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Alessandria, Italy In this work, the relationships between the processing parameters and the

“INSTM Local Unit, Florence, Italy microstructure in melt-compounded polyamide 6 (PA6) are investigated. To
this aim, two PA6 having different viscosities are processed in a twin-screw
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mechanical field along the screw is simulated using Ludovic® software, and

ture are exploited to disclose interesting processing/microstructure relation-
ships. In particular, the antagonistic role of the flow-induced crystallization
(FIC) and memory effect in governing the final microstructure is assessed. Spe-
cifically, for high screw speed and viscosity, FIC outweighs the memory effect
due to the higher shear rate and temperature experienced by the material dur-
ing processing. Besides, the dominant influence of FIC over the memory effect
is found to be responsible for the higher overall crystallinity and a/y content
observed for the materials processed at 300 rpm. Finally, the same analyses are
performed on blends containing different relative contents of the two PAG6,
demonstrating the interdependency of the screw speed and viscosity effects on
the resulting microstructure.
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« Processing parameters/microstructurerelationships for PA6 are investi-
gated.

« PAG6 with different viscosities wasmelt compounded using two screw speeds.

« Shear rate, temperature and residencetime during the processing were
simulated.

« Screw speed and viscosity affectflow-induced crystallization and memory
effect.

« High screw speed and viscositypromoted FIC over the memory effect.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2025 The Author(s). Polymer Engineering & Science published by Wiley Periodicals LLC on behalf of Society of Plastics Engineers.

Polym Eng Sci. 2025;65:2525-2538. wileyonlinelibrary.com/journal/pen 2525


https://orcid.org/0000-0002-3699-7370
https://orcid.org/0000-0002-0291-2519
mailto:rossella.arrigo@polito.it
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/pen
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpen.27165&domain=pdf&date_stamp=2025-03-03

POLYMER

ﬂl—\’\/l LEY_§& rnes ENGINEERING

CRAVERO ET AL.

PROFESSIONALS AND SCIENCE

KEYWORDS

flow-induced crystallization, melt compounding, memory effect, PA6, processing parameters

1 | INTRODUCTION

Aliphatic polyamides (PAs) are well known for the
thermo-mechanical properties determining their impor-
tance as engineering polymers exploited in sports, auto-
motive, aerospace applications, and health tech.'®
However, even if they are largely exploited and studied,
some issues are not yet clear and require more investiga-
tion; specifically, the relationships between the proces-
sing conditions and the resulting microstructure are not
completely understood.

In fact, the microstructure of polyamide-based sys-
tems is the result of different complex phenomena con-
currently occurring during their solidification and
crystallization from the molten state, which are influ-
enced by the thermo-mechanical field undergone by the
material during the melt processing."” For instance, the
presence of the H-bonding between the macromolecules
is responsible for the so-called memory effect.””® This
phenomenon is the partial retention of the chains'
organization in the molten state owing to the presence
of intermolecular H-bonding between the amide
groups.>®'°'* In fact, despite this kind of interaction
weakening as the temperature increases, it was observed
that in the molten state the H-bonding is in a dynamic
temperature-dependent equilibrium. Specifically, they
are statistically bonded and broken at any moment with
the achievement of a constant average number of free
NH groups, while certain conditions are needed to
completely remove the bonding.>®'>'® Besides, it is
important to point out that, since the memory effect is
strongly related to the presence of the intermolecular
H-bonding, the presence of entanglement was also
assessed to play an important role in favoring it."”

A further phenomenon related to the presence of
H-bonding in molten PAs is the shear-induced or flow-
induced crystallization (FIC).>”'®' FIC is a multi-order
coupling process in which the flow of the molten polymer
determines the evolution of the microstructure. In partic-
ular, the final morphology results from the competition
between the chain relaxation and the crystallization
kinetic, possibly resulting also in the formation of hierar-
chical crystalline structures. This phenomenon is a none-
quilibrium thermodynamic phase transition depending
on the intrachain conformation, the interchain orienta-
tion, and the density fluctuations in the melt.'*"*' In fact,
in order to understand the evolution of the system, differ-
ent theories (such as “flow-induced coil-helix transition”

theory,** “conformation-density coupling for phase sepa-

ration” theory,” “isotropic-nematic transition” the-
ory*** and the “entropic reduction-energy change”
model®®) tried to couple two of the aforementioned phe-
nomena. However, none of them is exhaustive in model-
ing the final microstructure due to lack in describing the
thermodynamic determining the intermediate morphol-
ogies of the macromolecules induced by the flow."” On
the other hand, the role of the H-bonding in FIC was
highlighted as promoting the retention of the improved
ordered structure reached owing to the application of the
shear rate.” From a general point of view, it has been
observed that, for polymers experiencing FIC and mem-
ory effect, the final microstructure is determined by the
interplay of the two phenomena. In particular, it has
been shown that the flow affects the size distribution of
the ordered clusters in the molten state retained owing to
the H-bonding.*’*°

Therefore, considering the above-described impact of
the temperature on the H-bonding strength and its role
in assisting the stability of the more ordered macromolec-
ular morphology resulting from the application of the
shear, it is clear that the resulting microstructure of PAs
is strongly impacted by the thermo-mechanical field
faced by the material during processing.

Lastly, it has to be taken into account that PAs are
polymorphic materials."”*'"**-3> Hence, depending on
the thermal history, several crystal structures can be
obtained. For instance, in polyamide 6 (PA6), the two
more common crystalline phases are a and vy.>****>" In
both cases, the chains are organized in parallel sheet-like
planes, forming a monoclinic crystal. However, in the o
phase, the macromolecules are fully extended in a zig-zag
conformation in which the H-bonding occurs between
the antiparallel chains, while in the y phase the amide
groups are rotated by about 60°, and the parallel macro-
molecules are constrained. This results in melting tem-
peratures of 223 and 215°C, respectively.

Nonetheless, as already remarked, a poor knowledge
of the processing parameters—microstructure relation-
ships affects this family of polymers, and this results in
unsatisfactory control over the tunability of the final
properties.'***° This is mostly due to the presence of
H-bonding and its consequences. In fact, the impact of
the thermic or mechanical fields on memory effect, FIC,
and polymorphism was deeply studied in the last
decades.”*%1>31:34 However, the effects of these different
phenomena are usually studied separately. For instance,
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the effect of the temperature and cooling rates on the
crystallization is typically evaluated through DSC,****"
>4 while the impact of the shear is usually monitored
via isothermal rheological tests.'®** As a result, the com-
bined effect of the thermo-mechanical field when PAs
are melt processed is not yet fully understood. However,
recently research shifted to real processing equipment, so
as to take into consideration the actual conditions that
the polymers undergo during processing. In this context,
Skorupska et al.*>** assessed the effect of the processing
parameters in cold hydrostatic extrusion on the final
microstructure of PA6. In particular, it emerged that an
increase of the extrusion pressure in the range of 103-
262 MPa promotes the orientation of the macromole-
cules, inducing a higher content of « crystalline phase
and a concurrent enhancement of the tensile strength.”*’
However, to the best of the authors knowledge, no sys-
tematic study on the impact of the processing conditions
on the final microstructure of PAs is available yet.

Nevertheless, it is a very important issue, as the pro-
cessing conditions and the resulting microstructure have
a strong influence on the final mechanical behavior of
this class of polymers. In this context, it has been
reported in the literature that a higher content of y crys-
talline phase promotes a more ductile behavior compared
to a PA6 composed mainly of a crystals.*®*’

Considering all the aforementioned aspects, the pre-
sent study aims to bring new knowledge toward the
understanding of the effect of the processing parameters
during twin-screw extrusion (especially screw speed) on
the final microstructure of PA6.

Furthermore, it should be considered that the mac-
romolecular parameters of the material (such as molec-
ular weight [Mw] or My distribution) also play a
fundamental role in determining its microstructure. For
instance, it is well known that the achievement of a
high crystallinity in polymers characterized by a mono-
modal My distribution is limited by the high My of the
chains. This limitation can be overcome through the
synthesis of ad hoc macromolecules characterized by a
bimodal My, distribution.***’ On the other hand, a
cheaper, more versatile, and easily industrially scalable
alternative is represented by melt blending, which
allows tailoring the macromolecular characteristics by
exploiting the compounding of two or more polymers
having different My,. For this reason, this method is
often employed for the production of bimodal My
materials.*®>°>2 On the other hand, in the case of PAs,
this approach has not yet been greatly deepened, and
the studies usually refer to the effect of the presence of
copolymers in the blends.”*”>* Therefore, in this work,
two different PA6 characterized by different My
(hence, viscosity) were exploited, also considering melt-
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compounded blends containing different relative con-
tents of the two polymers.

Besides, Ludovic® software was exploited to model the
evolution of the temperature, shear rate, and residence
time faced by the materials along the screws. The results
obtained through the simulations were then related to the
rheological behavior and the crystalline structure of the
processed materials, taking into consideration the role of
both the memory effect and FIC with the variation of the
parameters. In these terms, the possibility of modulating
the material microstructure was assessed, bringing new
knowledge toward the understanding of processing—
microstructure relationships in PAs.

2 | EXPERIMENTAL SECTION

2.1 | Materials

In this study, two PA6 with different Mws were used.
Both polymers are commercially available and were pro-
vided by RADICI Group:

« Radipol S24, exploited as a low viscosity polymer and
named LV. The relative viscosity (MARO1 method) is
2.4dL/g.

« Radipol S40P, selected as a high viscosity polymer and
named HV, has a relative viscosity (MARO1 method) of
4.0 dL/g.

2.2 | Methods

221 | Processing
A ThermoFisher Process 11 (Waltham, MA, USA) twin-
screw extruder (diameter = 11 mm, L/D = 40, barrel
length = 440 mm) was used. It is equipped with eight
independent heating zones, seven internal and one exter-
nal corresponding to the die. The used screw profile is
reported in Figure 1. The screw elements in terms of
length and corresponding codes are reported in Table 1.
The selected screw configuration presents three kneading
blocks and four conveying sections. The kneading blocks
are characterized by different stagger angles. Specifically,
the first one consists of three sets of elements at 30°, 60°,
and 90°, in order to plasticize the polymer. Then, the sec-
ond kneading section with the constant angle of 60° is
present. Lastly, the third kneading zone consists of a
section having stagger angles of 60° and 90°.

The conveying elements are identified by the letter
“C” and the number corresponds to the sequential posi-
tion starting from the hopper. For instance, “C2” refers to
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220°C FIGURE 1 Screw profile in which the

zones are delimited by dotted lines and
identified by the corresponding assigned code.
The temperature profile is also reported.

Characterization

Rheological analyses were carried out with a strain-
controlled ARES rheometer (TA Instruments—New Cas-
tle, DE, USA). A parallel plate—plate 25 mm geometry
was maintained with a gap of 1 mm during the tests. The
frequency sweep measurements were performed at 250°C
under a nitrogen atmosphere with a frequency ranging
from 100 rad/s to 0.1 rad/s. The strain amplitude was
selected within the linear viscoelastic region for all sam-
ples (preliminarily determined through strain sweep

DSC Q20 (TA Instrument—New Castle, DE, USA)
was exploited for the thermal characterizations. The sam-
ples having a mass of 7 + 1 mg were subjected to two
heating scans from 0 to 250°C, separated by a cooling
scan from 250 to 0°C. The heating and cooling ramps

230°C 230°C 230 °C 230 °C 230 °C 225 °C 220 °C
I } t } t } } } i
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TABLE 1 Code, screw element characteristics, and length from 222 |
the hopper to the die.
Code Screw element Length (mm)
C1 Conveying—pitch 7.5 mm 44.00
Conveying—pitch 5.5 mm 55.00
K30-60-90 Kneading—angle 30° 13.75
Kneading—angle 60° 8.25
Kneading—angle 90° 11.00
Cc2 Conveying—pitch 5.5 mm 77.00
K60 Kneading—angle 60° 16.50
) i tests).
C3 Conveying—pitch 5.5 mm 88.00
K60-90 Kneading—angle 60° 11.00
Kneading—angle 90° 22.00
C4 Conveying—pitch 5.5 mm 77.00
Conveying—pitch 6 mm 16.50

the second conveying section. Considering the kneading
elements, they are identified with the letter “K” and one
or more numbers referring to the stagger angle between
the disks. As an example, “K60-90” indicates the knead-
ing section in which the stagger angle is 60° for the ele-
ment in the first part and 90° in the following. The
temperature profile is reported in Figure 1 and was main-
tained constant. Also, the flow rate was kept at 290 g/h,
while the screw speed was alternatively 150 or 300 rpm.

Different blends characterized by a different HV to
LV content were produced. In particular, the HV:LV wt%
ratio was fixed at: 100:0, 70:30, 50:50, 30:70, and 0:100.
The pellets were weighed and tumbled before being
placed in the hopper, and after compounding, the mate-
rials were cooled in a water tank and granulated. The
polymers were dried overnight in a vacuum oven at 80°C
before processing.

The obtained materials were named after the HV con-
tent and the screw speed. For instance, “30HV_150rpm”
refers to the material containing 30 wt% of HV, 70 wt% of
LV, and processed at 150 rpm.

A Collin P200 T (Maitenbeth, Germany) was
exploited for the hot compression molding production of
the specimens for rheological analyses. The materials
were maintained at 230°C for 3 min and 50 bar.

were carried out at 10°C/min. A flow of 50 mL/min nitro-
gen purged the chamber. The melting enthalpy (AHy,)
was calculated as the integral of the multiple melting
peaks in the second heating ramp. The crystallinity was
estimated by considering 230J/g* as the melting
enthalpy of the completely crystalline PA6. Besides, the
Peak Deconvolution tool of Origin 2020 was exploited to
perform the deconvolution of the multiple peaks, aiming
at identifying the content of « and y crystalline phases in
the second heating ramp. The Gaussian distribution was
chosen as the fitting function, and the height of the peak
was exploited as indicative of the crystallinity con-
tent.*>**>>%¢ In addition, the a/y height ratio was calcu-
lated as the ratio between the two deconvoluted peak
heights.

Besides, the crystallization temperature (Tcpyst), Corre-
sponding to the peak temperature in the cooling ramp,
was evaluated.

223 | Compounding modeling

The compounding processing was simulated with
Ludovic® (version 7.1). The software exploits a local one-
dimensional approach, allowing for modeling the melt
flow in the direction parallel to the screws of an inter-
meshing co-rotating twin-screw extruder under
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stationary conditions. As a result, process parameters
such as shear rate, temperature, and residence time are
obtained.”” ®*

Some inputs are required to perform the simulation.
In particular, the screw profile, the temperature profile,
the feed rate, the screw speed, and the thermal and rheo-
logical characteristics of the materials.”” The simulations
were carried out considering the processing conditions
described in Section 2.2.1. Besides, the thermal character-
istics of the materials required by the software were eval-
uated through DSC analyses, while the rheological data
were obtained by performing frequency sweep tests at
three different temperatures (namely, 230, 240,
and 250°C).

3 | RESULTS

31 | Ludovic® simulation

The shear rate (s™'), temperature (°C), total residence
time (TRT, s) and local residence time (LRT, s) along the
screws were modeled and will be discussed in consider-
ation of the variation of the screw speed and the HV con-
tent in the blends.

Figure 2 depicts the trend of the shear rate and the
TRT. The reported curves are representative of all
the evaluated materials because no variation related to
the different My or My distribution emerged from the
simulations. Focusing on the first parameter, it can be
appreciated that it is characterized by a minimum in cor-
respondence to the conveying zones and a maximum
reached in the kneading sections. Specifically, at
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—480pm: 0 e 150 rpm
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FIGURE 2 Shear rate and total residence time along the screw
profile.
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300 rpm, the two values are 80 and 152 s~! while

at 150 rpm, they are 40 and 76 s~ . Thus, the shear rate is
determined from both the screw elements and the screw
speed.

On the other hand, the TRT corresponds to the time
spent by the material from the hopper to the die and can
also be considered as the sum of the LRTs required to go
along each kneading or conveying section (Table S1). As
can be observed from the data reported in Figure 2, at
150 rpm, the TRT increases by 25% compared to the
value obtained for 300 rpm. Besides, the enhancement is
related only to the increase of the LRT in the conveying
elements, which is almost doubled. In fact, no variation
in the LRT along the kneading sections emerges. So, as
already observed for the shear rate, the TRT also depends
only on the screw speed, to which it is related by an
inverse relationship, and on the screw elements.

Then, considering the trend of the temperature along
the screw profile, a common behavior of this parameter
can be observed, despite the considered formulation and
screw speed (Figure 3). Specifically, higher values were
obtained in correspondence with the kneading elements,
where a larger heating rate corresponds to the higher
stagger angles. On the other hand, the temperature
decreases along the conveying zones. In all the cases, the
maximum temperature is reached at the end of K60-90.
Besides, in Figure 3 it can be observed that, considering a
specific formulation, the values at 300 rpm are always
higher than those at 150 rpm. In addition, the increase in
temperature is associated with the higher HV content at
a certain screw speed. These results indicate that the
screw profile, the screw speed, and the material viscosity
play an important role in determining the actual temper-
ature. In particular, the increase in the content of HV

———100LV_150rpm
—— 30HV_150rpm
—— 50HV_150rpm
—— 70HV_150rpm
" —— 100HV_150rpm
/% ------100LV_300rpm
s 30HV_300rpm
------ 50HV_300rpm
------ 70HV_300rpm
------ 100HV_300rpm

Temperature (°C)

e )
K30-60-90 ﬁ /

FIGURE 3 Temperature profiles along the screws.
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and/or the screw speed results in the enhancement of the
overall temperature profile along the screws. The actual
maximum and minimum temperatures faced in each
screw section are reported in Tables S2 and S3.

Owing to the Ludovic® simulation, the evolution of
the thermo-mechanical history experienced by the mate-
rials was provided and discussed as a function of the
screw speed and the blend composition. The impact of
the variation of temperature, shear rate, and residence
time on the rheological behavior and final microstructure
of the blends will be discussed in the following.

3.2 | Rheology

The complex viscosity (#*) of the materials as a function
of the frequency is reported in Figure 4. Concerning the
matrices, as expected considering their different My,%*> %
100 HV shows higher values as compared to 100 LV.
Besides, both materials are characterized by a non-
Newtonian behavior in the low-frequency region, likely
due to the presence of H-bonding that prevents a com-
plete relaxation of the macromolecules."*”*3"%>¢7 In
addition, from the comparison of the complex viscosity
curves of the two materials processed at 150 or 300 rpm,
a very similar rheological behavior is observed. There-
fore, for the neat matrices, the rheological behavior
remains largely unaffected by the screw speed value.
Considering the blends, the complex viscosity increases
with increasing HV content; besides, the values are dis-
tributed between those of the two matrices according to
their relative content. Furthermore, a slight non-
Newtonian behavior at low frequencies can be noticed.
As above discussed in the case of the matrices, this fea-
ture can be related to the presence of the H-bonding

—&— 100LV_150rpm

® 30HV_150rpm

4A— 50HV_150rpm

10000 v 70HV_150rpm
] 100HV_150rpm

0 100LV_300rpm
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FIGURE 4 Complex viscosity of all investigated materials.

between the macromolecules, slowing down the relaxa-
tion dynamics. Additionally, also for the blends, the value
of the screw speed has a negligible effect on the complex
viscosity trend, indicating that the blend formulation
(i.e., the HV:LV ratio) has a predominant effect over the
screw speed in determining their complex viscosity.

33 | DSC

The thermograms collected during the second heating
scans are reported in Figure 5A-C. Looking at the pre-
processing materials (Figure 5A), both LV and HV show
a peak at 222°C, attributable to the « crystalline phase.*
Besides, pre-processing HV also presents a shoulder at
lower temperatures, indicating the presence of a low
amount of y crystalline phase in this sample.**® Accord-
ing to Cavallo et al.** the presence of the y crystalline
phase only in the polymer having high My, can be
explained by considering that the stability interval of this
phase in PAG6 is related to the My. In particular, it was
demonstrated that the range of stability of the y phase
increases in correspondence with higher Mys.*

On the other hand, when comparing such data with
the second heating ramp of the two polymers processed at
150 or 300 rpm (Figure 5B,C), the presence of a multiple
peak can be clearly observed. More specifically, two differ-
ent peaks were identified through a deconvolution proce-
dure (the melting temperatures are reported in Table S4)
and attributed to the y and o crystalline phases, respec-
tively. Furthermore, the same multiple peak was observed
for all the blends. Therefore, firstly, it emerged that the
compounding process promotes the formation of the y
phase in PA6 despite the screw speed, HV content, and
My distribution. Furthermore, considering the thermo-
grams collected during the cooling scan (Figure 5D,E), a
single peak (crystallization temperatures reported in
Table S5) is observed for all the investigated materials, irre-
spective of the screw speed and the blend formulation.**®®

In Figure 6A, the values of AH,, recorded during the
second heating ramp are reported as a function of the HV
content. As expected, despite the screw speed considered,
for the two matrices, the value decreases with the increase
of the My.* Focusing on the starting PAs, higher AH,,
values were obtained for the processed polymers as com-
pared to the pre-processed ones. Additionally, the value
increases with the screw speed, and the effect is more pro-
nounced for HV. On the other hand, when considering
the blends, two different trends are distinguished depend-
ing on the screw speed. In fact, when the materials were
processed at 150 rpm, the three melting enthalpies follow
a decreasing linear trend with the increase of the HV con-
tent, and the values are higher than those expected
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FIGURE 5 Heating thermograms recorded during the second heating scan for (A) 100LV and 100HV before processing and for the
materials compounded at (B) 150 rpm and (C) 300 rpm; cooling ramps of for the materials produced at (D) 150 rpm and (E) 300 rpm. HV,

high viscosity polymer; LV, low viscosity polymer.

according to the calculated linear combination of the AH,,
of 100LV_150 rpm and 100HV_150 rpm (dotted line in
the graph). At variance, for the blends processed at
300 rpm, the melting enthalpy at the second heating ramp
is practically independent from the HV content, which
seems not to affect the final crystallinity. Also, the values
are lower than those expected from the calculation
through a linear combination rule.

Further considerations emerge from the comparison
of the data for the blends processed at different screw
speeds. In fact, though higher AH,, were recorded for

materials processed at 150 rpm, the difference with the
value of the corresponding systems processed at 300 rpm
lowers with increasing HV content. Therefore, in the case
of the matrices, the screw speed and My have an inde-
pendent effect on the final crystallinity content, while
this feature is no longer verified for the blends. The crys-
tallinity content of the matrices and the blends processed
at 150 and 300 rpm, along with those of the pre-processed
polymers, is reported in Table S6.

Besides, in Figure 6B, the values of the crystallization
temperatures are reported. As far as the matrices are
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(A) AH,, evaluated at the second heating ramp for the materials processed at 150 or 300 rpm and pre-processed (the dotted

lines represent the linear composition of the AH,, of the two matrices); (B) crystallization temperature for all the investigated materials (the
linear composition of Ty of the two matrices is reported as dotted line). HV, high viscosity polymer.

concerned, T decreases with increasing the HV con-
tent, according to the literature,”’® and the trend is inde-
pendent of the screw speed considered. The same
behavior is appreciated for the blends, for which (regard-
less the screw speed) the experimental Ty is quite in
accordance with the linear combination of the crystalliza-
tion temperatures (represented by the dotted lines) of the
matrices, notwithstanding the experimental values being
higher than the calculated ones. In addition, considering
the T of a single material at the two different screw
speeds, higher values are obtained for the processing at
300 rpm, suggesting that the increase of the parameter
positively affects the Ty, regardless of HV content.
Owing to a deconvolution procedure, the analysis of
the a and y crystalline phases content was performed.
Figure 7 a and b report the height of the peaks relative to
o and y phases for the material processed at 150 and
300 rpm, respectively. Focusing on the matrices, at both
screw speeds, the a phase is the more abundant, and the
content of the two crystalline species is higher for 100LV
than for 100HV. In addition, when comparing the peak
height of the processed matrices with the pre-processing
ones, some considerations can be made. Specifically, in
LV, the o phase content before compounding is higher
than that after processing, despite the screw speed; other-
wise, for 100 HV processed at 300 rpm, the value is com-
parable with that of the pre-processed material. On the
other hand, the y phase content in the pre-processing HV
is lower as compared to 100HV_150rpm and
100HV_300rpm. Therefore, it is confirmed that the com-
pounding process promotes the formation of y phase, in
accordance with the observations relative to Figure 5.
Also, considering the blends (Figure 7A,B), the predomi-
nance of a over y can be appreciated, along with a
decreasing trend with the increase of the HV content.

Besides, a more refined analysis of the effect of the vari-
ables on the reciprocal phase content emerges when looking
at the a/y ratio (Figure 7C). In fact, for both 100LV and
100HV, the larger o/y is reached when the materials are
processed at 300 rpm, indicating that the formation of the o
phase is promoted at high screw speed. On the other hand,
a different trend is observed for the blends. In fact, only
70HV has a behavior comparable to that of the matrices,
while for 30HV and 50HV, the higher a/y was achieved at
150 rpm. Besides, focusing on the o/y ratio of the
blends clearly reveals the interdependence of the effect
of screw speed and My,. As a result, the same a/y ratio
can be obtained with different combinations of parameters.
For instance, 30HV_150rpm, 50HV_300rpm, and
70HV_300rpm are characterized by a comparable o/y value.

4 | DISCUSSION

In the previous section, the results relative to the effect of
the variation of the screw speed and HV content on the
processing temperature, shear rate, and residence time of
the materials have been commented on, along with the
data coming from rheological and thermal characteriza-
tions. Hereafter, the relationships between the results of
the Ludovic® simulations and the materials' characteris-
tics will be discussed, taking particularly into consider-
ation the role of the thermo-mechanical field in affecting
the H-bonding and the following implications.

4.1 | Matrices

Firstly, the effect of the variation of the screw speed and
My will be assessed. Considering the melting enthalpies
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FIGURE 7 Height of o and y peaks obtained from the deconvolution of the multiple peak of the materials produced at (A) 150 rpm or
(B) 300 rpm and (C) corresponding a/y height ratio. Also, in (A) and (B), the comparison with the pre-processing values is reported. HV,

high viscosity polymer.

of the materials before and after the processing, higher
values were obtained in the latter case. This behavior is
in accordance with previous results reported in the litera-
ture on PAs and is related to the larger molecular order-
ing resulting from the applied shear during melt
blending. Specifically, the phenomenon is due to the
action of FIC and the presence of H-bonding.”'#1%-2%71.72
Concerning the processed materials, the results of the
DSC analyses showed that the processing at 300 rpm
(hence, as demonstrated by Ludovic® simulations
(Figure 2), at high shear rate) promotes the obtainment
of higher melting enthalpy values. Therefore, according
to the literature,” a relation between the applied shear
rate and the resulting crystalline content was verified.

On the other hand, it is known that different shear-
induced crystallization regimes, promoting different
microstructural evolutions, can be distinguished depend-
ing on the macromolecular characteristics of the polymer
and the applied shear rate.'”**’>’* In order to evaluate
which regime is active, the two Weissenberg numbers
were exploited. These parameters are the product of the
applied shear rate and the longest relaxation time (Wip)

and the Rouse time (W), respectively. In particular, Wi,
is related to the orientation of the chains while W is
related to the stretching of the macromolecules. At low
shear rates, where both W, and W, are lower than one,
a poor or negligible effect on the crystallinity content is
expected, and the final morphology is comparable to that
obtained in a quiescent state. When W, >1 and W; <1,
the enhancement in the crystallization kinetics, along
with the improved orientation, drives a fine spherulites
microstructure with more ordered chains. Lastly, at high
shear rates, the value of both W, and W; is above one
and the macromolecules are stretched. In this last case,
the evolution of the system may ultimately result in the
formation of shish-kebab crystalline structures.

In the present study, W;., and W, were calculated for
100HV and 100LV processed at 150 and 300 rpm using
the shear rate values obtained with Ludovic® simulation
and the values of the longest relaxation time and Rouse
time calculated by Massaro et al.** In all cases, Wiep >1
and W <1 (Table S7) were obtained, indicating an active
FIC regime such that a morphology characterized by fine
spherulites containing ordered chains is expected.
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Besides, the above results highlight the antagonistic role
of the memory effect and FIC. Specifically, 100HV is char-
acterized by a larger content of intramolecular H bonding
and entanglement as compared to 100LV, due to its higher
M. As a result, the molecular friction in the melt state is
higher and the motion of the chains is restricted, causing
the obtainment of lower crystallinity content compared to
100LV.>*!'”75 On the other hand, the smaller difference
between the AH,,, of the two matrices processed at 300 rpm
with respect to the corresponding values of 100LV_150rpm
and 100HV_150rpm (Figure 6A) can be explained by con-
sidering the actual temperatures reached by the materials
along the screws. In fact, the Ludovic® simulations
(Figure 3) highlighted that 100 HV is subjected to higher
temperatures than 100LV processed in the same conditions,
and the temperature differences are particularly empha-
sized at 300 rpm. Therefore, the larger values may have an
effect on the stability of intermolecular H-bonding. In par-
ticular, it is well known that the hydrogen bonding in PAs
reaches a dynamic temperature-dependent equilibrium in
the molten state, notwithstanding the decrease of the den-
sity of bindings with the increase of the temperature. Spe-
cifically, the erasing of the memory effect for PAG is still a
debated topic, and at least two different temperature—time
combinations can be found in the literature, which are
270°C for 10 min or 280°C for 90 min.>®'*'> Considering
all the above, the lower difference between the AH,, of
100LV_300rpm and 100HV_300rpm may be explained by
the decrease of the memory effect intensity due to the
higher temperatures reached when the processing is carried
out at 300 rpm. In fact, the reduction of the intermolecular
H-bonding density results in a less intense molecular fric-
tion and improved chain mobility.> Also, the entangle-
ments decrease with the increased screw speed.'” As a
consequence, a lower memory effect would be expected in
opposition to the FIC. This argument would also support
the data relative to the a/y ratio. As appreciated in
Figure 7C, the ratios for 100HV and 100LV have much
closer values when processed at 300 instead of 150 rpm. In
accordance with the above, this may be related to a more
similar effect of the shear on the microstructural organiza-
tion of 100HV_300rpm and 100LV_300rpm due to the
lower density of molecular constraints.

As a result, as the screw speed increases, the impact
of FIC tends to become predominant over the memory
effect. Nevertheless, the latter has to be considered still
active even in the processing of 100HV_300rpm due to
several reasons.”'>!” Firstly, the TRT at the higher screw
speed is 104 s (Figure 2), which is lower than the time
needed to erase the memory effect according to the
literature.>®'*!> Besides, even if the reported peak tem-
perature is higher than the minimum critical tempera-
ture of 270°C, the average value faced by the material

during processing is lower. Lastly, the role of the entan-
glement in promoting the memory effect has to be taken
into account because its presence is confirmed by the
non-Newtonian behavior characterizing the complex vis-
cosity of 100HV_300rpm at low frequencies (Figure 4).
On the other hand, even if the H-bonding favors the FIC,
the phenomenon is less affected by the negative impact
of the temperature because it is promoted by the increase
of the shear rate, as emerged from the enhancement of
Wiep from 150 to 300 rpm (Table S7). This is confirmed
by the Tens data (Figure 6B). In fact, the materials pro-
cessed at 300 rpm are characterized by higher values. As
documented in the literature, a larger crystallization
kinetic is associated with a larger crystallization tempera-
ture.”'*7"7® In particular, the higher increase is appreci-
ated for 100HV, and this can be interpreted as a further
confirmation of the predominant role of FIC over the
memory effect in such material processed at 300 rpm.

Further considerations can be referred to the effect of
the screw speed on the microstructure. From the compar-
ison of the o and y content before and after the proces-
sing, the decrease of the first and the increase of the
latter emerged (Figure 5 and Figure 7). Taking into
account that « is the most stable crystalline phase,*® such
evolution of the morphology suggests a decrease in the
chain ordering due to the compounding. Besides,
the increase of the o/y ratio for both 100LV and 100HV
when processed at 300 rpm instead of 150 rpm
(Figure 7C) evidences the opposite trend with the
increase of the screw speed. Accordingly, the role of high
shear rate values in promoting the formation of the o
crystalline phase while negligibly affecting the y content
was reported for PA66.”*

The formation of the less stable y phase with proces-
sing can be explained by considering the opposition of
the memory effect to the FIC. In fact, the presence of the
molecular constraints at 150 rpm hinders the mobility of
the macromolecules and, thus, the achievement of the
conformation typical of the o phase. On the other hand,
the increase of the screw speed to 300 rpm lowers the
H-bonding and entanglements; thus, the larger content
in the a phase is promoted by the higher chain mobility.

In conclusion, in the processing of the matrices, the
crystallinity content and the o/y ratio are promoted by
the increase of the screw speed, while a minor impact is
attributed to the M. Besides, the effect of the My
appears to be related to the screw speed considered.

4.2 | Blends

When focusing on the blends, for the materials processed
at 150 rpm, the observed decreasing trend of the AH,
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with increasing HV content (Figure 6A) can be explained
by considering the antagonism of the memory effect and
the FIC. In fact, the increase in HV content induces a
more pronounced memory effect due to the presence of
high My macromolecules and the consequent increase in
the molecular constraints (as also testified to and con-
firmed by the non-Newtonian behavior in the low-
frequency region) (Figure 4). On the other hand, the
experimental values of AH,, show a positive deviation
from the linear combination of the melting enthalpies of
the two matrices. This would suggest the presence of a
cooperative mechanism active in the presence of the
bimodal My distribution, which results in the promotion
of crystallinity.

Then, referring to the blends processed at 300 rpm,
the increase in the screw speed negatively affects the
crystallinity. In fact, the experimental data are lower than
the values calculated in accordance with the linear com-
bination law and are quite unaffected by the HV content.
Besides, the a/y ratio is greatly affected by the presence
of both LV and HV in the formulation, and the resulting
values are always lower than those of the two matrices
(Figure 7C). Therefore, it appears that the increase in the
screw speed promotes chain disorder.

On top of that, from the comparison of the Tcyy
(Figure 6B), the crystallization kinetic in the blends pro-
cessed at 300 rpm is expected to be higher than those of
the materials obtained at 150 rpm.”'*7"7°

In conclusion, in the blends cannot be clearly under-
stood, the effect of the variation of the screw speed and
HV content cannot be clearly understood separately. In
fact, the experimental results suggest an interdependence
of the impact of the two parameters on the microstruc-
ture. Furthermore, the theories modeling the FIC do not
describe the transition morphologies and, in most cases,
do not consider the contribution of the non-crystalline
ordered phase to the formation of stable nuclei.'’

5 | CONCLUSIONS

In the present study, the processing parameter—
microstructure relationships in melt-compounded PA6
having different viscosities were investigated, specifically
focusing on the effect of the variation of screw speed and
M. The simulation of the thermo-mechanical field per-
formed with the Ludovic® software highlighted the role
of the screw speed in increasing the shear rate and
decreasing the TRT. Besides, the simulations showed that
the actual temperature along the screws increases with
increasing the material My, or the screw speed. The ther-
mal characterization of the formulated materials demon-
strated the increase of both the overall crystallinity and

PROFESsIONALS AND SCIENCE

the o/y content with increasing the screw speed due to
the antagonistic role of the FIC and memory effect.
Besides, it was assessed that the intensity of the two phe-
nomena was dependent on the shear rate and tempera-
ture faced by the material during processing. In
particular, the increase of the shear rate reduced the
entanglement density, while the increase of the tempera-
ture lowered the H-bonding density. As a result, the mac-
romolecular constraints were reduced, and the impact of
the FIC was predominant over the memory effect. For
this reason, the overall crystallinity, as well as the con-
tent of the more stable a crystalline phase, increased.
Finally, blends characterized by different HV:LV ratios
were formulated and the rheological and thermal charac-
teristics analyzed, assessing the interdependency of the
effect of the variation of the screw speed and viscosity on
the resulting crystallinity content.
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