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ABSTRACT
Herein, poly(pentanediamine terephthalamide) (PA5T) homopolymer was synthesized via a salt- 
forming reaction+solid state polycondensation method using bio-based 1,5-pentanediamine and 
terephthalic acid as the primary raw materials. To address the issue of its narrower processing 
window, poly(hexamethylene terephthalamide)(PA6T), which also cannot be melt processed due 
to the processing window is negative, was introduced into its molecular chain to synthesize poly 
(pentanediamine/hexanediamine terephthaloyl) (PA5T-co-6T) copolymers. The structures were 
investigated by Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance 
carbon spectroscopy (13C-NMR). Furthermore, the melting temperature, crystallization tempera-
ture, thermal stability, and crystal growth mode of the polymer were tested and analyzed using 
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and wide-angle x-ray 
diffraction (WAXD), respectively. The results demonstrate that the crystal growth mode gradually 
changes from three-dimensional spherical growth to two-dimensional disk-like or three- 
dimensional spherical growth with the increase of 6T chain segment content. Simultaneously, 
the crystallization temperature, melting temperature, and crystallization rate of the polymer all 
showed a trend of decreasing first and then increasing, which was due to the combined effects of 
the increase in the content of 6T chain segments on the molecular-chain structure and crystal 
structure of the polymer. Bio-based PA5T-co-6T has excellent heat resistance and a wider proces-
sing window than PA5T and PA6T, which possesses great application prospects in the fields of 
automotive, electronic appliances, and LED optics.
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Introduction

Polyamide has a regular structure and strong intermolecu-
lar forces, which make it easy to crystallize, thus having 
excellent chemical resistance, wear resistance, and 
mechanical properties [1,2]. Aliphatic polyamide is pro-
duced through the polycondensation of aliphatic diamine 
and diacid. Its molecular chain is soft and easier to melt 
process, making it widely used in automotive and electro-
nic fields [3,4]. With the development of surface mount 
technology (SMT), resins are required to withstand higher 
reflow soldering temperatures (>270°C) [5]. At the same 
time, the optical field of LED reflector brackets and new 
energy vehicles also place higher demands on the heat 
resistance of resins.

The heat resistance temperature of traditional ali-
phatic polyamides is below 260°C, which has been 
difficult to meet the market demands [6]. The fully 
aromatic polyamide is synthesized through the poly-
condensation reaction of aromatic diamines and 

diacids. It possesses high density of aromatic rings 
and significant intermolecular forces, making it an 
extremely heat-resistant material. However, its ther-
mal decomposition onset temperature exceeds its 
melting point, rendering it ineligible for melt molding 
processes. Additionally, its high cost restricts its 
further applications [7,8]. The semi-aromatic polya-
mide is synthesized through the polymerization of 
aliphatic diamines with aromatic diacids or vice 
versa. Its molecular-chain structure features both 
heat-resistant rigid phenyl rings and flexible aliphatic 
segments, offering a balance of excellent heat resis-
tance and processability, garnering significant atten-
tion [9,10].

Poly(hexamethylene terephthalamide) (PA6T), 
obtained by polymerization of 1,6-hexanediamine and 
terephthalic acid (PTA), possesses a high melting tem-
perature, which is exceeding its onset thermal decom-
position temperature, making it ineligible for melt 
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processing. Furthermore, 1,6-hexanediamine is 
a petrochemical product. The rapid depletion of fossil 
resources has adverse effects on the environment, 
thereby necessitating the substitution of petrochemicals 
with bio-based materials [11–13].

1,5-pentanediamine and 1,6-hexanediamine have 
similar structures and can be prepared from lysine 
through cell biotransformation or direct fermentation 
from corn [14–16]. And the production capacity of lysine 
is severely surplus, so developing polyamide (PA5T) 
based on 1,5-pentanediamine can help digest the pro-
duction capacity of lysine [17,18]. However, the melting 
temperature (359.47°C) and thermal decomposition 
initiation temperature (371.83°C) of PA5T are close to 
each other, making it easy to decompose during proces-
sing. Generally, copolymerizing semi-aromatic polya-
mide with aliphatic polyamide or introducing flexible 
segments such as -O- or – S- into the molecular chain 
can appropriately lower the melting point of the poly-
mer to improve its processability [19,20]. However, there 
has been no research on modifying the polymer mole-
cular chain and crystal structure by introducing a semi- 
aromatic 6T chain segment into the PA5T to adjust its 
processing window.

In this paper, PA5T and PA6T homopolymers were 
synthesized using 1,5-pentanediamine, 1,6-hexanedia-
mine and PTA as the main raw materials through prepo-
lymerization and solid-state polycondensation. On this 
basis, the 6T chain segment was introduced into the 
main chain of the bio-based PA5T molecule to synthesize 
a poly(pentanediamine/hexanediamine terephthaloyl) 
(PA5T-co-6T) copolymer with a wide processing window 
and excellent heat resistance. The polymer structure was 
confirmed by Fourier transform infrared spectroscopy 
(FTIR) and nuclear magnetic resonance carbon spectro-
scopy (13C-NMR). The melting temperature, thermal 
decomposition temperature, and processing window of 
the polymer were characterized by differential scanning 
calorimetry (DSC) and thermogravimetric analysis (TGA).

Polymer crystallization kinetics is essential for optimiz-
ing process conditions, producing high-quality products, 
and understanding the relationship between polymer 
structure and properties [21–23]. In particular, non- 

isothermal crystallization kinetics is important because in 
the actual processing and production of polymers, most 
processes such as extrusion and molding are usually car-
ried out under dynamic non-isothermal conditions 
[24,25]. The non-isothermal crystallization kinetics para-
meters and crystal growth mechanism of PA5T, 6T, and 
5T-co-6T were analyzed and studied using Jeziorny and 
Mo methods. The changes in crystal structure were also 
assessed by wide-angle X-ray diffraction (WAXD).

The preliminary study on the structure, thermal prop-
erties, and crystallization mechanism of PA5T/6T copo-
lymers with a wide processing window will effectively 
promote the engineering application of 5T-based heat- 
resistant polyamide materials in automotive, electronic 
appliances, and LED optics.

Materials and methods

Materials

The 1,5-pentanediamine (≥99.5%) has been purchased 
from Cathay Biotech Inc. PTA (≥99) and 1,6-hexanedia-
mine (≥99.5%) were obtained from Shanghai Aladdin 
Biochemical Technology Co., Ltd. Sinopharm Chemical 
Reagent Co., Ltd. provided concentrated sulfuric acid 
reagent for relative viscosity testing. The deuterated 
trifluoroacetic acid purchased from Shanghai Ma Kelin 
Biochemical Technology Co., Ltd. was used as a solvent 
for 13C-NMR analysis testing. The concentrated sulfuric 
acid used for testing relative viscosity was bought from 
Sinopharm Chemical Reagent Co., Ltd. The deionized 
water used was freshly prepared.

Preparation of PA 5T, 5T-co-6T and 6T salts

Add 1,5-pentanediamine, 1,6-hexanediamine, PTA and 
proper amount of deionized water into a three necked 
flask, start stirring, gradually raise the temperature to 40– 
50°C, react at this temperature for 1.5 h, adjust the PH 
value of the reaction system to 6.5–7.0, and obtain PA5T, 
5T-co-6T and 6T salts (yield ≥90%). The specific formula 
of raw materials is shown in Table 1.

Table 1. Composition of PA 5T, 5T-co-6T and 6T.
Samples 
(PA) 1,5-pentanediamine/mol 1,6-hexanediamine/mol PTA/mol H2O/wt%

5T 1.00 – 1.00 30
5T/6T-0.2 0.80 0.20 1.00 30
5T/6T-0.4 0.60 0.40 1.00 30
5T/6T-0.5 0.50 0.50 1.00 30
5T/6T-0.6 0.40 0.60 1.00 30
5T/6T-0.8 0.20 0.80 1.00 30
6T – 1.00 1.00 30
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Synthesis of PA 5T, 5T-co-6T and 6T

Add PA 5T, 5T-co-6T or 6T salts to the high-temperature 
high-pressure polymerization reactor, purge the reactor 
with inert gas for 5–10 min to make the polymerization 
reaction system an inert gas atmosphere, and then start 
programmed temperature rise. Within 2 h, the heating 
temperature of the polymerization reaction system is 
increased to 220–230°C, during which the polymeriza-
tion pressure gradually increases. After the pressure in 
the polymerization reactor rises to 2.0 MPa, gradually 
release the pressure to negative pressure within 1 h, 
while continuing to increase the temperature of the 
polymerization reaction system to 240°C. Under these 
temperature and pressure conditions, the reaction was 
sustained for 2 h to obtain PA 5T, 5T-co-6T, and 6T, 
respectively.

Testing and characterization of PA 5T, 5T-co-6T and 
6T

First, the fixed-mass PA5T and PA5T-co-6T samples were 
dissolved in equal volumes of concentrated sulfuric acid. 
After the samples dissolved, the flow times of concen-
trated sulfuric acid and different formulations of polymer 
solutions were measured using an Ubbelohde visc-
ometer. The relative viscosity of the sample is obtained 
by the ratio of the flow time of polymer solutions with 
different formulations to concentrated sulfuric acid.

The FTIR was obtained using an IS50 infrared absorp-
tion spectrometer from Thermo Nicolet. A suitable 
amount of polymer powder was mixed with potassium 
bromide and compressed into a tablet, which was then 
placed in the instrument for scanning. The test mode 
was TR, and the scanning range was 4000–500 cm−1.

A small amount of polymer sample was dissolved in 
deuterated trifluoroacetic acid, and the polymer struc-
ture was confirmed using a Bruker DPX-400 NMR spec-
trometer (frequency 400 mHz).

The 3–10 mg samples were placed in a crucible and 
tested with a DSC (Q20, TA). The temperature was initi-
ally raised above the melting point of the polymer at 
a rate of 40°C/min, and maintain for 5 min to eliminate 
thermal history, then cool down to room temperature at 
rates of 5, 10, 20, and 40°C/min, respectively, and hold at 
room temperature for 5 min, then heat up again to 
above the polymer melting temperature at a rate of 
10°C/min, record the DSC curves.

The TGA curves of the sample were tested using 
a Q2000 instrument from TA Corporation. The atmo-
sphere was N2, the heating rate was 10°C/min, and the 
temperature range was 30–700°C.

The WAXD diffraction pattern was obtained using 
a TD-3700 instrument with a testing range of 3–60° 
and a scanning rate of 3°/min.

Results and discussion

Relative viscosity analysis of 5T, 5T-co-6T, and 6T 
salts and PA5T, 5T-co-6T, and 6T

The relative viscosity values of PA5T, PA5T-co-6T, and 
PA6T are shown in Table 2. It can be seen from Table 2 
that polymers with different formulations all have rela-
tively high relative viscosity, and the relative viscosity 
values between different samples do not vary 
significantly.

Figure 1(a,b) are the FTIR spectra of 5T, 5T-co-6T, 6T 
salts and PA 5T, 5T-co-6T, 6T, respectively. In Figure 1(a), 
the peak near 2141 cm−1 is the frequency doubling 
absorption peak of NH3+ in the polyamide salt, and the 
peak near 744 cm−1 is the telescopic vibration absorp-
tion peak of OH. As shown in Figure 1(b), the peaks 
located near 2932 cm−1 and 2855 cm−1 are the tele-
scopic vibration absorption peaks of the methylene 
(-CH2-) in polyamide. The amide I to amide V bands are 
located near 1624 cm−1 (amide I band, C=O telescopic 
vibration absorption peak), 1544 cm−1 (amide II band, 
N-H in-plane bending vibration absorption peak and 
C-N telescopic vibration absorption peak), 1279 cm−1 

(amide III band, C-N telescopic vibration absorption 
peak and C-H in-plane bending vibration absorption 
peak), 1013 cm−1 (amide IV band, C-CO telescopic vibra-
tion absorption peak), and 730 cm−1(amide V band, CH2 

rocking vibration absorption peak) [26–28]. In addition, 
it can be found that the frequency doubling absorption 
peak of NH3+ in the polyamide salt near 2141 cm−1 in 
Figure 1(a) does not appear in the infrared spectrum of 
the polymer (Figure 1(b)), proving that PA 5T, 5T-co-6T 
and 6T polymers were indeed synthesized.

13C-NMR analysis of PA 5T, 5T-co-6T, and 6T

Figure 2 shows the13C-NMR spectras of PA 5T, 5T-co-6T 
and 6T. As shown in Figure 2, the chemical shifts at near 
171.0 ppm correspond to the carbon atom on the 

Table 2. Relative viscosity of PA5T, PA5T-co-6T and PA6T.
Samples(PA) 5T 5T-co-6T-0.2 5T-co-6T-0.5 5T-co-6T-0.8 6T

Relative viscosity 1.46 1.52 1.39 1.40 1.38
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carbonyl group (position a). The peak at approximately 
134.7 ppm originates from the carbon atom on the phe-
nyl ring attached to the carbonyl group (position b). The 
chemical shifts at 127.6 ppm are attributed to carbon 
atom at position C of the benzene ring (position c), and 
the peak near 41.2 ppm is the peak corresponding to the 
carbon atom on the methylene group attached to the 
N atom of the amide group (position d). The proton 
signals of the carbon atoms on other methylene groups 
except for the methylene group mentioned above are in 
the range of 27.5 to 22.5 ppm (positions e and f). It is 
worth noting that, as shown in Figure 2(b) (a partial 
enlarged view of positions b and d in Figure 2(a)), in 
position b, both PA5T and PA6T have a single peak, 
while PA5T-co-6T has multiple peaks, which is caused by 
the random copolymerization of 5T and 6T chain 

segments, consistent with existing literature reports [29]. 
In position d, the position of the PA6T peak(d’) is slightly 
shifted compared to the position of the PA5T peak (d). For 
PA5T-co-6T, as the content of 6T segment increases, the 
peak at d’ position becomes more obvious, while the peak 
at d position gradually decreases until disappearing. The 
height of d’ and d peaks represents the ratio of 6T seg-
ment to 5T segment in the polymer. The positions of 
these peaks are consistent with the theoretical peak posi-
tions of PA5T, 5T-co-6T, and 6T, confirming their 
structures.

Differential scanning calorimetry analysis

Figure 3 shows the melting curves of PA 5T, 5T-co-6T, and 
6T. As depicted in Figure 3(a), the melting temperature 

Figure 1. Infrared spectra of 5T, 5T-co-6T, 6T salts(a) and PA5T, 5T-co-6T, 6T(b).

Figure 2. 13C NMR spectrum of nylon 5T, 5T-co-6T, 6T (a) and partial enlarged view (b).
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of PA5T is 359.25°C, which is lower than that of PA6T 
(376.69°C). This is because although the molecular chain 
of PA5T is shorter and the density of rigid benzene rings is 
higher, 1,5-pentanediamine is a diamine with odd carbon 
atoms, while hexanediamine is a diamine with even car-
bon atoms. Under the same conditions, the hydrogen 
bond density of polyamides formed by diamine with 
even carbon atoms is higher than that of diamine with 
odd carbon atoms. Compared with PA6T, PA5T has 
a much lower hydrogen bond density and weaker inter-
molecular forces, but the density of benzene rings is not 
much different between the two. The intermolecular 
hydrogen bond force plays a dominant role in determin-
ing the melting temperature of both, so PA6T has a higher 
melting temperature than PA5T. Moreover, it can be 
observed from Figure 3(b). that as the content of the 6T 
chain segment increases, the polymer’s melting tempera-
ture exhibits a pattern of initially decreasing and then 
increasing trend. When the proportion of 6T chain seg-
ment is 40%, the copolymer has the lowest melting tem-
perature (308.73°C). This is because when the content of 
the 6T chain segment is small, the addition of the 6T chain 
segment disrupts the regularity of the PA5T molecular 
chain, and the 6T chain segment exists as a crystal defect, 
resulting in a decrease in the melting temperature of the 
copolymer, which is consistent with the current copoly-
merization modification studies [30–33]. When the pro-
portion of 6T chain segment is greater than 40%, the 
melting temperature of the polymer shows a gradual 
increase, especially when the proportion of 6T chain seg-
ment reaches 80%, the melting temperature of the copo-
lymer increases significantly. This is because on the one 
hand, with the further increase in the content of 6T chain 
segments, they gradually become the main molecular 

chain, and the molecular-chain regularity of the polymer 
becomes relatively better. On the other hand, the hydro-
gen bond density and intermolecular force of 6T chain 
segments are greater than those of 5T. These two factors 
lead to a gradual increase in the melting temperature of 
the polymer.

Thermogravimetric analysis

The TGA and differential thermogravimetric (DTG) 
curves of PA 5T, 5T-co-6T and 6T are depicted in 
Figure 4(a,b) respectively. As can be seen from the 
Figures, the introduction of the 6T chain segment does 
not affect the thermal decomposition initiation tempera-
ture and maximum thermal decomposition rate tem-
perature of the copolymer, all have extraordinary heat 
resistance. At the same time, the processing window 
(thermal decomposition initiation temperature minus 
melting temperature value) of polymers with different 
6T chain segment contents is listed in Figure 4(c). It can 
be clearly seen that the PA5T-co-6T copolymer has 
a wider processing window than both PA5T and PA6T 
homopolymers.

Non-isothermal crystallization analysis

Non-isothermal crystallization behaviors of PA 5T, 
5T-co-6T, and 6T
Figure 5 displays the crystallization curves of PA 5T, 5T-co 
-6T, and 6T at different cooling rates. The crystallization 
temperatures of PA 5T, 5T-co-6T, and 6T at different cool-
ing rates are provided in Table 3. As shown in Figure 5, all 
curves exhibit a single peak, and as the cooling rate 
increases, the crystallization peak temperature of all 

Figure 3. DSC curves of PA 5T, 5T-co-6T and 6T.
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samples decreases and the peak shape broadens, which is 
a common phenomenon for semi-crystalline polyamide. 
This is mainly due to the fact that the crystallization of 
polymers involves two stages: the formation of crystal 
nuclei and the growth of crystals [34–36]. When the cool-
ing rate is high, the molecular chains do not have enough 
time to overcome the barriers at higher temperatures to 
form an ordered arrangement, so the crystallization tem-
perature decreases. As for the broadening of the peak 
shape, it is because the molecular chain has a strong 
ability to move and is easier to arrange into a regular 
structure at high temperature. However, the samples 
with a higher cooling rate have a shorter residence time 
at both high and low temperatures, and the crystal nuclei 
and crystals do not have sufficient time to form and grow. 
Therefore, the rate of imperfect crystals is higher, resulting 
in a widening of the crystallization peak shape.

From Table 3, it can also be seen that at the same 
cooling rate, with the increase of the 6T chain segment 

content, the crystallization temperature of the copoly-
mer first decreases and then increases, consistent with 
the trend of the melting temperature. This is due to the 
gradual deterioration and then improvement of the reg-
ularity of the polymer molecular chain with the addition 
and gradual increase of the 6T segment content.

Crystallization kinetics analysis of PA 5T, 5T-co-6T, 
and 6T
The relative crystallinity of a polymer can be determined 
by the ratio of the area of the crystallization curve 
formed at a certain crystallization temperature to the 
area of the entire crystallization peak. Equation (1) illus-
trates the relationship between relative crystallinity XT 

and T. 

Figure 4. TGA (a) and DTG (b) curves, and processing window versus mol% 6T chain segment (c).
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Figure 5. Non-isothermal crystallization curves of PA5T, 5T-co-6T and 6T.
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In the formula, T0 represents the initial crystallization 
temperature, T is the crystallization temperature corre-
sponding to a specific moment t, and T∞ is the termina-
tion crystallization temperature Figure 6. shows the 
relative crystallinity of PA5T, 5T-co-6T, and 6T versus 
temperature at different cooling rates. As indicated in 
Figure 6., all curves exhibit inverse S shapes, and the 
crystallization onset temperature and the corresponding 
temperature at a given relative crystallinity both 
decrease with increasing cooling rate, which is due to 
the hysteresis effect of crystal formation.

In the non-isothermal crystallization process, the crys-
tallization time t and crystallization temperature T can be 
converted according to equation 2: 

Where Φ corresponds to the cooling rate. According 
to equations 1 and 2, the curves of relative crystallinity 
versus time are presented in Figure 7. The time t1/2 

corresponding to 50% relative crystallinity can be 
obtained from the graph. The crystallization rate con-
stant is G = (t1/2)−1. t1/2 and G values of all samples at 
different cooling rates are listed in Table 3. Generally, 
a larger G value represents a faster crystallization rate. It 
can be clearly seen from Table 3 that at the same cooling 
rate, the G value of PA5T is greater than that of PA6T, 
indicating that the crystallization rate of PA5T is higher 
than that of PA6T. This is because although the longer 
molecular chain of PA6T results in relatively better flex-
ibility of its molecular chain, the greater hydrogen bond-
ing effect of PA6T limits the mobility of the molecular 
chain to a certain extent. The above reasons lead to 
a slower crystallization rate of PA6T compared to PA5T, 

which is consistent with the above analysis of the melt-
ing temperature (the melting temperature of PA5T is 
lower than that of PA6T). It can also be found from 
Table 3 that at the same cooling rate, the G value of 
the copolymer decreases first and then increases with 
the increase of the 6T chain segment content, represent-
ing a slowing down and then speeding up of the crystal-
lization rate. This is due to the fact that when the 6T 
chain segment content is small, the 6T chain segment 
exists as a crystal defect, and the addition of the 6T 
segment disrupts the regularity of the molecular back-
bone, thus slowing down the crystallization rate. 
However, when the 6T segment content continues to 
increase, the 6T chain segment gradually becomes the 
molecular backbone, and the regularity of the polymer is 
improved again, thus the crystallization rate is 
accelerated.

Analysis of the jeziorny method
Assuming that the crystallization temperature is con-
stant, the primary stage of the crystallization process 
can be described by Avrami equation: 

Where Xt is the relative crystallinity, n corresponds to 
the Avrami index, t and Zt are the time corresponding to 
a given relative crystallinity and the crystallization rate 
constant, respectively. Considering the non-isothermal 
characteristics of the crystallization process, Zt is mod-
ified in the Jeziorny method as follows: 

Table 3. Non-isothermal crystallization parameters of PA 5T, 5T-co-6T and 6T.
Sample φ/°C·min−1 Tp/°C T1/2/min G

PA 5T 5 333.31 0.88 1.14
10 328.49 0.63 1.60
20 321.41 0.48 2.09
40 313.31 0.33 3.02

PA 5T-co-6T-0.2 5 306.22 2.58 0.39
10 301.95 1.14 0.88
20 296.41 0.65 1.54
40 289.16 0.39 2.53

PA 5T-co-6T −0.5 5 273.73 3.75 0.27
10 266.04 2.13 0.47
20 260.43 1.12 0.89
40 252.46 0.56 1.80

PA 5T-co-6T-0.8 5 323.29 2.83 0.35
10 321.78 1.72 0.58
20 316.21 1.05 0.95
40 308.37 0.49 2.06

PA 6T 5 352.69 2.10 0.48
10 346.55 1.31 0.76
20 337.29 0.85 1.17
40 326.52 0.47 2.14
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Where Zc and φ denote the modified crystallization 
rate constant and the cooling rate. Figure 8 presents the 
curves of lg � ln 1 � Xtð Þ½ � versus lg t. The values of n can 
be obtained by fitting the slope of the line, and Zc can be 
calculated by intercept, which are all listed in Table 4. 

Table 4 also presents the correlation coefficient R2 of the 
fitted lines. Interestingly, it can be observed that the 
n values of PA 5T and PA 5T-co-6T-0.2 are in the range of 
3–4, whereas the n values of PA5T-co-6T-0.5, PA 5T-co-6T- 
0.8 and PA 6T are in the range of 2–4. This indicates that 
the crystal growth mode of PA 5T and PA 5T-co-6T-0.2 is 
three-dimensional spherical growth, while as the con-
tent of 6T chain increases, the crystal growth mode 

Figure 6. Relative crystallinity versus temperature curves of PA 5T, 5T-co-6T and 6T.
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gradually changes to two-dimensional disk or three- 
dimensional spherical growth. In addition, according 
to Table 3, the value of Zc decreases first and then 
increases with the increase of the content of 6T chain 

segments. Generally, a higher ZC value indicates a faster 
crystallization rate, which is consistent with the analysis 
results of the above-mentioned crystallization rate con-
stant G value.

Figure 7. Relative crystallinity versus time curves of PA 5T, 5T-co-6T and 6T.
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Figure 8. Plots of log[-ln(1-Xt)] versus lg t for PA 5T, 5T-co-6T and 6T.
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Mo method analysis
The Ozawa equation is suitable for analyzing 
a remarkably narrow range of crystallization tempera-
tures, and thus cannot describe the entire non- 
isothermal crystallization process. Mo et al. proposed 
an ideal method for investigating the non-isothermal 
crystallization process by combining the Avrami and 
Ozawa equations [37–41].  

Where m is the Ozawa index, α = n/m and F(T) 
represents the cooling rate required to reach 
a certain relative crystallinity per unit time, and its 
value can reflect the speed of the polymer crystalliza-
tion rate: larger values indicate lower crystallization 
rates. According to equation (7), the plots of lgφ 
against lgt are presented in Figure 9., which exhibits 
high correlation coefficient (the R2 ≥ 0.95, Table 4), 
indicating that the Mo method could be used to ana-
lyze the non-isothermal crystallization process of PA5T, 
5T-co-6T and 6T. Moreover, the values of α and F(T) 
could be obtained from fitting the slope and intercept 
of the lines, respectively, which are presented in 
Table 5. Interestingly, at any given relative crystallinity, 
as the 6T segment content increases, the F(T) value 
first increases and then decreases, indicating that the 
crystallization rate of the polymer first decreases and 
then increases during the entire crystallization process, 
which is consistent with the results of Jeziorny’s 
method analysis.

WAXD analysis
The WXRD patterns of 5T, 5T-co-6T, 6T salts, and PA5T, 
5T-co-6T, 6T are displayed in Figure 10a and 10b, respec-
tively. As indicated Figure 10a., the peak positions of 
PA5T salt are at 15.25°, 21.15°, 25.27°, 26.13° and 27.16°, 
which is consistent with the literature reports on mono-
hydrate form salts. In addition, the peaks at 21.15° and 
27.16° gradually decrease until they disappear as the 
content of the 6T chain segment increased to 50%. 
Significantly, when the content of the 6T chain segment 
reaches 60% and continues to increase, the peak at 
25.60° gradually increases, indicating that the crystalliza-
tion area of the 5T salt decreases, while the crystalliza-
tion area of the 6T salt increases Figure 10b shows that 
the peaks at 6.85°, and 21.15° gradually disappeared, and 
the peaks at 22.95°, and 25.71° gradually appeared and 
increased with the increase in the content of the 6T 
chain segment, which represent the decrease in the 
crystalline region of PA 5T, and the formation of the 
crystalline region of PA6T.

Conclusions

PA5T, 5T-co-6T, and 6T were synthesized using the salt 
formation + solid-phase polymerization. On this basis, 
the influence of 6T chain segment on the polymer mole-
cular-chain structure, thermal properties, non- 
isothermal crystallization kinetics, and crystal structure 
were investigated. The study found that with the 
increase of the 6T chain segment content, the melting 
temperature, crystallization temperature, and crystalliza-
tion rate of the polymer all showed a trend of first 
decreasing and then increasing, and the crystal growth 

Table 4. Crystallization kinetics parameters determined by Jeziorny 
method.

Sample φ/°Cmin n Zc R2

PA 5T 5 3.68 1.03 1.00
10 3.59 1.14 1.00
20 3.47 1.12 1.00
40 3.89 1.10 1.00

PA 5T-co-6T-0.2 5 3.23 0.48 0.99
10 3.56 0.91 1.00
20 3.76 1.06 1.00
40 3.42 1.07 0.99

PA 5T-co-6T-0.5 5 2.59 0.47 1.00
10 2.54 0.78 0.99
20 2.95 0.96 0.99
40 3.24 1.04 1.00

PA 5T-co-6T-0.8 5 2.71 0.53 1.00
10 3.18 0.81 1.00
20 3.61 0.97 1.00
40 2.80 1.04 1.00

PA 6T 5 2.68 0.62 1.00
10 3.33 0.88 1.00
20 3.11 1.01 1.00
40 2.70 1.04 1.00
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mode shifted from three-dimensional spherical to two- 
dimensional disk-like or three-dimensional spherical 
growth, which was due to the influence of the addition 

of 6T chain segment on the polymer molecular-chain 
structure and crystal structure. Compared with PA 5T 
and 6T homopolymers, PA 5T-co-6T has a broader 

Figure 9. Plots of lgφ versus lgt for PA 5T, 5T-co-6T and 6T.
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Table 5. Crystallization kinetics parameters obtained by Mo method.
Sample X(t)/% α F(t) R2

PA 5T 10 2.21 1.17 0.99
20 2.20 1.86 0.99
30 2.18 2.49 0.99
40 2.17 3.11 0.99
50 2.16 3.79 0.99
60 2.16 4.51 0.99
70 2.16 5.41 0.99
80 2.17 6.63 0.99
90 2.17 8.72 0.99

PA 5T-co-6T-0.2 10 1.10 7.80 0.99
20 1.09 9.76 0.99
30 1.10 11.09 0.99
40 1.10 12.15 0.99
50 1.11 13.08 0.99
60 1.11 13.96 0.99
70 1.13 14.88 0.99
80 1.15 15.96 0.99
90 1.18 17.53 0.98

PA 5T-co-6T-0.5 10 1.21 11.08 0.99
20 1.15 15.11 0.99
30 1.12 17.83 0.99
40 1.10 19.98 0.99
50 1.08 21.82 0.99
60 1.08 23.57 0.99
70 1.07 25.32 0.99
80 1.07 27.32 0.99
90 1.08 30.38 0.99

PA 5T-co-6T-0.8 10 1.18 9.07 0.95
20 1.18 12.01 0.97
30 1.19 14.32 0.98
40 1.19 16.43 0.98
50 1.18 18.48 0.99
60 1.19 20.65 0.99
70 1.19 23.06 0.99
80 1.19 26.02 0.99
90 1.19 30.34 0.99

PA 6T 10 1.35 6.19 0.96
20 1.36 8.56 0.98
30 1.38 10.59 0.98
40 1.39 12.55 0.99
50 1.39 14.57 0.99
60 1.40 16.79 0.99
70 1.41 19.32 0.99
80 1.41 22.51 0.99
90 1.41 27.09 0.99

Figure 10. XRD patterns of PA 5T, 5T-co-6T, 6T salts(a) and PA 5T, 5T-co-6T, 6T(b).
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processing window and good heat resistance, making it 
a bio-based heat-resistant engineering plastic with more 
excellent potential application value.
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