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Abstract Semi-aromatic copolyamides PA10T10I and

PA10T10F based on bio-based poly(decamethylene

terephthalamide) (PA10T) were synthesized by a two-step

polycondensation technique. The nonisothermal crystal-

lization of these semi-aromatic polyamides was investi-

gated by differential scanning calorimetry. Avrami theory

modified by Jeziorny and Mo equation was used to

describe the nonisothermal crystallization kinetics of these

semi-aromatic polyamides, respectively. The crystalliza-

tion activation energies were obtained by Kissinger

method. The crystallization temperature, crystallization

rate and activation energy were explained by regularity and

flexibility of chain.
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based � Semi-aromatic polyamides � Poly(decamethylene
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Introduction

Polyamides (nylons) are important commercial engineer-

ing thermo-plastics with many merits and widely applied

in many fields [1, 2]. In order to meet the higher per-

formance requirements of electronic/electric, automotive,

aerospace and military industries, semi-aromatic poly-

amides prepared from aliphatic diamines and aromatic

diacids with higher heat resistance were developed in

recent years [3]. Compared with common aliphatic poly-

amides such as PA6 [4] and PA66 [5], semi-aromatic

polyamides generally have higher use temperature, better

chemical resistance, and lower moisture absorption, thus

having better dimensional stability under moist conditions

[3, 6].

Poly(decamethylene terephthalamide) (PA10T) is one of

the commercially available semi-aromatic polyamides

which was synthesized from p-phthalic acid (PTA) and

decamethylenediamine (DA10) [7–9]. PA10T has a much

higher heat resistance than aliphatic polyamides and has

the lowest moisture absorption among all commercial

polyamides, including aliphatic polyamides and other

semi-aromatic polyamides such as PA6T and PA9T,

because the longer-chain aliphatic diamines bring out much

lower concentration of amide groups [10, 11]. Recently, as

a bio-based polyamide synthesized by the diamine mono-

mer DA10 from the renewable resource of castor oil,

PA10T has been getting more and more attention

[3, 12, 13]. Another bio-based dicarboxylic acid, 2,5-fu-

randicarboxylic acid (FDCA), generated from fructose and

galactose was reported to be used for polyester and poly-

amide syntheses [14–17]. However, bio-based polymers

synthesized by FDCA used as the main dicarboxylic acid

result in a relatively lower heat resistance, limiting the

application of the resultant polymers.
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It is well known that the crystallization process of a

polymer dramatically affects its processing and

mechanical properties through the crystal structure and

morphology. In order to approach the optimum condition

in an industrial process, such as extrusion, injection

molding, film production, and to obtain products with

better properties, it is necessary to estimate the rate of

crystallization in the nonisothermal process [18]. So the

investigation of polymer crystallization kinetics is sig-

nificant both from the scientific and the practical per-

spectives [3, 19].

In this study, the samples of PA10T and two semi-aro-

matic copolyamides (PA10T10I, PA10T10F) based on

PA10T were prepared by a two-step polycondensation

technique. The nonisothermal crystallization kinetics of the

aforementioned semi-aromatic polyamides was investi-

gated by differential scanning calorimetry (DSC). Several

kinetics methods were applied to analyze its crystallization

process. Furthermore, the crystallization kinetics parame-

ters and the activation energies of nonisothermal crystal-

lization were also determined.

Experimental

Materials

1,10-Diaminodecane (C99%) was purchased from Wuxi

Yinda Nylon Co., Ltd. P-phthalic acid (PTA, C99.9%) was

purchased from BP. 2,5-Furandicarboxylicacid (CP) was

purchased from Ningbo Biomass & Biotechnology Co.,

Ltd. Iso-phthalic acid (C99.9%), benzoic acid (AR),

sodium hypophosphite (AR) were purchased from

Guangzhou Chemical Reagent Factory. Hexafluoroiso-

propanol (HFIP), trifluoroacetic acid-d (CF3COOD) con-

centrated sulfuric acid (96%) and Chloroform-d (CDCl3)

were purchased from J&K Chemicals.

Preparation of PA10T, PA10T10I and PA10T10F

PA10T: 2960 g p-phthalic acid (PTA), 3200 g 1,10-Di-

aminodecane (DA10), 82.8 g benzoic acid, 6.2 g sodium

hypophosphite and 2550 g deionized water were charged

into a 20 L autoclave. Then the autoclave purged with

nitrogen at 1 bar for 10 min was started to heat and stirred

at 50 rpm. The temperature reached to 235 �C after about

3 h and held at this temperature for another 40 min. About

1650 g of water was discharged by a reflux condenser after

about 1 h. Then the product was flushed into a nozzle open

and was further dried at temperature of 100 �C to obtain a

prepolymer. After prepolymerization, 5 kg of prepolymers

in a 20-l vacuum tumbler was heated up to 250 �C in the

5 h, and the tumbler was kept rotating in 10 rpm at the

vacuum degree of 20 Pa. During the postpolymerization

process, the sample taken in an interval time of 40 min was

used to measure the relative viscosity (RV). Once RV of

tested sample reached the desired value, the vacuum was

replaced by nitrogen, and meanwhile cooling program was

began. The chemical structure of prepared PA10T repeat-

ing units determined by 1H NMR and 13C NMR is pre-

sented as follow:
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The preparation of PA10T10I was similar to PA10T

except that 10% of PTA was replaced by i-phthalic acid

(ITA). The chemical structure of its repeating units deter-

mined by 1H NMR and 13C NMR is as follow:

The preparation of PA10T10F was similar to PA10T

except that 30% of PTA was replaced by 2,5-furandicar-

boxylicacid (FDCA), and no benzoic acid was used. The

chemical structure of its repeating units determined by 1H

NMR and 13C NMR is as follow:
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Characterization

Fourier-transform Infrared (FT-IR) spectra were obtained

by using a Bruker Vector 22 FT-IR spectrophotometer

(KBr disk). 1H NMR and 13C NMR spectra of the products

were recorded on a Bruker Advance DMX 500-MHz

spectrometer. Chemical shift values were referenced to

TMS (tetramethyl silane) as internal standard at 0.0 ppm.

Relative viscosity

The proper amount of 98% sulfuric acid was placed with a

pipette into a volumetric flask, after which 0.25 g sample

was added. Then, the flask was put in a shaking table with

water bath of 50 �C for about 1 h until the sample was

dissolved completely. The flask was put in a constant

temperature bath and allowed to reach 25 �C. Then, the

sulfuric acid solution was diluted to 25 mL and dumped

into an Ostwald viscometer. The time required for the

upper meniscus to successively pass the two calibration

marks of this instrument was recorded as t1, and the efflux

time of pure sulfuric acid was recorded as t0. Then relative

viscosity can be calculated as: RV = t1/t0. Relative vis-

cosities of PA10T, PA10T10I, PA10T10F are 2.11, 2.04

and 1.95, respectively.

Differential scanning calorimetry

Nonisothermal crystallization kinetics were studied using a

Netzsch-DSC 200 F3 differential scanning calorimeter. All

DSC measurements were performed under a nitrogen

atmosphere, and sample mass varied from 6 to 8 mg.

Nonisothermal crystallization and melting process for

PA10T, PA10T10I and PA10T10F were performed as

follows: the samples were heated from room temperature to

350 �C at 20 �C min-1, maintained at the same tempera-

ture for 5 min to eliminate residual crystals; then, the melt

was cooled to 50 �C to crystallize at different cooling rates

2.5, 5, 10, 15, and 20 �C min-1. The exothermic curves of

heat flow as functions of temperature were recorded and

investigated.

Polarizing optical microscopy

The crystallization morphologies of samples were observed

with the polarized optical microscope ECLIPSE E600 W,

which equipped with a heating and cooling stage (ED600).

The nonisothermal crystallization samples were prepared

after heated to 350 �C for 5 min and cooled to 100 �C at a

rate of 2.5, 5, 10, 15, and 20 �C min-1, respectively.

Results and discussion

Nonisothermal crystallization behaviors of PA10T,

PA10T10I and PA10T10F

The nonisothermal crystallization exothermic curves of

PA10T, PA10T10I and PA10T10F at various cooling rates

(U) are shown in Fig. 1, and the related data are listed in

Table 1. The crystallization peak temperature (TP) shifts to

a lower temperature region with increasing the cooling

rate, while the crystallization enthalpies (DHc) increased

gradually. Moreover, when the cooling rate increased, the

shapes of the crystallization peak become wider gradually.

This is a common phenomenon for nonisothermal crystal-

lization of semi-crystalline polymer [2, 20]. At the same

cooling rate, the TP values of PA10T were higher than

those of the PA10T10I and PA10T10F. It indicated that the

incorporation of 10I and 10F units into PA10T main chains

resulted in the difficulty to crystallization due to the

destroyed molecular chain regularity of PA10T. The TP of

PA10T10I higher than PA10T10F was attributed to the

higher chain regularity.

Nonisothermal crystallization kinetics

The relative degree of crystallinity X(T), at temperature T,

was calculated according to the following equation:

X Tð Þ ¼
r
T
T0

dHc

dT
dT

r
T1
T0

dHc

dT
dT

ð1Þ
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where T0 and T? are the onset and end temperatures of

crystallization, respectively, and Hc is the enthalpy of

crystallization.

On the basis of DSC results, the plots of the relative

crystallinity X(T) of PA10T, PA10T10I and PA10T10F at

different crystallization temperature are shown in Fig. 2.

According to the relationship of the crystallization tem-

perature (T) and the crystallization time (t), t can be cal-

culated by the following equation:

t ¼ T0 � Tj j
U

ð2Þ

Plotting X(t) of PA10T, PA10T10I and PA10T10F

versus the crystallization time (t) at various cooling rates,

S-like curves are obtained (seen in Fig. 3).

Analysis Based on the Jeziorny method

A variety of the theories developed by Avrami, Ozawa,

Jeriorny, Mo et al. are often used to analyze the non-

isothermal crystallization kinetics of polymers [21, 22]. For

isothermal crystallization, the primary stage of crystal-

lization is usually described by the Avrami equation [23].

1 � X tð Þ ¼ exp �Ktnð Þ ð3Þ
lg½�lnð1 � X tð ÞÞ� ¼ nlgt þ lgK ð4Þ
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Fig. 1 DSC heat flow versus temperature during nonisothermal

crystallization of PA10T, PA10T10I and PA10T10F at different

cooling rates

Table 1 The DSC data of three semi-aromatic polyamides crystal-

lized at different cooling rates

Sample U/�C min-1 Tp/�C DHc/J g-1

PA10T 2.5 292.0 29.19

5 289.2 35.60

10 286.3 33.20

15 283.3 48.02

20 272.7 57.73

PA10T10I 2.5 277.9 42.49

5 272.9 44.35

10 270.8 46.66

15 270.7 40.03

20 264.0 47.71

PA10T10F 2.5 282.6 29.58

5 280.7 37.12

10 278.2 40.31

15 276.3 45.14

20 273.8 49.82
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Fig. 2 Relative crystallinity X(T) of PA10T, PA10T10I and

PA1010F at different crystallization temperatures in the process of

nonisothermal crystallization
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Fig. 3 Relative crystallinity X(t) of PA10T, PA10T10I and PA1010F

at different crystallization times in the process of nonisothermal

crystallization
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X(t) is the relative degree of crystallinity, and n is the

Avrami exponent dependent on the mechanism of nucle-

ation and the form of crystal growth, and K is the crys-

tallization rate constant involving both nucleation and

growth rate parameters.

For the nonisothermal crystallization, the K should be

corrected as follows:

lgKc ¼
lgK

U
ð5Þ

where Kc is the corrected crystallization rate constant of the

nonisothermal crystallization by Jeziorny’s theory [24].

Figure 4 shows the plots of lg[-ln(1 - X(t))] versus

lgt for the PA10T, PA10T10I and PA10T10F. The

parameters of the nonisothermal crystallization kinetics at

the main crystallization period are shown in Table 2, and

R2 is the factors of goodness of fit of linear of regression.

As seen in Table 2, the value of n at various cooling rates

was in the range of 2.8–5.7 for the PA10T, PA10T10I and

PA10T10F. At lower cooling rates (at 2.5, 5, 10, and

15 �C min-1), the corrected crystallization rate parameter

Kc of these bio-based semi-aromatic polyamides increased
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Fig. 4 Plots of lg[- ln(1 - X(t))] versus lgt for the PA10T,

PA10T10I and PA1010F

Table 2 Values of n, R2, Kc, t1/2 and G at Various Cooling Rates for

PA10T, PA10T10I and PA10T10F

Sample U/�C min-1 n R2 Kc t1/2/min G/min-1

PA10T 2.5 5.69 0.9993 0.10 2.59 0.39

5 5.00 0.9962 0.65 1.50 0.66

10 4.59 0.9887 1.02 0.90 1.11

15 3.43 0.9880 1.08 0.65 1.54

20 2.79 0.9998 1.01 0.84 1.19

PA10T10I 2.5 4.17 0.9931 0.18 2.57 0.39

5 3.41 0.9994 0.64 1.74 0.57

10 3.35 0.9987 0.96 1.01 0.99

15 3.70 0.9997 1.06 0.72 1.39

20 3.68 0.9994 1.04 0.72 1.39

PA10T10F 2.5 5.23 0.9988 0.13 2.51 0.40

5 4.26 0.9956 0.83 1.14 0.88

10 3.76 0.9933 1.16 0.62 1.61

15 3.65 0.9927 1.15 0.52 1.92

20 3.17 0.9913 1.11 0.46 2.17
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significantly with increasing cooling rate, suggesting that

the crystallization rate increased as the cooling rate

increased [2]. However, at higher cooling rates (at

20 �C min-1), the values of Kc were slightly decreased in

comparison with the values of Kc calculated at the cooling

rates of 15 �C min-1, which was similar with the crys-

tallization behavior of nylon 6 [28]. Furthermore, the

sample PA10T10F always has the highest Kc value, which

indicated that PA10T10F has the highest crystallization

rate, while PA10T and PA10T10I have the similar crys-

tallization rate which is much lower than PA10T10F.

Besides, the crystallization rates G (G = 1/t1/2) calculated

by half time of crystallization (t1/2) of all samples also

confirmed the highest crystallization rate of PA10T10F

and PA10T had a lowest crystallization rate at the same

cooling rate. The results could be explained by the fact

that the difference of the chain flexibility of three sam-

ples, that is, the chain units of 10I and 10F in the samples

of PA10T10I and PA10T10F were more flexible than that

of the chain units of 10T due to the respective incorpo-

ration of ITA and FDA moieties.

Analysis based on Mo method

As Jeziorny’s theory is only suitable for the main crystal-

lization period at nonisothermal crystallization conditions,

Mo and coworkers combined the Avrami equation with the

Ozawa equation and developed a new theory to describe

exactly the nonisothermal crystallization process. Thus, a

new equation is described as follows [25, 26]:

lgU ¼ lgF Tð Þ � algt ð6Þ

where a is the ratio between the Avrami and Ozawa

exponents when the system has a certain degree of crys-

tallinity, and the parameter F(T) refers to the value of

cooling rate chosen at unit crystallization time [26–28].

That is, the bigger the value of F(T), the slower the crys-

tallization rate. At a given degree of crystallinity, the Mo

plots of lgU versus lgt for the PA10T, PA10T10I and

PA10T10F are presented in Fig. 5 and the values of a, R2

and F(T) are listed in Table 3. The good linearity of the

plots verifies the successful application of the combined

approach in this case. As shown in Table 3, the value of

F(T) increased with increasing relative degree of crys-

tallinity X(t), which means that at unit crystallization time,

a higher cooling rate should be adopted to obtain a higher
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Fig. 5 The Mo plots of lgU versus lgt for PA10T, PA10T10I and

PA10T10F
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degree of crystallinity. Moreover, the crystallization rate

decreased with the increase of relative degree of crys-

tallinity at nonisothermal crystallization conditions.

Table 3 shows that the values of F(T) and a for the PA10T

are larger than that of PA10T10F and the values of F(T)

and a for PA10T10I are largest among these three bio-

based semi-aromatic polyamides. Mo method indicated

that the values of F(T) for the PA10T10F are the smallest,

meaning that it has the fastest crystallization rate, as shown

in the previous results.

Crystallization activation energy

Considering the influence of different cooling rate in the

nonisothermal crystallization process, Kissinger suggested

that crystallization activation energy (DE) for nonisother-

mal crystallization can be derived from the combination of

cooling rate and crystallization peak temperature [29]:

d ln U=T2
P

� �� �

d 1=TPð Þ ¼ �DE
R

ð7Þ

where R is the gas constant; Tp is the crystallization peak

temperature, and DE is the activation energy of non-

isothermal crystallization. Generally, the DE consists of the

transport activation energy DE* and the nucleation acti-

vation energy DF*. DE* is the free energy of activation for

transporting the molecular segments across the phase

boundary to the crystallization phase. DF* refers to the free

energy of formation of the critical size crystallization

nuclei [30]. Figure 6 shows the plots of ln(u/Tp
2) versus 1/

Tp for PA10T, PA10T10I and PA10T10F. From the slopes

of the fitted lines, the values of DE and R2 were obtained

and summarized in Table 4. It can be seen that the crys-

tallization activation energy of PA10T, PA10T10I and

PA10T10F was calculated to be -564.90, -625.08 and

-737.06 kJ mol-1, respectively. That is, PA10T10F pre-

sented the lowest DE value than the other two samples due

to its more flexible chain.

Nonisothermal crystalline morphologies of PA10T,

PA10T10I and PA10T10F

The polarizing micrographs of PA10T, PA10T10I and

PA10T10F crystallized under different cooling rates are

shown in Fig. 7. It can be seen that the size of spherulites

of these three bio-based semi-aromatic polyamides

decreased with increasing cooling rates. Particularly at

lower cooling rates the polyamides crystallize effectively

from the melt, the growing front of the spherulites overlap

each other. For example, the growth of spherulites of

Table 3 The Values of F(T), R2, and a from Mo plots for PA10T, PA10T10I and PA10T10F

Sample PA10T PA10T10I PA10T10F

X(t)/% a F(T) R2 a F(T) R2 a F(T) R2

20 1.18 0.78 0.9947 1.39 0.80 0.9961 1.02 0.68 0.9656

40 1.27 0.88 0.9966 1.40 0.94 0.9906 1.07 0.77 0.9667

60 1.36 0.98 0.9956 1.39 1.05 0.9884 1.12 0.85 0.9682

80 1.49 1.13 0.9903 1.37 1.16 0.9900 1.18 0.97 0.9729

0.00176 0.00178 0.00180 0.00182 0.00184 0.00186
1/TP
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–10.0

–10.5

–11.0

–11.5

–12.0
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ln
( Φ

/T
2 P
)

Fig. 6 The Kissinger plots of ln(u/Tp2) versus 1/Tp for PA10T,

PA10T10I and PA10T10F

Table 4 The values of DE and R2 for PA10T, PA10T10I and

PA10T10F

Sample PA10T PA10T10I PA10T10F

DE/kJ mol-1 -564.90 -625.08 -737.06

R2 0.9740 0.8426 0.9827
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Fig. 7 Polarizing micrographs

of PA10T, PA10T10I and

PA10T10F at different cooling

rates
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PA10T10I observed at different cooling rates with

increasing time is seen in the supporting information

(Fig. S5–S9). Obviously, the spherulite size during cooling

increases gradually with increasing time.

Conclusions

In this paper, we synthesized semi-aromatic copolyamides

PA10T10I and PA10T10F based on bio-based poly(de-

camethylene terephthalamide) by a two-step polyconden-

sation technique. The results of differential scanning

calorimetry on the nonisothermal crystallization of these

semi-aromatic polyamides indicated that PA10T10F

exhibited higher crystallization temperature and crystal-

lization rate than PA10T and PA10T10I. Avrami theory

modified by Jeziorny and Mo equation could describe the

nonisothermal crystallization kinetics of these semi-aro-

matic polyamides, respectively. PA10T10F has the higher

crystallization rate than PA10T and PA10T10I. The crys-

tallization activation energies calculated by Kissinger

method indicated that PA10T10F has the lower crystal-

lization activation energy. The higher crystallization tem-

perature and crystallization rate and lower crystallization

activation energy of PA10T10F were attributed to the

flexibility of chain.
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