Wang, K Li, L; Fu, Q. Origin of various lamellar
orientations in high-density polyethylene/isotactic
polypropylene blends achieved via dynamic packing injection
molding: bulk crystallization vs. epitaxy. Polymer 2005, 46,
819-825.

Liao, T.; Zhao, X,; Yang, X.; Coates, P.; Whiteside, B.; Barker, D.;
Thompson, G.; Lai, Y.; Jiang, Z.; Men, Y. In situ synchrotron small
angle X-ray scattering investigation of structural formation of
polyethylene upon micro-injection molding. Polymer 2021, 215,
123390.

Coyle, D. J.; J. W. Blake, C. W. M. The kinematics of fountain flow
in mold-filling. AIChE J. 1987, 33,1168-1177.

Mavridis, H.; Hrymak, A. N.; Vlachopoulos, J. The effect of fountain
flow on molecular orientation in injection molding. J. Rheol.
1988, 32, 639-663.

Schrauwen, B. A. G,; Breemen, L. C. A. V,; Spoelstra, A. B,; Govaert,
L. E; Peters, G. W. M.; Meijer, H. E. H. Structure, deformation, and
failure of flow-oriented semicrystalline polymers. Macromolecules
2004, 37,8618-8633.

Stribeck, N.; Schneider, K.; Zeinolebadi, A.; Li, X; Sanporean, C. G
Vuluga, Z,; lancy, S.; Duldner, M,; Santoro, G.; Roth, S. V. Studying
nanostructure gradients in injection-molded polypropylene/
montmorillonite composites by microbeam small-angle X-ray
scattering. Sci. Technol. Adv. Mater. 2014, 15, 015004.

Yang, H. R; Lei, J,; Li, L,; Fu, Q.; Li, Z. M. Formation of interlinked
shish-kebabs in injection-molded polyethylene under the
coexistence of lightly cross-linked chain network and oscillation
shear flow. Macromolecules 2012, 45, 6600—6610.

Liu, X. R; Wang, Y.; Liu, L. Y,; Dong, X,; Wang, D. J. Time and
temperature dependence of the structural evolution for
polyamide 1012. Chinese J. Polym. Sci. 2020, 38, 993—-998.

Dong, S. Y,; Zhu, P, Liu, J. G; Wang, D. J; Dong, X. Thermal
treatment effects on the microstructure and tensile properties of
transparent polyamides. Acta Polymerica Sinica (in Chinese) 2019,
50, 189-198.

Lai, Y,; Wang, Y.; Wang, L. L,; Li, X.; Zhao, J. B,; Dong, X.; Wang, D. J.
Optical inversion characteristics of PA56 spherulites. Acta
Polymerica Sinica (in Chinese) 2020, 51, 1267—-1274.

Heintz, A. M.; McKiernan, R. L.; Gido, S. P.; Penelle, J.; Hsu, S. L.
Crystallization behavior of strongly interacting chains.
Macromolecules 2002, 35,3117-3125.

Ma, Y.; Zhou, T, Su, G, Li, Y,; Zhang, A. Understanding the
crystallization behavior of polyamide 6/polyamide 66 alloys from
the perspective of hydrogen bonds: projection moving-window
2D correlation FTIR spectroscopy and the enthalpy. RSC Adv.
2016, 6, 87405-87415.

Liu, X; Wang, Y.; Wang, Z; Cavallo, D.; Mdller, A. J.; Zhu, P.; Zhao,
Y.; Dong, X.; Wang, D. The origin of memory effects in the
crystallization of polyamides: role of hydrogen bonding. Polymer
2020, 7188, 122117.

Jape, S. P.,; Deshpande, V. D. Nonisothermal crystallization
kinetics of nylon 66/LCP blends. Thermochim Acta 2017, 655,
1-12.

Skrovanek, D. J,; Painter, P. C.; Coleman, M. M. Hydrogen bonding
in polymers. 2. Infrared temperature studies of nylon 11.
Macromolecules 1986, 19, 699—705.

Skrovanek, D. J.; Howe, S. E.; Painter, P. C,; Coleman, M. M.
Hydrogen bonding in polymers: infrared temperature studies of
an amorphous polyamide. Macromolecules 1985, 18, 1676—1683.
Roberts, M. F.; Jenekhe, S. A. Site-specific reversible scission of

https://doi.org/10.1007/510118-022-2852-8


http://dx.doi.org/10.1021/acs.iecr.7b00930
http://dx.doi.org/10.1021/acs.iecr.7b00930
http://dx.doi.org/10.1007/s10853-016-0259-z
http://dx.doi.org/10.1016/j.polymer.2015.07.029
http://dx.doi.org/10.1007/BF01412215
http://dx.doi.org/10.1002/pen.24847
http://dx.doi.org/10.1080/00222348.2018.1527517
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18261
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18261
http://dx.doi.org/10.1016/S0032-3861(00)00232-9
http://dx.doi.org/10.1021/acs.macromol.8b00346
http://dx.doi.org/10.1007/s10118-017-2000-z
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.012
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.012
http://dx.doi.org/10.1016/j.eurpolymj.2008.12.009
http://dx.doi.org/10.1016/j.polymer.2007.03.007
http://dx.doi.org/10.1002/pi.4236
http://dx.doi.org/10.11777/j.issn1000-3304.2020.19165
http://dx.doi.org/10.11777/j.issn1000-3304.2020.19165
http://dx.doi.org/10.11777/j.issn1000-3304.2020.19165
http://dx.doi.org/10.1016/j.polymer.2004.11.110
http://dx.doi.org/10.1016/j.polymer.2021.123390
http://dx.doi.org/10.1002/aic.690330711
http://dx.doi.org/10.1122/1.549984
http://dx.doi.org/10.1021/ma048884k
http://dx.doi.org/10.1088/1468-6996/15/1/015004
http://dx.doi.org/10.1021/ma300974w
http://dx.doi.org/10.1007/s10118-020-2434-6
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18198
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18198
http://dx.doi.org/10.11777/j.issn1000-3304.2020.20057
http://dx.doi.org/10.11777/j.issn1000-3304.2020.20057
http://dx.doi.org/10.11777/j.issn1000-3304.2020.20057
http://dx.doi.org/10.1021/ma011794k
http://dx.doi.org/10.1039/C6RA09611E
http://dx.doi.org/10.1016/j.polymer.2019.122117
http://dx.doi.org/10.1016/j.tca.2017.06.007
http://dx.doi.org/10.1021/ma00157a037
http://dx.doi.org/10.1021/ma00151a006
http://dx.doi.org/10.1021/acs.iecr.7b00930
http://dx.doi.org/10.1021/acs.iecr.7b00930
http://dx.doi.org/10.1007/s10853-016-0259-z
http://dx.doi.org/10.1016/j.polymer.2015.07.029
http://dx.doi.org/10.1007/BF01412215
http://dx.doi.org/10.1002/pen.24847
http://dx.doi.org/10.1080/00222348.2018.1527517
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18261
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18261
http://dx.doi.org/10.1016/S0032-3861(00)00232-9
http://dx.doi.org/10.1021/acs.macromol.8b00346
http://dx.doi.org/10.1007/s10118-017-2000-z
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.012
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.012
http://dx.doi.org/10.1016/j.eurpolymj.2008.12.009
http://dx.doi.org/10.1016/j.polymer.2007.03.007
http://dx.doi.org/10.1002/pi.4236
http://dx.doi.org/10.11777/j.issn1000-3304.2020.19165
http://dx.doi.org/10.11777/j.issn1000-3304.2020.19165
http://dx.doi.org/10.11777/j.issn1000-3304.2020.19165
http://dx.doi.org/10.1016/j.polymer.2004.11.110
http://dx.doi.org/10.1016/j.polymer.2021.123390
http://dx.doi.org/10.1002/aic.690330711
http://dx.doi.org/10.1122/1.549984
http://dx.doi.org/10.1021/ma048884k
http://dx.doi.org/10.1088/1468-6996/15/1/015004
http://dx.doi.org/10.1021/ma300974w
http://dx.doi.org/10.1007/s10118-020-2434-6
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18198
http://dx.doi.org/10.11777/j.issn1000-3304.2018.18198
http://dx.doi.org/10.11777/j.issn1000-3304.2020.20057
http://dx.doi.org/10.11777/j.issn1000-3304.2020.20057
http://dx.doi.org/10.11777/j.issn1000-3304.2020.20057
http://dx.doi.org/10.1021/ma011794k
http://dx.doi.org/10.1039/C6RA09611E
http://dx.doi.org/10.1016/j.polymer.2019.122117
http://dx.doi.org/10.1016/j.tca.2017.06.007
http://dx.doi.org/10.1021/ma00157a037
http://dx.doi.org/10.1021/ma00151a006
https://doi.org/10.1007/s10118-022-2852-8

404

35

36

37

38

39

40

41

42

Liu, Y. et al./ Chinese J. Polym. Sci. 2023, 41, 394-404

hydrogen-bonds in polymers—an investigation of polyamides
and their lewis acid-base complexes by infrared-spectroscopy.
Macromolecules 1991, 24, 3142-3146.

Vasanthan, N.; Kotek, R.; Jung, D. W.; Shin, D.; Tonelli, A. E.; Salem,
D. R. Lewis acid-base complexation of polyamide 66 to control
hydrogen bonding, extensibility and crystallinity. Polymer 2004,
45,4077-4085.

Wu, Y. J; Xu, Y. Z; Wang, D. J.; Zhao, Y.; Weng, S. F.; Xu, D. F,; Wu,
J. G. FT-IR spectroscopic investigation on the interaction
between nylon 66 and lithium salts. J. Appl. Polym. Sci. 2004, 91,
2869-2875.

Thyagarajan, G.; Janarthanan, V. Fourier-transform infrared and
thermal-analysis  studies of polyvinyl-alcohol)  polyvinyl
pyrrolidone) blends. Polymer 1989, 30, 1797-1799.

Hao, C.; Zhao, Y.; Wang, D.; Lai, G. Study on the thermal behaviors
and the morphology in PVP and nylon 6 blends. J. Appl. Polym.
Sci. 2012, 123,375-381.

Jr, R. L. C; Craven, M. D.; Kander, R. G. Nylon 66/poly (vinyl
pyrrolidone) reinforced composites: 2. Bulk mechanical
properties and moisture effects. Compos. Part A-Appl. S 1999, 30,
37-48.

Clark, J. R. L; Kander, R. G Sauer, B. B. Nylon 66/poly(vinyl
pyrrolidone) reinforced composites: 1. Interphase microstructure
and evaluation of fiber-matrix adhesion. Compos. Part A-Appl. S
1999, 30, 27-36.

Moskala, E. J; Varnell, D. F.; Coleman, M. M. Concerning the
miscibility of polyvinyl phenol) blends—FTIR study. Polymer
1985, 26, 228—-234.

Hermans, J. J; Hermans, P. H,; Vermaas, D. Weidinger, A.
Quantitative evaluation of orientation in cellulose fibres from the
X-ray fibre diagram. Recueil Des Travaux Chimiques Des Pays-Bas-
Journal of the Royal Netherlands Chemical Society. 1946, 65,

43

44

45

46

47

48

49

50

51

52

427-447.

Bell, J. P.; Slade, P. E; Dumbleton, J. H. Multiple melting in nylon
66. J. Polym. Sci., Part A: Polym. Chem. 1968, 6, 1773—-1774.

Sweet, G. E.; Bell, J. P. Multiple endotherm melting behavior in
relation to polymer morphology. J. Polym. Sci., Part B: Polym. Phys.
1972, 10,1273-1274.

Lin, W. P.; Gowayed, Y. Effects of acid dyes on crystallization and
mechanical properties of melt-reprocessed nylon 66. J. Appl.
Polym. Sci. 1999, 74, 2386—2396.

Strobl, G. R.; Schneider, M. Direct evaluation of the electron-
density correlation-function of partially crystalline polymers. J.
Polym. Sci., Part B: Polym. Phys. 1980, 18, 1343—1359.

Goderis, B.; Reynaers, H.,; Koch, M. H. J.; Mathot, V. B. F. Use of
SAXS and linear correlation functions for the determination of
the crystallinity and morphology of semi-crystalline polymers.
Application to linear polyethylene. J. Polym. Sci., Part B: Polym.
Phys. 1999, 37,1715-1738.

Avrami, M. Kinetics of Phase Change. | General Theory. J. Chem.
Phys. 1939, 7, 1103-1112.

Wu, D.; Cheng, Y. Feng, S.; Yao, Z; Zhang, M. Crystallization
behavior of polylactide/graphene composites. Ind. Eng. Chem.
Res. 2013, 52,6731-6739.

Coburn, N. D. P; Kaya, D, Gupta, J. Isothermal and non-
isothermal  crystallization  kinetics of composites  of
poly(propylene) and MWCNTSs. Adv. Ind. Eng. Polym. Res. 2018, 1,
99-110.

Ying, J; Xie, X;; Peng, S.; Zhou, H.; Li, D. Morphology and rheology
of PP/POE blends in high shear stress field. J. Thermoplast
Compos. 2018, 31, 1263—-1280.

Fitchmun, D. R; Mencik, Z. Morphology of injection-molded
polypropylene. J. Polym. Sci, Part B: Polym. Phys. 1973, 11,
951-971.

https://doi.org/10.1007/510118-022-2852-8


http://dx.doi.org/10.1021/ma00011a017
http://dx.doi.org/10.1016/j.polymer.2004.03.074
http://dx.doi.org/10.1002/app.13495
http://dx.doi.org/10.1016/0032-3861(89)90348-0
http://dx.doi.org/10.1002/app.34491
http://dx.doi.org/10.1002/app.34491
http://dx.doi.org/10.1016/S1359-835X(98)00083-9
http://dx.doi.org/10.1016/S1359-835X(98)00082-7
http://dx.doi.org/10.1016/0032-3861(85)90034-5
http://dx.doi.org/10.1002/recl.19460650605
http://dx.doi.org/10.1002/recl.19460650605
http://dx.doi.org/10.1002/pol.1968.160061007
http://dx.doi.org/10.1002/pol.1972.160100707
http://dx.doi.org/10.1002/(SICI)1097-4628(19991205)74:10&lt;2386::AID-APP6&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-4628(19991205)74:10&lt;2386::AID-APP6&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/pol.1980.180180614
http://dx.doi.org/10.1002/pol.1980.180180614
http://dx.doi.org/10.1002/(SICI)1099-0488(19990715)37:14&lt;1715::AID-POLB15&gt;3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1099-0488(19990715)37:14&lt;1715::AID-POLB15&gt;3.0.CO;2-F
http://dx.doi.org/10.1063/1.1750380
http://dx.doi.org/10.1063/1.1750380
http://dx.doi.org/10.1021/ie4004199
http://dx.doi.org/10.1021/ie4004199
http://dx.doi.org/10.1016/j.aiepr.2018.06.001
http://dx.doi.org/10.1177/0892705717734908
http://dx.doi.org/10.1177/0892705717734908
http://dx.doi.org/10.1002/pol.1973.180110512
http://dx.doi.org/10.1021/ma00011a017
http://dx.doi.org/10.1016/j.polymer.2004.03.074
http://dx.doi.org/10.1002/app.13495
http://dx.doi.org/10.1016/0032-3861(89)90348-0
http://dx.doi.org/10.1002/app.34491
http://dx.doi.org/10.1002/app.34491
http://dx.doi.org/10.1016/S1359-835X(98)00083-9
http://dx.doi.org/10.1016/S1359-835X(98)00082-7
http://dx.doi.org/10.1016/0032-3861(85)90034-5
http://dx.doi.org/10.1002/recl.19460650605
http://dx.doi.org/10.1002/recl.19460650605
http://dx.doi.org/10.1002/pol.1968.160061007
http://dx.doi.org/10.1002/pol.1972.160100707
http://dx.doi.org/10.1002/(SICI)1097-4628(19991205)74:10&lt;2386::AID-APP6&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-4628(19991205)74:10&lt;2386::AID-APP6&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/pol.1980.180180614
http://dx.doi.org/10.1002/pol.1980.180180614
http://dx.doi.org/10.1002/(SICI)1099-0488(19990715)37:14&lt;1715::AID-POLB15&gt;3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1099-0488(19990715)37:14&lt;1715::AID-POLB15&gt;3.0.CO;2-F
http://dx.doi.org/10.1063/1.1750380
http://dx.doi.org/10.1063/1.1750380
http://dx.doi.org/10.1021/ie4004199
http://dx.doi.org/10.1021/ie4004199
http://dx.doi.org/10.1016/j.aiepr.2018.06.001
http://dx.doi.org/10.1177/0892705717734908
http://dx.doi.org/10.1177/0892705717734908
http://dx.doi.org/10.1002/pol.1973.180110512
http://dx.doi.org/10.1021/ma00011a017
http://dx.doi.org/10.1016/j.polymer.2004.03.074
http://dx.doi.org/10.1002/app.13495
http://dx.doi.org/10.1016/0032-3861(89)90348-0
http://dx.doi.org/10.1002/app.34491
http://dx.doi.org/10.1002/app.34491
http://dx.doi.org/10.1016/S1359-835X(98)00083-9
http://dx.doi.org/10.1016/S1359-835X(98)00082-7
http://dx.doi.org/10.1016/0032-3861(85)90034-5
http://dx.doi.org/10.1002/recl.19460650605
http://dx.doi.org/10.1002/recl.19460650605
http://dx.doi.org/10.1002/pol.1968.160061007
http://dx.doi.org/10.1002/pol.1972.160100707
http://dx.doi.org/10.1002/(SICI)1097-4628(19991205)74:10&lt;2386::AID-APP6&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-4628(19991205)74:10&lt;2386::AID-APP6&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/pol.1980.180180614
http://dx.doi.org/10.1002/pol.1980.180180614
http://dx.doi.org/10.1002/(SICI)1099-0488(19990715)37:14&lt;1715::AID-POLB15&gt;3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1099-0488(19990715)37:14&lt;1715::AID-POLB15&gt;3.0.CO;2-F
http://dx.doi.org/10.1063/1.1750380
http://dx.doi.org/10.1063/1.1750380
http://dx.doi.org/10.1021/ie4004199
http://dx.doi.org/10.1021/ie4004199
http://dx.doi.org/10.1016/j.aiepr.2018.06.001
http://dx.doi.org/10.1177/0892705717734908
http://dx.doi.org/10.1177/0892705717734908
http://dx.doi.org/10.1002/pol.1973.180110512
https://doi.org/10.1007/s10118-022-2852-8

	INTRODUCTION
	EXPERIMENTAL
	Materials and Samples Preparation
	Differential Scanning Calorimetry (DSC)
	Temperature-Dependent FTIR Measurements
	X-ray Measurements
	Small Amplitude Oscillating Shear Measurements
	Mechanical Performance

	RESULTS AND DISCUSSION
	Regulating Mechanism of PVP on Hydrogen Bonds Organization under Thermal Field
	Effect of PVP on Isothermal Crystallization Kinetics
	Evolution of Microstructure under External Injection Field
	Effects of Poly(vinyl pyrrolidone) on Mechanical Properties of Polyamide 6,6

	CONCLUSIONS
	References

