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ABSTRACT: Simultaneously improving the mechanical properties
and processability of polyamide-6 (PA6) by chain extension in
melting extrusion is usually very difficult. To address this issue, a
novel small-molecule triepoxy chain extender (D,) is designed,
synthesized, and used to modify PA6. The rheological measure-
ments show that the shear viscosity of PA6 containing 2 wt % D,
decreases by 52.2% compared with that of the original PA6 at a
shear rate of 1000 s~', which is in the shear rate range of
thermoplastic processing in the industry. This interesting result is
attributed to the generation of a long-chain-branched structure of
the macromolecular chains of chain-extended PA6, which reduces
the power-law index and aggravates the shear-thinning behavior of
the PA6 melt. In addition, the corresponding notched impact
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strength increases from 62.4 to 105.9 J/m. As a result, this work provides a feasible way to prepare PA6 with excellent mechanical

properties and processability in industrial production.

1. INTRODUCTION

Polyamide-6 (PA6) is one of the most widely used engineering
thermoplastics due to its excellent overall performance. The
macromolecular chains of PA6 contain many highly polar
amide groups and easily absorb water, and the presence of
small amounts of moisture and impurities leads to hydrolysis
during high-temperature processing. As a result, the molecular
weight, melt viscosity, and mechanical properties of PA6 are
reduced after processing. Chain extension modification is a
teasible method to compensate for the degradation of PA6
during processing.”> Chain extenders can be either low-
molecular-weight monomeric chemicals or polymeric materials
that contain at least two functional groups capable of reacting
with the amino or/and carboxyl end groups of PA6 chains.'
The common functional groups in chain extenders are
anhydride, oxazoline, epoxide, and so on."™ Due to the high
reactivity of the epoxy group with both the amino and carboxyl
groups, epoxy compounds are one of the most common chain
extenders used for PA6.>° Wirasaputra et al.” employed a
small-molecule diepoxy chain extender (BGPPO) to extend
the molecular chains of PA6 in the extrusion process. The
introduction of BGPPO resulted in a linear elongation of the
PA6 molecular chains and thus improved the mechanical
properties of PA6. However, the shear viscosity of PA6 was
significantly increased over the entire shear rate range, which
adversely affected the processability of PA6. In addition to the
mechanical properties, processability is also an important
performance factor of a given material, which not only
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determines the industrial production efficiency but also plays
an important role in the product quality.

It is worth noting that the industrial processing of polymers
often occurs at high shear rates (>100 s™'), which includes
processing methods such as extrusion, injection molding, and
film blowing.® Therefore, it is crucial to improve the
processability of PA6 at high shear rates. A bifunctional
chain extender usually maintains the linear structure of PAG,
while the introduction of a multifunctional chain extender
(functionality greater than 2) can produce a long-chain-
branched polymer, which is beneficial to the shear-thinning
behavior of the polymer melt.”~"" Due to the prominent shear-
thinning behavior, the melt viscosity of the polymer
significantly decreases at high shear rates. In other words, the
utilization of a multifunctional chain extender can improve the
processability of polymers at high shear rates.”'” Xu et al."’
reported that the multifunctional epoxy-based chain extender
KL-E4370 (functionality 9, molecular weight 6500—7000,
epoxide equivalent 270—300 g/mol) significantly exacerbated
the shear-thinning behavior of PA6 and decreased the shear
viscosity of PA6 at the high shear region. Nevertheless, the
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Scheme 1. Synthesis of D,
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viscosity of PA6 modified by KL-E4370 was still higher than
that of the unmodified PA6 at high shear rates, which might be
due to the high functionality of KL-E4370. Rosu et al."* found
that the viscosity of long-chain-branched polymers increases
with the amount of branching. The higher the functionality of
the chain extender, the more likely it is to produce long-chain-
branched PA6 with a high branching degree and even cause
PAG6 cross-linking. Therefore, a suitable functionality of chain
extender is crucial to the shear-thinning behavior of the chain-
extended PA6. In addition, a small-molecule chain extender
shows higher reactivity than a polymeric chain extender."
Therefore, a small-molecule chain extender with trifunction-
ality is expected to simultaneously improve the mechanical
properties and processability of PA6 by chain extension.

In this paper, a novel small-molecule triepoxy chain extender
(D,) was synthesized from methyltrimethoxysilane, chlorodi-
methylsilane, and allyl glycidyl ether by a two-step method.
The chain extension effect of D, was measured by the melt
torque and mechanical properties of PA6. Rheological
measurements were used to investigate the processability and
structure of PA6 before and after the addition of D;. Moreover,
the chain extension effect of D, was also compared with a
commercial chain extender Joncryl ADR-4370F. This work
provides a feasible method to optimize the tradeoff between
the processability and mechanical properties of PA6, which
simultaneously ensures the high performance and yield of
modified PA6 in industrial production.

2. EXPERIMENTAL SECTION

2.1. Materials. PA6 (general grade, TP4208), with an
average molecular weight of 18 000, was obtained from Zig
Sheng Industrial Co., Taiwan. Methyltrimethoxysilane, chlor-
odimethylsilane, allyl glycidyl ether, and chloroplatinic acid
were purchased from Shanghai Aladdin Chemistry Co., China.
D, was synthesized in our laboratory. Joncryl ADR-4370F,
abbreviated as ADR in this article, was provided by BASF.
ADR is a multifunctional styrene—acrylic-based polymer
(functionality 5—10) with a molecular weight of 7000 and
an epoxy equivalent of 285 g/mol."®

2.2. Synthesis of D,. According to the literature,'’
methyltrimethoxysilane (5.44 g, 0.04 mol), ethanol (10 mL),
and deionized water (S mL) were mixed in a 250 mL three-
neck round-bottom flask equipped with a magnetic stirrer,
reflux condenser, and dropping funnel and stirred for 30 min
under a nitrogen atmosphere in an ice bath (<5 °C).
Subsequently, dimethylchlorosilane (17.03 g, 0.18 mol) was
added dropwise to the above solution within 30 min under
stirring. After 3 h, the above solution was acidized by a few
drops of concentrated H,SO, and stirred for 15 min to obtain
the suspension with the intermediate (D,) in the supernatant.
Finally, after the supernatant was separated, intermediate D,
was obtained, washed with deionized water and a saturated
aqueous solution of sodium chloride, and dried overnight with
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anhydrous sodium sulfate (see Scheme 1). Yield: 90%. FTIR
(KBr): 1061, 1119 cm™ (—=Si—O0—Si—), 2136 cm ™" (—Si—H);
'H NMR (CDCL,, 5 ppm): 0.07 (b, 3H), 0.21 (a, 18H), 4.73
(¢, 3H).

Allyl glycidyl ether (4.56 g, 0.04 mol), toluene (50 mL), and
Speier catalyst (0.25 mL, S mg/mL) were added to a 100 mL
three-neck round-bottom flask equipped with a magnetic
stirrer, reflux condenser, and dropping funnel and heated to 60
°C under a nitrogen atmosphere. Afterward, D, (2.69 g, 0.01
mol) was added dropwise to the above solution within 30 min
under stirring. The reaction was carried out for 8 h at 80 °C.
Finally, the solvent was removed by rotary evaporation, and the
crude product was dried in a vacuum oven to obtain product
D, (see Scheme 1). Yield: 84%. FTIR (KBr): 1051, 1109 cm ™!
(—=Si—0—Si—), 911 cm™" (epoxy ring); '"H NMR (CDCl,, §
ppm): 0.04 (d, 3H), 0.08 (e, 18H), 0.55 (£, 6H), 1.61 (g, 6H),
2.59 (k, 6H, trans), 2.78 (K, 6H, cis), 3.13 (j, 3H), 3.42 (h,
6H), 3.44 (i’, 6H, cis), 3.67 (i, 6H, trans). MS: m/z = 633.28
([M + Na*]).

2.3. Processing. The critical mole fraction of D, for
gelation, o, was estimated according to the following equation

1

cof-1 (1)

where f is the chain extender functionality."®'” D, has a
functionality of 3, and a, is calculated as 0.5. The molecular
weight of D, is 610.28 and the average molecular weight of
PAG6 is 18 000, implying that the critical weight faction of D,
for gelation is 3.3 wt %. The functionality of ADR is 5—10 and
its average molecular weight is 7000, implying that the critical
weight faction of ADR for gelation is 4.5 wt %. Therefore, the
added amount of D; and ADR is below 2.0 wt % to avoid the
gelation, and the compositions are listed in Table 1. Before

Table 1. Compositions and Code Names of the Samples

compositions (wt %)

samples PA6 D, ADR
PA6 100 0 0
PA6/D;-0.5 99.5 0.5 0
PA6/D,-1.0 99.0 1.0 0
PA6/D,-1.5 98.5 1.5 0
PA6/D;-2.0 98.0 2.0 0
PA6/ADR-1.0 99.0 0 1.0
PA6/ADR-2.0 98.0 0 2.0

processing, PA6, D, and ADR were dried for 6 h at 90 and 80
°C in vacuum, respectively. According to the compositions,
PA6 and D; or ADR were extruded in a 26 mm corotating
twin-screw extruder (L/D = 40) from Labtech Engineering
(Thailand). The extruder was configured with ten heating
zones, and the extrusion was carried out at zone temperature

https://dx.doi.org/10.1021/acs.iecr.0c02022
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Figure 1. (a) FTIR spectra of Dy and D;, (b) '"H NMR spectra of Dy and Dy, and (c) MS spectrum of D;.

profiles of 180—220—230—230—-230—230—230—230—230—
220 °C. The extrusion was conducted at a 180 rpm screw
speed, producing a continuous approximately 3 mm diameter
strand with a 6 kg/h output, water-cooled immediately on exit
in a 1.5 m long trough, and then pelletized. After being dried in
vacuum at 90 °C for 6 h, most extruded pellets were injection-
molded into various types of specimens using an EC75-NII
injection molding machine (Toshiba, Japan). Some pellets
were molded into disks with a diameter of 25 mm and a
thickness of 1 mm to test the rheological properties.

2.4. Measurements. Fourier transform infrared (FTIR)
spectra were recorded with a Vertex70 spectroscope (Bruker,
Germany). 'H NMR spectra were collected with an Avance400
NMR spectrometer (Brucker, Germany) using CDCl; as a
solvent. Mass spectrometry (MS) spectrum was obtained with
a maXis impact mass spectrometer (Brucker, Germany). The
epoxy equivalent weight of D; was determined by the
hydrochloric acid—acetone solution method described in the
literature.”” Dried PA6 pellets with various amounts of the
chain extender were added to the mixing chamber of a Haake
Rheomix 600 equipped with a roller rotor to test the melt
torque. The processing was performed at a rotor speed of 40
rpm at 230 °C. After the melt torque approached a stable
value, the sample was removed from the mixing chamber and
used for group content testing. The amino and carboxyl group
contents of PA6 molecular chains were analyzed according to
the Waltz—Taylor titration method.”’ The rheological proper-
ties were measured at 230 °C using an AR-G2 rheometer (TA
Instruments). Time sweep tests were conducted at a 1 Hz
frequency over 1000 s. The shear viscosity was obtained at the
shear rate range of 1—1000 s~'. Dynamic oscillatory tests were
performed in the linear viscoelastic region with an angular
frequency ranging from 0.1 to 628 rad/s. The tensile and
flexural strengths were tested using a Z010 universal tester
(Zwick/Roell, Germany) according to the standards ASTM D-
638 and ASTM D-790, respectively. The notched Izod impact
strength was measured using a Zwick5113 impact pendulum
machine (Zwick Roell, Germany) in accordance with the
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ASTM D-256 standard. Differential scanning calorimetry
(DSC) measurements were carried out under a nitrogen
atmosphere with a DSC-204FI (Netzsch, Germany) ranging
from room temperature to 260 °C at a rate of 10 °C /min.
Prior to the X-ray diffraction (XRD) experiments, the samples
were heated to 230 °C and maintained at 230 °C for 5 min to
remove the thermal history of these samples. Then, the
samples were quenched in liquid nitrogen and subsequently
maintained at room temperature for 24 h. XRD analysis of the
original and extended PA6 was performed using a D8AD-
VANCE wide-angle X-ray diffractometer (Brucker, Germany)
at room temperature. XRD data were collected from 10 to 30°

of 26.

3. RESULTS AND DISCUSSION

3.1. Characterization of D;. The chemical structure of D,
is characterized by FTIR, '"H NMR, and MS spectra (Figure
1). The FTIR spectrum of D, is compared with that of D, in
Figure la. The characteristic absorption peaks of Si—O—Si
appear at approximately 1060 and 1110 cm™, and the
characteristic absorption peak of Si—C appears at 1267 cm™"
in the IR spectra of Dy and D,. The IR spectrum of D, shows a
characteristic Si—H absorption peak at 2136 cm™. After the
hydrosilylation reaction of D, with allyl glycidyl ether, the
characteristic peak of Si—H disappears, while the characteristic
peak of the epoxy ring appears at 911 cm™" in the IR spectrum
of D}, suggesting that D, has been completely reacted.

The '"H NMR spectra of Dy and D, are shown in Figure 1b.
The peak of the proton in the Si—H group of Dy is located at
4.73 ppm in the "H NMR spectrum, but it disappears for D,
after the hydrosilylation reaction, further indicating that D, has
been completely reacted. The formation of D, is confirmed by
the characteristic peaks of the protons in the epoxy ring that
appear at 2.59 ppm (k, trans), 2.78 ppm (k’, cis), and 3.13 ppm
(j)- The peaks at 0.04 ppm (d) and 0.08 ppm (e) are attributed
to the protons in Si—CHj. The chemical shift of the protons in
the —CH,—CH,—CH,—O— group appears as a triplet at 3.42
ppm (h), a multiplet at 1.61 ppm (g), and a triplet at 0.5S ppm

https://dx.doi.org/10.1021/acs.iecr.0c02022
Ind. Eng. Chem. Res. 2020, 59, 14334—14343


https://pubs.acs.org/doi/10.1021/acs.iecr.0c02022?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c02022?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c02022?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c02022?fig=fig1&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02022?ref=pdf

Industrial & Engineering Chemistry Research

——PAB
——PAG6/D,-0.5
——PAG6/D,-1.0
PA6/D,-1.5
——PA6/D,-2.0

2
Time (min)

pubs.acs.org/IECR Article
(b) 140
—— Amino group content

1204 —o— Carboxyl group content
&)
©
g 100
2
€ 80
2
s
o 604
Q
3
&5 404

20

0.0 dS fO {5 20

D, content (wt%)

Figure 2. (a) Torque versus time at different D, loadings at 230 °C and 40 rpm and (b) amino and carboxyl group contents of PA6 at different D,

loadings after 4 min of mixing.

(f). Additionally, the chemical shift at 3.44 ppm (i’, cis) and
3.67 ppm (i, trans) in the "H NMR spectrum of D, belongs to
the protons in CH, of the —O—CH,—epoxy ring group.

The MS spectrum of D, shows an [M + Na*] ion peak at m/
z 633.28 (molecular formula = C,sH,0,Si,), which is
consistent with the theoretical molecular weight of D,
(610.28). In addition, the epoxy equivalent weight of D, is
determined to be 203 g/mol by the hydrochloric acid—acetone
solution method. The above results confirm that the designed
D, is successfully synthesized.

3.2. Chain Extension Reaction between D, and PA6.
The epoxy groups of the D; molecule can react with the amino
and carboxyl groups of PA6 to achieve elongation or branching
of the PA6 macromolecular chains during processing. To
evaluate the chain extension effect of D,, the melt torque and
the amino and carboxyl group contents of PA6 were measured,
and the results are shown in Figure 2 and Table S1 in the
Supporting Information.

The melt torque measurement, a method to characterize the
rheological property of polymers at low shear rates,”* was used
to evaluate the melt processing of PA6 and the result of the
reaction between PA6 and D,. After complete melting, the
torque of the original PA6 reaches and maintains equilibrium,
as shown in Figure 2a. In contrast, in the extended PA6, the
torque begins to increase after the melting period and reaches
equilibrium after approximately 4 min of mixing. The
equilibrium torque value of PA6 gradually increases with the
addition of D;. When the amount of D, is 2.0 wt %, the
equilibrium torque value of PA6 reaches 15.3 N-m, which is
nearly 6 times higher than that of the original PA6, confirming
the occurrence of a chain extension reaction. The chain
extension reaction increases the molecular weight of PA6, thus
increasing the friction and entanglement between the macro-
molecular chains and resulting in the observed increase in the
melt torque.”® The results also indicate that D, displays high
reactivity from the start of melt processing.

The concentrations of both amino and carboxyl groups of
the PA6 macromolecules decrease after adding Dj, and the
former decreases more than the latter, indicating that the
reactivity of the epoxy groups is higher with amino groups than
the reactivity with carboxyl groups (Figure 2b). The amino
group content in PA6/D;-2.0 decreases to 27.2 from 66.8
umol/g in PA6, and the carboxyl group content decreases to
58.3 from 119.6 pmol/g. Compared with the contents in the
original PA6, the amino and carboxyl group contents of PA6/
D,-2.0 are decreased by 59.3 and 51.2%, respectively. The
above results also indicate that the chain extension reaction
between D; and PA6 indeed occurs.
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3.3. Rheological Behavior. An enhancement in the melt
torque of polymers is usually correlated with a deterioration in
processability. Considering the pseudoplasticity of the polymer
melt, in which the apparent viscosity declines as the shear rate
increases, it is possible to improve the processability at a high
shear rate. Therefore, it is important to evaluate the effect of
D, on the processability of PA6 at different shear rates.

First, isothermal time sweep experiments in the dynamic
oscillatory mode were conducted to test the melt stability of
the original and extended PA6. Figure 3 shows their complex
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Figure 3. Complex viscosity as a function of time for the original and
extended PA6.

viscosity as a function of time at 230 °C and a frequency of 1
Hz. A decrease in the complex viscosity of the original PAG,
PA6/D;-0.5, and PA6/D;-1.0 is observed, originating from the
PA6 degradation at the melt temperature over time.
Interestingly, the complex viscosity of PA6/D,-1.5 and PA6/
D,-2.0 increases slowly over time, which may be attributed to
an ongoing chain extension reaction in the rheometer.

To evaluate the processability of the original and extended
PAG at different shear rates, the shear viscosity (17) was plotted
as a function of the shear rate () for the original and extended
PAG6 with various D, contents. As shown in Figure 4, the shear
viscosity of PAG shifts to a higher value with the addition of D
at low shear rates (<100 s™'), which is consistent with the melt
torque results shown in Figure 2a. With increasing D, content,
the shear-thinning behavior of the PA6 melt becomes more
obvious. The prominent shear-thinning behavior can result in a
rapid decrease in the melt viscosity of PA6 as the shear rate
increases.”'” As shown in Figure 4, the shear viscosity of the
extended PAG is very close to that of the original PA6 in the
shear rate range of 100—500 s™'. When the shear rate is higher
than 500 s, the viscosity of PA6 gradually decreases with the
addition of D;. With the added amount of 2.0 wt % D,, the
viscosity of PA6 at the shear rate of 1000 s~ decreases by

https://dx.doi.org/10.1021/acs.iecr.0c02022
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Figure 4. Shear viscosity curves of the original and extended PA6.

52.2% compared with that of the original PA6. The greater
shear thinning of the extended PA6 provides a lower viscosity
at high shear rates than that of the original PA6. As an
important rheological parameter, the shear viscosity is
commonly used to evaluate the processability of polymers,
and a high shear viscosity is related to poor processability.”***
The above results imply that the introduction of D, does not
deteriorate the processability, and it even improves the
processability of PA6 at high shear rates (>100 s™'), which is
the common shear range for industrial processing such as
extrusion (100—1000 s™') and injection molding and spinning
(>1000 s71).%?° Therefore, the introduction of D, ensures
good processability of PA6 in industrial processing and the
efficiency of industrial production.

In addition, other rheological parameters of the original and
extended PA6 were calculated from Figure 4 by the Carreau
equation (eq 1) and power-law equation (eq 2). In eq 1, 5, is
the zero-shear viscosity, 4 is the relaxation time,  is the shear
rate, a is a parameter. In eq 2, #(7) is the shear viscosity, j is
the shear rate, K is the consistency coeflicient, and n is the
power-law index. The calculated results care listed in Table 2.

p=— 0
[1+ (A7)’ )
n(y) = K" 3)

Table 2. Rheological Parameters of the Original and
Extended PA6

samples 7o (Pas) 2 (s) n“ (power-law index)
PA6 2.55 X 10? 1.1 X 1072 0.74
PA6/D,-0.5 3.71 x 10 1.8 X 1072 0.63
PA6/D,-1.0 5.55 X 10? 2.6 X 1072 0.50
PA6/D;-1.5 1.31 X 10° 1.4 x 107! 0.34
PA6/D,;-2.0 1.99 x 10° 3.1 %x 107! 0.22

“n is calculated at the shear range of 100—1000 sl

The zero-shear viscosity of PA6 increases from 2.55 X 10* to
1.99 X 10* Pa-s after modification with 2.0 wt % D, indicating
the occurrence of chain extension. The chain extension
reaction increases the molecular weight of PA6 and the
entanglement between macromolecular chains, consequently
increasing the viscosity of the polymer melt.””** In addition,
an increase in the molecular chain entanglement density leads
to longer relaxation time,”® as shown in Table 2. The power-
law index of the extended PA6 is smaller than that of the
original PA6 and declines with increasing D, loading, which
indicates that the melt viscosity of the extended PA6 is more

sensitive to the shear rate, suggesting the more obvious
pseudoplastic behavior.*

According to the above results, the addition of D,
significantly changes the rheological properties of PA6. The
rheological properties of polymers are closely related to their
molecular structure.’** Due to the multifunctionality of D;,
the reaction between D; and PA6 not only results in the linear
elongation of the molecular chains but also may produce
branched structures. The relevant reaction mechanism and the
possible molecular structures formed during the reaction are
summarized in Figure 5.

First, the coupling reaction occurs between two epoxy
groups in one molecule of D; and two macromolecular chains
of PA6, leading to chain extension. Here, the molecular
structure of PAG is still linear. Second, a star-shaped molecule
with three arms is formed after the reaction of three PA6
macromolecules with one D, molecule, as shown in Figure Sb.
According to Figure Sc, the reaction of the PA6 chains with
more than two D; molecules can generate other complex
structures, such as H-shaped, hyperbranched treelike, or cross-
linked structures. In other words, the incorporation of D, may
change the linear structure of PA6 macromolecules and induce
more diverse long-chain-branched structures.

Interestingly, based on the above results, the extended PA6
possesses the following characteristics of polymers with long-
chain branches: (1) long relaxation time, (2) high zero-shear
viscosity, and (3) high shear thinning sensitivity. The existence
of long-chain branches increases the molecular chain
entanglement density and obstructs the movement of
molecular chains, thus increasing the relaxation time and the
viscosity of the materials at lower shear rates.'” However, at
higher shear rates, the elongation of the molecular con-
formations and the disentanglement of the branches result in
an evident shear-thinning behavior and a lower viscosity of
long-chain-branched polymers.'***** Therefore, the addition
of D; does not exert a negative impact on the processability of
PAG in industrial production; instead, the long-chain branches
generated in the extended PA6 lead to a lower shear viscosity
and better processability. To confirm this viewpoint, other
rheological properties must be further investigated.

In addition to shear viscosity, the storage modulus and loss
angle are even more sensitive to long-chain-branched
structures. Figure 6a shows the storage modulus curves of
the original and extended PAG6 plotted as a function of the
frequency. The storage modulus of a linear polymer follows a
well-known frequency dependence at low frequencies, ie., G’
o @? which means that the terminal slope of the curve is 2 for
linear PA6, which is related to the terminal relaxation of
molecules.”*® The terminal slopes of the curves from Figure
6a were calculated as shown in Table 3. With the addition of
D,, the terminal slope decreases from 1.67 (original PA6) to
0.98 (PA6/D;-2.0). The original PA6 and PA6/D;-0.5 samples
exhibit typical terminal behavior, indicating mostly linear
molecular structures. The terminal slopes of the corresponding
curves of the other three samples are much lower than 2 at low
frequencies and thus deviated from the typical terminal
behavior, suggesting that their relaxation process occurs at
lower frequencies and takes longer. The longer relaxation
process is related to the presence of long-chain branches,
which increases the entanglement of molecular chains and
prevents molecular relaxation.’” This indicates that the
reaction between PA6 and D, results in the formation of
long-chain-branched structures, as shown in Figure S.
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Table 3. Terminal Slope of Elastic Modulus of the Original
and Extended PA6

samples the terminal slope of G’
PA6 1.67
PA6/D;-0.5 1.63
PA6/D,-1.0 113
PA6/D,-1.5 1.03
PA6/D;-2.0 098

According to the loss factor (tand) curves depicted in
Figure 6b, the original PA6 possesses the highest loss factor
peak, and its corresponding value is higher than that of the
extended PAG6 over the entire frequency range. The loss factor
value of the extended PA6 decreases, and the peak shifts
progressively toward the lower frequencies with the addition of
D,. No peak is observed on the tan 6 curves of PA6/D;-1.5 and
PA6/D,-2.0. Generally, the value of tan 0 decreases, and the
plateau of the tan 6 curve broadens as the long-chain branching
level increases.*®™*° Therefore, the above results again indicate
the formation of long-chain-branched structures after the
reaction between PA6 and D;.

Based on the above results and the discussion, D; induces
the formation of long-chain branches and has a significant
influence on the rheological behavior of PA6. The generation
of long-chain branches improves the shear-thinning behavior of
PA6, which positively influences the processability of PA6 at
high shear rates.
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3.4. Crystallization Properties of the Original and
Extended PA6. As a semicrystalline polymer, the crystal-
lization properties of PA6 play an important role in the
mechanical properties. Therefore, it is crucial to investigate the
effect of added D, on the crystallization properties of PA6. The
melting and crystallization curves of PA6 with different D,
contents via DSC measurements are illustrated in Figure 7.
The data from the nonisothermal crystallization tests of the
original and extended PA6 are summarized in Table S2 in the
Supporting Information. The melting peak temperature (T,")
of PA6 remains unchanged after the addition of D;. Compared
with the crystallization peak temperature (T ) of the original
PA6, TP of the extended PA6 shifts to a lower temperature,
indicating that the PA6 crystallization process requires higher
activation energy after the addition of D;. Chain extension
modification leads to an increase in the molecular weight, the
formation of long-chain branches, and an increase in the
molecular entanglement. The molecular entanglement and the
steric effect generated by long-chain branches delay the
segment movement and arrangement of the PA6 molecular
chains during crystallization.*' In addition, the introduction of
D, decreases the crystallinity of PA6, as shown in Table S2 in
the Supporting Information. When the added amount of D, is
2.0 wt %, the crystallinity of PA6/D;-2.0 is reduced to 17.4
from 26.3% of the original PA6.

Moreover, the crystal structures of the original and extended
PA6 were detected by XRD analysis, and their XRD patterns
are shown in Figure 7c. According to the previous
literature,"** there are several kinds of crystalline forms of
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PAG6, and a and y are common crystalline forms. As shown in
Figure 7c, the crystalline structure of the original PA6 is
dominated by the & form crystal phase, with two characteristic
peaks at approximately 20.5° (200 reflection) and 24° (002 +
202 reflections).”*** The extended PA6 has almost the same
pattern as the original PA6, revealing that the chain extension
modification has no effect on the crystal form of PA6.** The
DSC and XRD results indicate that an increase in the
molecular weight and the formation of long-chain branches
reduce the crystallization capability of PA6 without changing
its crystalline structure.

3.5. Mechanical Properties of the Original and
Extended PA6. Figure 8 shows the mechanical properties
of the original and extended PAG6. The tensile and flexural

14340

strengths, which represent the rigidity of PA6, are not
significantly affected by the incorporation of D,. The
elongation at break of the extended PAG6 is notably improved
compared with that of the original PA6, and the sample PA6/
D;-2.0 has the highest value (189.9%), which is approximately
4.8 times higher than that of the original PA6. In addition to
the elongation at break, the notched impact strength is also
used to evaluate the toughness of PA6. As seen in Figure 8, the
effect of D; on the notched impact strength is similar to its
effect on the elongation at break. Sample PA6/D;-2.0 exhibits
the highest notched impact strength (105.9 J/m), which is
69.7% higher than that of the original PA6. As previously
mentioned, the reaction between PA6 and D, increases the
molecular weight and results in the generation of long-chain
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Figure 9. Comparison of the chain extension effect between D, and ADR.

branches, which increases the amount of molecular chain
entanglement. According to the theory of polymer strength, an
increase in the entanglement point, which acts as a physical
cross-linking point between molecules, can increase the
interaction between molecules and reduce molecular slip-
page.””** Consequently, when subjected to external force,
more stress may be transferred within the system and PA6 can
withstand a larger load, accordingly increasing the mechanical
strength of PA6. According to the results of DSC experiments,
the crystallinity of PA6 decreases after chain extension by D,
which results in a decrease in the rigidity but an increase in
PAG6 toughness. A decrease in the crystallinity allows the cracks
to propagate more easily in the crystallite, which explains the
increase in the toughness. Consequently, the addition of D, to
PA6 results in improved mechanical properties, especially
toughness.

3.6. Comparison of the Chain Extension Effect
between D; and ADR. The chain extension effect of D,
was also compared with a commercial chain extender ADR.
Figure 9 shows the melt torque versus time, tensile strength,
and notched Izod impact strength of PA6 with 1.0 and 2.0 wt
% D; or ADR. As shown in Figure 9a, the torque of the
extended PA6 begins to increase after the melting period,
which is due to the chain extension reaction. With the same
added amount, the torque of PA6/D, is higher than that of
PA6/ADR after the melting period, exhibiting a greater chain
extension effect. The torque of PA6 added with 2.0 wt % D,
reaches equilibrium after approximately 4 min of mixing.
However, after 4 min of mixing, the torque of PA6 added with
2.0 wt % ADR still exhibits an upward trend, indicating that the
chain extension reaction between PA6 and ADR is still in
progress. Compared with ADR, the reaction rate of D, with
PAG is faster, which may be due to its lower molecular weight.
As shown in Figure 9b, the tensile strength of PA6 is not
significantly affected by the incorporation of D, or ADR. Both
D, and ADR can improve the impact strength of PA6, and D,
exhibits a more marked improvement. The notched impact
strength of PA6/D,-1.0 is 11.8% higher than that of PA6/
ADR-1.0, and the notched impact strength of PA6/D;-2.0 is
41.0% higher than that of PA6/ADR-2.0. The above results
indicate that D, has a higher reactivity and a greater chain
extension effect than ADR.

4. CONCLUSIONS

In this article, a novel trifunctional chain extender D; was
successfully synthesized and used to modify PA6. The
equilibrium torque value of the PA6/D;-2.0 melt was nearly
6 times larger than that of the original PA6, which implied the
occurrence of a chain extension reaction. Due to the

trifunctionality of D,, long-chain branches were simultaneously
formed along with the chain extension reaction, leading to
more pronounced non-Newtonian flow characteristics, and the
power-law index of the PA6/D;-2.0 melt decreased to 0.22
from 0.74 of the original PA6. In addition, the shear viscosity
of PA6/D;-2.0 decreased by 52.2% compared with that of the
original PA6 at a shear rate of 1000 s, indicating that the
addition of D; to PA6 resulted in excellent processability in
industrial processing such as extrusion, injection molding, and
spinning. In addition, the mechanical properties of chain-
extended PA6 were also improved by the incorporation of D),
especially the toughness. When the added amount of D, was
2.0 wt %, the elongation at break of the extended PA6
increased by 150.3%, and the notched impact strength
increased by 69.7% compared with the elongation at break
and notched impact strength of the original PA6. Moreover, D,
showed a higher reactivity and a greater chain extension effect
than the commercial chain extender ADR. These results
suggest that the triepoxy chain extender (D) is suitable for
preparing high-performance PA6 with excellent mechanical
properties and processability in industrial production.
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