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To further improve the performance of PA66 and expand its applications, a new strategy was proposed to
introduce an alicyclic structure into PA66 chain by the copolymerization method. Initially, 3,3'-dimethyl-
4,4’ -diaminodicyclohexylmethane (MACM) was reacted with 1,6-adipic acid to form MACM6 salt, and
then, it was copolymerized with PA66 salt to synthesize PA66/MACM6 copolymers with alicyclic
structures. PA66/MACM6 copolymers exhibited good thermal stabilities, and the presence of alicyclic
structure had no significant effect on their thermal stabilities. Notably, the crystallization temperature,
crystallinity and melting point of the PA66/MACM6 copolymer decreased gradually with increasing
MACM6 content, indicating that the addition of the MACM6 segment disrupted the regularity of the
original PA66 chain. Moreover, as the melting point of the PA66/MACM6 copolymer was in between
223.9 °C and 254.8 °C, it could be processed in a wide temperature range to meet the requirements of
different industrial applications. The non-isothermal crystallization kinetics of PA66/MACM6 copolymers
were investigated using the Jeziorny and Mo methods, and the crystallization activation energy was
calculated using the Kissinger method. The results indicated that the introduction of the MACM6
segment into the PA66 chain by copolymerization inhibited its crystallization and increased its
crystallization activation energy, thereby reducing its crystallization rate. In addition, PA66/MACM6
copolymers exhibited improved toughness with a slight decrease in the strength. When the content of
MACMG6 reached 40 wt%, the elongation at break of PA66/MACM6-40 was about 760% higher than that
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Introduction

Polyamide 66 (PA66), one of the most important engineering
plastics, has attracted extensive attention in industrial appli-
cation and theoretical research owing to its excellent chemical
resistance, good thermal stability, high mechanical strength,
and easy processing.'” As a typical semi-crystalline polymer, its
crystallization behavior is primarily determined by the
hydrogen bonding ability between its -NH- and —-CO- groups
present on adjacent molecular chains.® The PA66 chain
contains a large number of amide groups, and thus, it has
a strong hydrogen bond interaction. Moreover, the relatively
regular arrangement of PA66 chains contributes to crystalliza-
tion, resulting in high crystallinity and high mechanical
strength. However, crystallinity is also a major factor affecting
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of PA66, suggesting its high toughness.

the toughness of polyamide materials.”"> PA66 exhibits low
toughness and brittle fracture behavior owing to its high crys-
tallinity, which limits its application in the fields of pipe, rope,
cable ties and so on. Therefore, improving the toughness of
PA66 has been a focus of research in recent years.
Copolymerization method has been used in PA66 modifica-
tion owing to its simplicity and high efficiency. The target PA66
copolymers with desirable properties can be synthesized by
selecting suitable comonomers for molecular design. For
example, Harvey et al. synthesized PA66/6 copolymers and found
that adding PA6 segment into the PA66 backbone reduced the
melting temperature, crystallization temperature and crystal-
linity.” Lin et al. synthesized PA66/56 copolymers via a one-pot
polycondensation reaction of pentamethyleneammonium adi-
pate salt and hexamethyleneammonium adipate salt in aqueous
solution, which showed excellent toughness and high trans-
parency owing to their low crystallinity and small crystal size.**
Rwei et al. incorporated hexamethylenediamine and terephthalic
acid into the polymerization process of PA66 to form PA66/6T
copolymers. The results indicated that the formed PA66/6T
copolymers were isomorphous and exhibited minor crystal
difference as the addition of 6T varied from 0 to 30 mol% owing
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to the similar molecular chain lengths of 66 and 6T." Chen et al.
synthesized PA66 copolymers with aromatic moieties from recy-
cled PET waste, which exhibited excellent thermal and mechan-
ical properties.’* However, the modification of PA66 by
introducing an alicyclic chain segment has received little atten-
tion. Recently, our research group reported the synthesis of PA66
copolymers with cyclohexyl groups using 4,4’-diaminodicyclo-
hexylmethane (PACM), adipic acid and PA66 salt as the como-
nomers, wherein their films exhibited superior toughness and
great optical performance." It is well known that research on the
crystallization kinetics of polymer materials will be helpful to
improve their properties and understand their formation mech-
anism.'®* Unfortunately, there is no report on the crystallization
kinetics of PA66 copolymers with alicyclic structures. In general,
there are two kinds of polymer crystallization processes, namely,
isothermal crystallization and non-isothermal crystallization.*
Nevertheless, the polymer crystallization process is usually
carried out under dynamic and non-isothermal conditions
during practical processing, such as extrusion, injection
molding, and film or fiber forming.***® There is no doubt that the
non-isothermal crystallization behavior of polymers has a great
influence on the processing and properties of products.

In this work, 3,3'-dimethyl-4,4’-diaminodicyclohexyl-
methane (MACM) was selected as a large volume alicyclic
diamine monomer and reacted with 1,6-adipic acid to form
MACMS salt and then copolymerized with PA66 salt to synthe-
size PA66/MACMS6 copolymers with alicyclic structures. The
structure of PA66/MACM6 copolymers was characterized by
Fourier-transform infrared spectroscopy (FTIR) and proton
nuclear magnetic resonance (‘H-NMR). Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
utilized to investigate the thermal properties of the copolymers.
Based on the DSC data, the non-isothermal crystallization
kinetics of the copolymers was studied using both the Jeziorny
method and the Mo method, and the crystallization activation
energy was calculated using the Kissinger method. The
mechanical properties were researched by an electronic

View Article Online

RSC Advances

universal testing machine. The influence of the MACMS6
segment on the thermal properties, non-isothermal crystalliza-
tion behaviors, and mechanical properties of PA66/MACM6
copolymers was investigated, which could provide guidance
for the development and application of subsequent products.

Materials and methods

Materials

PA66 salt (99.9%) was supplied from BASF Co., Ltd, Shanghali,
China. 1,6-Adipic acid (99.8%) was purchased from Huafon
Chemical Co., Ltd, Chongqing, China. 3,3’-Dimethyl-4,4’-dia-
minodicyclohexylmethane (MACM, 99%) was bought from
Xuhua Biotechnology Co., Ltd, Shenzhen, China. Ethanol (95%)
was provided by Hunan Xiangyikang Pharmaceutical Co., Ltd,
Yiyang, China.

Preparation of copolymers

PA66/MACM6 copolymers can be synthesized by the salting
reaction and copolymerization reaction, and their synthetic
route is shown in Fig. 1. A typical procedure is described as
follows. First, a certain mass of 1,6-adipic acid was added into
a flask, followed by an equal mass of ethanol. After heating to
80 °C, MACM was added dropwise into the flask with stirring
until the pH value of the solution reached 7.2-7.5. The solution
was allowed to stand for 4 h at room temperature, and the
MACMS6 salt was obtained by filtration, washing and drying.
Next, PA66 salt, a certain mass of MACM6 salt and distilled
water, were added into an autoclave, and the solid content of
the reaction system was 20 wt%. In order to remove oxygen, the
reaction system was treated by vacuuming and filling with high
purity N, three times. The reaction system was heated to 210 °C
under stirring, and the pressure was kept at 1.5-2.0 MPa for 2 h.
The reaction system was further heated to 270 °C, and then the
exhaust valve was opened slowly to reduce the pressure to
atmospheric pressure. The system was vacuumed and reacted at
—0.05 MPa for 1 h. Finally, the PA66/MACM6 copolymer was
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Fig. 1 Synthetic route for PA66/MACM6 copolymers.
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obtained by discharging, cooling, granulating and drying. PA66/
MACMS6 copolymer was named as PA66/MACM6-n, where n
represents the weight percentage of MACMS6 salt added in the
feeding salts. For comparison, pure PA66 was also synthesized
by the same process.

Characterization

FTIR spectra were recorded on a Bruker Tensor 27 FTIR spec-
trometer (Germany) in attenuated total reflection mode from
4000 cm ™" to 400 cm .

"H-NMR spectra were acquired on a Bruker AVANCE III HD
600 MHz NMR spectrometer (Germany) at 25 °C using deuter-
ated trifluoroacetic acid as a solvent.

The relative viscosity () was measured by a Ubbelohde
viscometer at 25 °C using 96% H,SO, as a solvent, and the
concentration of the polymer solution was 0.01 g mL™". The
intrinsic viscosity ([n]) was calculated according to eqn (1).

2(ngp — Inm,
[n]:(nfn) (1)

where C is the concentration of the solution, 7, is the specific
viscosity, and ns, = n — 1. The viscosity-average molecular
weight (M) was calculated according to the Mark-Houwink
equation, as shown in eqn (2).

[n] = K," @

where K and « are constants that depend on the properties of
the polymer solution, and their values refer to the values of PA6,
which were 2.26 x 10~* and 0.82, respectively.>’

GPC measurement was performed on an Agilent 1260
Infinity II (USA) at 40 °C, with chromatogen-grade hexa-
fluoroisopropanol (HFIP) as the mobile phase and a flow rate of
1.0 mL min~'. Prior to the test, a narrow distribution poly-
styrene (PS) calibration standard curve was established.

TGA measurement was carried out on a Netzsch TG 209 F1
Libra (Germany) in a nitrogen atmosphere at a heating rate of
10 °C min " from room temperature to 800 °C.

—
Q
~—
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DSC measurement was performed on a TA Q20 (USA) in
a nitrogen atmosphere. The temperature was raised from 25 to
300 °C at a rate of 10 °C min~ ", kept at 300 °C for 5 min to
eliminate thermal history, and then lowered to 25 °C at a rate of
5°C min™!, 10 °C min™, 15 °C min~*, 20 °C min~* and 30 ©
C min~ ", respectively. The degree of crystallinity (X.) can be
calculated according to eqn (3).

AH,,
X. =
©7 AH,

x 100% (3)

where AH,, is the melting enthalpy of the sample, and AH, is
the theoretical melting enthalpy of fully crystalline PA66, which
is 194.69 ] g~ 1.8

The tensile properties were measured according to GB/T 1040-
2018 using a Sans CMT 4104 electronic universal testing machine
(China) at a crosshead speed of 20 mm min~". The test was
performed at room temperature, and the average value of at least
five tests was calculated together with the standard deviation.

Results and discussion
Structural characterization

The chemical structures of PA66/MACM6 copolymers were
characterized by FTIR. As shown in Fig. 2(a), the absorption
peak at 3300 cm™ ' corresponds to the N-H bond stretching
vibration. The peak at 3080 cm " is attributed to the overtone of
the N-H bending vibration. Absorption peaks at 2933 cm ™" and
2859 cm™ " represent the asymmetric and symmetric stretching
vibrations of methylene groups, respectively. The peak at
1636 cm ' corresponds to the C=O stretching vibration,
belonging to the amide I band. At 1539 cm ™', a combination
absorption peak of C-H bending vibration and C-N stretching
vibration appears, also known as the amide II band. The peak at
1465 cm™ " is assigned to the bending vibration of methylene (-
CH,-) groups. At 1276 cm ™, a combination absorption peak of
C-N stretching vibration and C-H bending vibration is
observed, which belongs to the amide III band. The presence of
amide I, II, and III bands confirms that all the samples possess
a typical polyamide structure. In addition, with the increase in
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Fig. 2 FTIR spectra (a) and *H-NMR spectra (b) of PA66 and PA66/MACM6 copolymers.
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the MACM6 content in the copolymer, the intensities of the
N-H bond stretching vibration peak and amide I-III bands
absorption peaks gradually decrease, and these peaks shift
towards low wavenumbers, which indicate that the introduction
of the MACM6 segment into the PA66 chain weakens the
intermolecular hydrogen bond interaction of the copolymers.

To further confirm their chemical structures, 'H-NMR anal-
ysis was performed. The "H-NMR spectrum of PA66/MACM6-40
in CF;CO,D was analyzed as a typical example, as shown in
Fig. 2(b). The appearance of the characteristic proton peaks of the
methyl group on the cyclohexyl ring (denoted f) and methylene
group between two cyclohexyl rings (denoted i) confirms that the
MACMS6 segment was successfully introduced into the PA66
chain by the copolymerization method. Compared with PA66, it
is found that the proton peaks of the PA66/MACM6 copolymer
move to the region of low chemical shift due to the influence of
the alicyclic structure, which is consistent with the FTIR result.

Molecular weight characterization data of PA66 and PA66/
MACMS6 copolymers obtained by viscosity method and GPC
are listed in Table 1. All the samples have high molecular weight
(M, = 18831) and narrow polydispersity index (PDI < 1.75), and
these data are controlled within a relatively small variation
range as much as possible to reduce the impact of molecular
weight differences on their properties.

Thermal properties

The thermogravimetric analysis (TGA) curves and derivative
thermogravimetric (DTG) curves of PA66/MACM6 copolymers are

Table 1 Molecular weight characterization data of PA66 and PA66/
MACM®6 copolymers

Samples M [mdLg™" M, M, My PDI
PA66 2.19 0.90 24611 19216 33604 1.75
PA66/MACM6-10 2.20 0.91 24810 19660 34138 1.74
PA66/MACM6-20 2.16 0.88 24007 18831 32444 1.72
PA66/MACM6-30 2.23 0.93 25411 21143 35851 1.70
PA66/MACM6-40 2.22  0.92 25212 20441 35267 1.73
(a)
——PA66
100 E Lo —— PAB6/MACMB-10
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shown in Fig. 3, and the relevant data are summarized in Table 2.
It can be observed that the TGA curves of PA66/MACM6 copoly-
mers are essentially similar to that of PA66, with all the samples
exhibiting only one weight loss step in their thermal degradation
profiles. The initial thermal decomposition temperatures at 5%
weight loss (Ts,) and maximum thermal decomposition rate
temperatures (Tpnax) Of the PA66/MACMS6 copolymers range from
374.2 °C to 388.5 °C, and 439.2 °C to 442.3 °C, respectively. These
results indicate that PA66/MACMS6 copolymers have good thermal
stabilities, and the existence of alicyclic structure has no signifi-
cant effect on their thermal stabilities.

Fig. 4 illustrates the DSC curves of PA66/MACMS6 copolymers
during the first cooling and the second heating process at a rate
of 10 °C min~ ", and the corresponding data are listed in Table 2.
Note that the crystallization temperature (7.), melting point
(Tm) and crystallinity (X.) of the PA66/MACMS6 copolymer are
lower than those of pure PA66 and gradually decrease with the
increase in the MACMS6 content. This phenomenon is attributed
to the steric hindrance effect of the MACM6 segment, which has
large alicyclic structures with side methyl groups. The intro-
duction of the MACM6 segment into the PA66 chain disrupts
the ordered arrangement of the original molecular chain,
resulting in structural irregularity and defect in the copolymer
crystal. When the content of MACM6 reaches 40 wt%, the PA66/
MACMS6-40 copolymer exhibits the lowest T, of 151.7 °C, the
lowest Ty, of 223.9 °C and the lowest crystallinity of 15.1%,
indicating that the PA66/MACMS6-40 copolymer has the poorest
structural order. This result is also supported by the appearance
of a cold crystallization peak in the second heating DSC curve of
the PA66/MACMG6-40 copolymer, whose molecular chain rear-
ranges and crystallizes when the temperature rises above the
glass transition temperature due to its highly disordered
sequence structure.” Interestingly, the T, value of pure PA66 is
264.2 °C, whereas the Ty, values of the PA66/MACMS6 copolymer
ranges from 223.9 °C to 254.8 °C. Therefore, introducing the
MACMS6 segment with different contents into the PA66 chain
through copolymerization is a simple and effective method to
obtain rearranged sequence structures and adjustable thermal
properties, and the PA66/MACMS6 copolymerization system has
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Fig. 3 TGA curves (a) and DTG curves (b) of PA66 and PA66/MACM6 copolymers.
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Table 2 TGA and DSC data of PA66 and PA66/MACM6 copolymers
Samples Ts9 (°C) Tmax (°C) T, (°C) T (°C) AH, (Jg ) X, (%)
PA66 385.6 446.7 214.0 264.2 74.1 38.1
PA66/MACM6-10 388.5 442.3 211.2 254.8 68.4 35.1
PA66/MACM6-20 374.2 439.2 205.3 248.1 60.5 31.1
PA66/MACM6-30 380.6 442.0 175.7 237.0 42.2 21.7
PA66/MACMG6-40 386.3 441.2 154.3 223.9 29.4 15.1

(a) (b)

PAB6/MACMB-40 \

2 PA66/MACMS-30 .g[ %_/

c c

) )

. PAB6/MACMB-20 B AEACHE:A0

=] =)

E PAG6/MACMB-10 £

= § PAG6/MACM6-20

£ E

2 3

) ° PAB6/MACMB-10

= -

E =4 -

© ©

o)

T z

1 1 1 L 1 1 1 1

50 100 150 200 250 300

Temperature(°C)

Fig.4 DSC curves of PA66 and PA66/MACM6 copolymers during the first cooling (a) and the second heating (b) process at a rate of 10 °C min™".

a wide tunable melting point range and can be processed in
a wide temperature range to meet the requirements of different
industrial applications.

Non-isothermal crystallization behaviors

Non-isothermal crystallization curves of PA66/MACMS6 copoly-
mers at different cooling rates are shown in Fig. 5. With an
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increase in the cooling rate, the crystallization peaks of all the
samples shift towards the low temperature region and widen
due to the crystallization hysteresis caused by high cooling rate.
At a high cooling rate, molecular chains do not have enough
time to form an ordered arrangement at high temperature;
thus, the crystallization temperature decreases. Moreover, the
sample at a high cooling rate has a short residence time at both
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Fig.5 Non-isothermal crystallization curves of PA66 and PA66/MACM6 copolymers at different cooling rates: (a) PA66, (b) PA66/MACM6-10, (c)

PA66/MACM6-20, (d) PA66/MACM6-30, (e) PA66/MACM6-40.

2904 | RSC Adv,, 2025, 15, 2900-2911

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08482a

Open Access Article. Published on 29 January 2025. Downloaded on 7/23/2025 7:36:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(@) 100 -
\\\
$ 80t
s \
£
= 60
®
5
o 40 F ——s°Cimin
2 —— 10°C/min
= ——15°C/min
o 20 F ——20°C/min
———30°C/min
0 L '
190 200 210 220 230
Temperature(°C)
(©) 100 _
2 %
E 80
£
I}
b 60 |
o
Q
o
2 40 | ——5°C/min
s 10°C/min
o 15°C/min
20 20°C/min
——30°C/min
1 1 1 .

170 180 190 200 210 220

Temperature(°C)

View Article Online

RSC Advances

(b) 100 —
g
= 80f
£
3 60f
2
o
o
.; 40 | ——5°C/min
% ——10°C/min
x = 15°C/min
20 20°C/min
30°C/min
1 1 1 TR 1
180 190 200 210 220 230
Temperature(°C)
(d) 400 ——
= N
IS \
= 8o}
£
3
% 60f
2
o
o
2 40 5°C/min
% e 10°C/min
o 15°C/min
20F 20°C/min
——30°C/min
L L

0
130 140 150 160 170 180 190 200 210

Temperature(°C)

Fig. 6 X(T)-T curves of PA66 and PA66/MACM6 copolymers: (a) PA66, (b) PA66/MACM6-10, (c) PA66/MACM6-20, (d) PA66/MACM6-30.

high and low temperatures and lacks sufficient time for the
formation of crystal nuclei and the growth of the crystal,
resulting in high crystallization imperfection and a wide crys-
tallization peak. At the same cooling rate, the crystallization
peak of the PA66/MACM6 copolymer also moves to the low
temperature region and widens with the increase in the MACM6
content. As the content of MACMBS6 is 40 wt%, the PA66/MACM6-
40 copolymer has wide and weak crystallization peaks only at
low cooling rates, and its crystallization peak disappears when
the cooling rate reaches 20 °C min~* or above. This is because

the PA66/MACM6-40 copolymer with high MACM6 content has
low crystallization ability, and its molecular chains do not have
time to regularly arrange and crystallize at high cooling rates,
resulting in an amorphous structure. Therefore, the PA66/
MACMS6-40 copolymer was not analyzed in subsequent non-
isothermal crystallization studies.

The relative crystallinity X(7T) of the PA66/MACM6 copolymer
can be determined by the ratio of the area of the crystallization
curve formed at a certain crystallization temperature to the area

Table 3 Non-isothermal crystallization kinetic parameters of PA66 and PA66/MACM6 copolymers

Samples @ (°C min~Y) T, (°C) T, (°C) T. (°C) AT, (°C) ty)> (min)
PA66 5 218.04 221.76 224.10 6.06 0.73
10 210.86 217.17 220.23 9.37 0.51
15 205.27 213.76 217.51 12.24 0.40
20 200.76 210.98 215.47 14.71 0.36
30 193.38 206.48 211.80 18.42 0.29
PA66/MACM6-10 5 215.13 220.20 228.43 13.30 1.62
10 206.83 213.30 222.92 16.09 1.04
15 200.49 208.51 218.54 18.05 0.79
20 195.43 204.60 215.33 19.90 0.66
30 187.13 199.22 210.49 23.36 0.51
PA66/MACM6-20 5 206.84 213.12 220.12 13.28 1.84
10 197.22 205.85 214.81 17.59 1.11
15 190.37 200.86 210.49 20.12 0.88
20 184.57 196.52 206.99 22.42 0.74
30 175.23 189.80 202.54 27.31 0.52
PA66/MACM6-30 5 182.25 192.53 201.52 23.27 2.45
10 169.22 183.02 193.74 24.52 1.31
15 160.32 175.92 188.80 28.48 1.04
20 153.69 170.28 184.48 30.79 0.84
30 143.33 163.04 178.18 34.85 0.66
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of the entire crystallization peak, which can be calculated

according to eqn (4).
T dHc
a0 ar)or

X(T) = A, J‘Tc <%)dT

T\ dT
where X(T) and dH./dT are the relative crystallinity and heat flow
at a certain crystallization temperature T, respectively; T, is the
onset crystallization temperature, and 7. is the end crystalliza-
tion temperature; Ay and A, are the crystallization peak areas
from T, to T and from Ty to T, respectively. The X(T)-T curves of
the PA66/MACM6 copolymers at different cooling rates are
shown in Fig. 6, and the relevant parameters are listed in Table
3. The parameter @ is the cooling rate, and AT, is the temper-
ature interval between T, and T.. As the cooling rate increases,
the T, and T. values of each sample both decrease, and the AT,
value increases, which is consistent with the previous analysis
of non-isothermal crystallization curves, indicating that crys-
tallization hysteresis is caused by a high cooling rate. Moreover,
at the same cooling rate, the AT, values of the PA66/MACM6
copolymers are obviously higher than those of pure PA66,
indicating that the addition of the MACM6 segment disrupts
the regularity of PA66 molecular chains, and the steric
hindrance effect caused by the large alicyclic structures with
side methyl groups hinders the ordered arrangement of PA66
molecular chains. As a result, PA66/MACM6 copolymers need
lower crystallization temperatures and longer crystallization
times.

(4)
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Fig. 7 X(t)-t curves of PA66 and PA66/MACM6 copolymers: (a) PA66,
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In the non-isothermal crystallization process, the crystalli-
zation temperature 7 can be converted into crystallization time ¢
according to eqn (5).

To—T

t=—5 (5)

X(t) is the relative crystallinity at a certain crystallization time ¢,
and the curves of X(¢) with time ¢ can be obtained by eqn (4) and
(5). As shown in Fig. 7, all the X(¢)-t curves exhibit an “S” shape
and have two non-linear stages in the early and late periods of
crystallization. In the early stage, nucleation is difficult due to
the rapid motion of the molecular chain at high temperature,
resulting in a slow crystallization rate. In the late stage,
molecular chain movement is inhibited at low temperature, and
the crystal growth rate decreases, leading to a decrease in the
crystallization rate.®® In addition, the higher the cooling rate,
the shorter the time required to complete the crystallization.
This is because the higher cooling rate leads to greater super-
cooling, thus allowing less time for crystallization. The half-
crystallization time ¢/, is defined as the time from the onset
crystallization until the relative crystallinity X(¢) reaches 50%,
which is an important parameter reflecting the crystallization
rate of polymer materials. The ¢;,, values can be obtained from
the X(t)-t curves, as listed in Table 3. With the increase in
cooling rate, the ¢,,, value of each sample becomes shorter,
indicating that the crystallization rate becomes faster at higher
cooling rate. At the same cooling rate, the ¢, values of the PA66/
MACMS6 copolymers are greater than those of pure PA66 and
exhibit an increasing trend with an increase in the MACM6
content. The results show that the introduction of a large
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(b) PA66/MACM6-10, (c) PA66/MACM6-20, (d) PA66/MACM6-30.
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MACMS6 segment in the PA66 chain reduces the crystallization
rate, and the higher the content of MACMS6, the slower the
crystallization rate. Therefore, the content of MACM6 has
a great influence on the crystallization behaviors of PA66/
MACMS6 copolymers.

Non-isothermal crystallization kinetics

In general, the classical Avrami equation is one of the most
commonly used methods for investigating the early stage of
polymer isothermal crystallization kinetics, as shown in eqn

(6).31

X(1) =1 — exp(~Z") (6)
where X(¢) is the relative crystallinity at time ¢, n is the Avrami
index, and Z; is the crystallization rate constant. Taking the
natural logarithm of both sides of the Avrami equation, we can
obtain eqn (7).

lg{—In[l — X(O)]} =1gZ, +nlgt (7)

In order to analyze the non-isothermal -crystallization
kinetics of the polymers, Jeziorny proposed®” that the early stage
of non-isothermal crystallization can be simplified by the
Avrami equation at a constant cooling rate, and the non-
isothermal crystallization process can be decomposed into
countless isothermal crystallization processes at different
temperatures. The isothermal crystallization parameter Z; in the
Avrami equation is modified to the non-isothermal crystalliza-
tion parameter Z. using eqn (8).

View Article Online
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IgZ.=1gZ/® (8)
where @ is the cooling rate and Z. is the non-isothermal crys-
tallization rate constant. The plot of 1g{—In[1 — X(¢)]} versus lgt
is shown in Fig. 8. It can be observed that the crystallization
kinetics curves for all the samples do not exhibit a perfectly
linear relationship. However, they maintain good linearity
within the main crystallization region. For the linear fitting of
this part of data, the values of n and Z. can be calculated
through the slope and intercept, as presented in Table 4.

The Avrami index n is an important parameter reflecting the
nucleation and crystal growth mechanism during polymer
crystallization. When the 7 values range from 1 to 2, 2 to 3, 3 to
4, and more than 4, the primary modes of crystal growth are
one-dimensional fibrillar, two-dimensional lamellar, three-
dimensional spherulitic and complex multi-dimensional
process, respectively.*® The n values of the samples are listed
in Table 4, and non-integer n values suggest that the actual
crystallization process involves very complex nucleation and
crystal growth mechanisms. Note that the n values of PA66/
MACMS6 copolymers range from 2.96 to 4.26, but most of
them are in the range from 2 to 3, indicating that the crystal
growth of PA66/MACM6 copolymers mainly tends towards
three-dimensional spherulite mode.

The parameter Z, is often used to evaluate the crystallization
rate. Usually, the higher the Z. value, the faster the crystalliza-
tion rate. As listed in Table 4, when the cooling rate increases,
the Z. value of the PA66/MACMSG6 copolymer gradually increases,
suggesting a higher crystallization rate with an increase in the
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Fig. 8 lg{—In[1 — X(t)}-lgt curves of PA66 and PA66/MACM6 copolymers: (a) PA66, (b) PA66/MACM6-10, (c) PA66/MACM6-20, (d) PA66/
MACM6-30.
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Table 4 Non-isothermal crystallization kinetic parameters of PA66
and PA66/MACM6 copolymers based on the Jeziorny method

Samples @ (°C min™ ") n Z Z.
PA66 5 3.69 1.175 1.033
10 3.41 6.918 1.213
15 3.19 10.471 1.169
20 3.06 13.804 1.140
30 2.78 16.982 1.099
PA66/MACM6-10 5 3.88 0.145 0.679
10 3.76 0.617 0.953
15 4.08 1.445 1.025
20 4.26 2.630 1.050
30 3.84 5.495 1.058
PA66/MACM6-20 5 3.25 0.065 0.578
10 3.24 0.457 0.825
15 3.20 1.135 1.009
20 3.21 2.399 1.045
30 3.10 8.710 1.075
PA66/MACM6-30 5 3.50 0.029 0.492
10 2.90 0.316 0.891
15 3.05 0.603 0.967
20 3.01 1.140 1.007
30 2.96 2.344 1.029

cooling rate. This variation trend is more significant at lower
cooling rates (such as 5 °C min~" to 15 °C min~ '), and small
changes at higher cooling rates may be attributed to the
inability of molecular chains to stack and rearrange quickly
enough to respond to temperature changes at higher cooling
rates. At the same cooling rate, the Z. order of these four
samples is PA66 > PA66/MACM6-10 > PA66/MACMG6-20 > PA66/

@16
X(t=20%
X(t)=40%
14 | X(t)=60%
X(t)=80%
12 F
e
=
1.0 |
08 | \.
A\\\v
06 1 1 1 '} 1 1 L 1
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1
Igt
(c) 16
X(t)=20%
X(t)=40%
14} X(t)=60%
X(t)=80%
12
©
>
1.0 |
08}

1 1 L 1 L 1 1 1

0.
-05-04-03-02-0100 0.1 02 03 04

lgt

Fig. 9

2908 | RSC Adv, 2025, 15, 2900-291

View Article Online

Paper

MACMBS6-30, indicating that the crystallization rate of the sample
decreases with the increase in the MACM6 content. This is
consistent with the analysis results of ¢;,, mentioned above.

In order to describe the non-isothermal crystallization
kinetics more accurately, Mo et al. proposed a new method by
combining the Avrami equation with the Ozawa equation,* as
shown in eqn (9).

lgd=1gHT) — algt 9)

Here, @ represents the cooling rate; F(T) represents the cooling
rate required to achieve a specific degree of crystallinity; o = n/
m, where n is the Avrami exponent and m is the Ozawa expo-
nent. At different X(t) values, scatter plots of 1g @ versus lg t were
created and fitted. The lg @-lgt curves for PA66 and PA66/
MACMS6 copolymers are shown in Fig. 9. The slope of these
fitting lines is —«, and the intercept is Ig F(7T). The fitting results
are presented in Table 5. Generally, a higher F(7) value means
a lower crystallization rate. For the same sample, the F(T) value
increases with increasing X(¢), indicating that a higher cooling
rate is required to achieve a higher degree of crystallinity in
a given time.** At the same X(t), with the increase in the MACM6
content, the F(T) value of the PA66/MACM6 copolymer
increases. This result further confirms that the presence of
MACMS6 segments reduces the crystallization rate, which is
consistent with the previous conclusions. The « values for all

the samples do not vary significantly within the selected range
of relative crystallinity. Therefore, the Mo method successfully
describes the non-isothermal crystallization behavior of the
copolymers.

X(t)=20%
X(t)=40%
X(t)=60%
X(t)=80%

AN
v
06 1 1 1 1 1 1 1 1
-0.5-04 -0.3-0.2-0.1 0.0 0.1 0.2 03 04
Igt
(d)16
X(t)=20%
X(t)=40%
14 F X(t)=60%
X(t)=80%
12
e
=]
10 F
0.8 |

0.
-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
gt
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Table 5 Non-isothermal crystallization kinetic parameters of PA66
and PA66/MACM6 copolymers based on the MO method

Samples X(t) (%) o F(T)
PA66 20 1.39 2.69
40 1.51 3.31
60 1.64 3.98
80 1.80 5.25
PA66/MACMG6-10 20 1.51 6.17
40 1.53 9.12
60 1.56 12.02
80 1.59 16.22
PA66/MACM6-20 20 1.42 8.51
40 1.44 10.97
60 1.45 13.18
80 1.49 16.22
PA66/MACMG6-30 20 1.33 9.77
40 1.35 13.80
60 1.37 18.20
80 1.39 23.99

Non-isothermal crystallization activation energy

The crystallization process of crystalline polymers is typically
controlled by two factors: the free energy barrier for crystal
nucleation and the activation energy for crystal units to cross
the phase interface.®>*® The crystallization activation energy,
related to the energy and barriers in the phase transition
process, is a crucial parameter in phase transition. It represents
the energy required to overcome the barrier during polymer
crystallization, effectively reflecting the crystallization ability of
the polymer.*”*® In general, the higher the crystallization acti-
vation energy, the higher the crystallization energy barrier, and
thus the lower the crystallization rate. The crystallization acti-
vation energy for non-isothermal crystallization processes can
be calculated using the Kissinger equation, as shown in eqn
(10).

d[In(®/T,%)]  AE 10

KU "
where R is the ideal gas constant, and AE is the crystallization
activation energy. Using the data in Table 3, the fitting In(®/
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T,,’)-1/T}, curves were obtained and are shown in Fig. 10(a), and
good linear fitting results can be observed for all the samples.
The AE values can be calculated from the slopes of these fitting
curves, as shown in Fig. 10(b). Obviously, the AE value of each
PA66/MACMS6 copolymer is higher than that of pure PA66, and
the AF value increases when the content of MACMS6 increases.
After the introduction of alicyclic structure into the PA66 chain
by copolymerization, the molecular chain mobility and rear-
rangement ability decreases, the crystallization energy barrier
increased, and the crystallization ability decreases.* Therefore,
the PA66/MACM6 copolymer with high MACM6 content has
high crystallization activation energy and low crystallization
rate.

Mechanical properties

The tensile strength and elongation at break of PA66 and PA66/
MACMBS6 copolymers are shown in Fig. 11(a). Compared with
PA66, the tensile strength of the PA66/MACM6 copolymer
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Fig. 11 Tensile properties of PA66 and PA66/MACM6 copolymers: (a)
tensile strength and elongation at break, (b) specimen appearance
after tensile test.
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Fig. 10 ln((I)/sz)—l/Tp curves (a) and crystallization activation energy data (b) of PA66 and PA66/MACM6 copolymers.
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decreases slightly, but its elongation at break increases signif-
icantly. When the content of MACM6 reaches 40 wt%, the
elongation at break of PA66/MACM6-40 is about 760% higher
than that of PA66. The significant increase in the elongation at
break indicates that PA66/MACMS6 copolymers have high
toughness, which is attributed to the decrease in the crystal-
linity due to the destruction of chain segment regularity by
copolymerization. In addition, as shown in Fig. 11(b), when the
content of MACM6 exceeds 20%, PA66/MACM6 copolymers
exhibit obvious stress whitening and necking phenomena after
tensile test, which further confirms that high toughness can be
achieved by introducing alicyclic structure into PA66 chain by
copolymerization.

Conclusions

In this study, PA66/MACMS6 copolymers with alicyclic structures
were successfully synthesized by the copolymerization of PA66
salt and MACMS6 salt. TGA and DSC results indicate that PA66/
MACMS6 copolymers have excellent thermal stabilities with
a Tso, above 374 °C, and their melting points range from 223.9 °©
C to 254.8 °C, demonstrating that copolymerization modifica-
tion can improve the processing performance of PA66 without
reducing its thermal stabilities. Note that the melting point,
crystallization temperature and crystallinity of the PA66/
MACMS6 copolymer decrease gradually with the increase in
MACMS6 content. Moreover, the non-isothermal crystallization
kinetics of PA66/MACM6 copolymers was investigated using the
Jeziorny and Mo methods, suggesting that the introduction of
MACMS6 segments inhibited PA66 crystallization and slowed its
crystallization rate. The non-isothermal crystallization activa-
tion energy was calculated using the Kissinger method. With
the increase in MACM®6 content, the AE value of the PA66/
MACMS6 copolymer increases gradually, making crystallization
more difficult. In addition, PA66/MACM6 copolymers exhibit
greatly improved toughness with a slight decrease in the
strength. When the content of MACM6 reaches 40 wt%, the
elongation at break of PA66/MACM6-40 is about 760% higher
than that of PA66, showing high toughness. In summary, the
content of MACM6 has great influence on the structures and
properties of PA66/MACMS6 copolymers. Therefore, it is a simple
and effective method to adjust the thermal properties, crystal-
lization behaviors and mechanical properties of the PA66/
MACMS6 copolymer by changing the content of MACMS6 to
meet the requirements of different industrial applications. This
work provides a promising pathway for the synthesis of poly-
amide materials with desired properties.
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