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ABSTRACT: Flame-retardant polyamide 66 with a 10% mass fraction of 2-carboxyethyl phenyl phosphinic acid (CEPPA) hexamethy-

lene diamine salt (PA66-10) was fabricated in our previous study. In this study, the nonisothermal crystallization kinetics of pure

polyamide 66 (PA66-0) and PA66-10 were measured by differential scanning calorimetry, and the data obtained were analyzed, and

we calculated the average Avrami exponent (n) and used the Jeziorny, Mo, and Kissinger methods. The results from all of these meth-

ods show that the crystallization mechanism of PA66-0 mainly consisted of three stages, whereas PA66-10 mainly consisted of two

stages. At the prime stage, both PA66-0 and PA66-10 may have had the same crystallization mechanism. When the cooling rates were

15 and 20�C/min, the approximate n suggested that the growth form of the spherulite mode in PA66-0 may have been complicated,

whereas PA66-10 may have had a one-dimensional, two-dimensional space-extension, circular, diffusion controlled growth. The crys-

tallization activation energies were determined to be 183.2 and 301 kJ/mol for PA66-0 and PA66-10, respectively, by the Kissinger

method. To further study the influence of the addition of CEPPA on the crystallization behaviors of PA66-0, the spherulitic morphol-

ogies were examined by polarized light microscopy. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41790.
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INTRODUCTION

The most prominent feature of polyamide 66 is its excellent

wearability. Therefore, polyamide 66 fibers are widely used in

the making of military and civilian clothing. However, the flame

retardancy of polyamide 66 is not good, and it is viewed as a

combustible material according to the standard of the limiting

oxygen index. So, research on flame-retardant polyamide 66 has

great significance. As a bifunctional reactive flame retardant, 2-

carboxyethyl phenyl phosphinic acid (CEPPA) has been widely

used in the flame-retardant field for polymer modification,

especially in poly(ethylene terephthalate).1–3 Until now, few peo-

ple have studied flame-retardant polyamide 66 through the

addition of CEPPA. One patent literature4 reported the copoly-

merization of CEPPA and nylon 66 salt with only a 2.38% mass

fraction of CEPPA hexamethylene diamine salt, and it showed

that the copolymer had a good flame retardancy without an

obvious reduction in the mechanical properties. However, the

influence of the addition of CEPPA on the crystallization prop-

erties of pure polyamide 66 (PA66-0) has not been studied.

In our previous study,5 the flame-retardant polyamide 66 con-

taining CEPPA (PA66-10) was fabricated, and its chemical

structure, flame-retardant performance, and thermal stability

were also studied. In virtually every melt process, the polymer

melt is subjected to shearing and nonisothermal crystallization

conditions. Therefore, it is of practical importance and necessity

to study the nonisothermal crystallization kinetics. In this study,

we mainly focused on the influence of the addition of CEPPA

on the crystallization properties of PA66-0 by differential scan-

ning calorimetry (DSC). The crystallization kinetics parameters

and mechanism containing the average Avrami exponent (n),

the crystallization activation energy (DE) were obtained with

the Jeziorny, Mo, and Kissinger methods. In addition, polarized

light microscopy (PLM) is one of the predominant and most

informative tools used for investigating spherulitic morpholo-

gies. So, the spherulitic morphologies of both PA66-0 and

PA66-10 were studied under different isothermal crystallization

times (ts) to further study the influence of the addition of

CEPPA on the crystallization behaviors of PA66-0.

VC 2014 Wiley Periodicals, Inc.
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EXPERIMENTAL

Materials

The CEPPA used in this study was synthesized in our laboratory

according to our earlier study.6 1,6-Diaminohexane and adipic

acid were both purchased from Sinopharm Chemical Reagent

Co., Ltd. (Beijing, China). Nylon 66 salt was purchased from

Anshan Guorui Chemical Co., Ltd. (Liaoning Province, China).

Fabrication Process for PA66-10

PA66-10 was fabricated according to a method given in the litera-

ture.4 To compare the difference in the thermolysis kinetics between

PA66-10 and PA66-0, PA66-0 was also fabricated with the same

method. The fabricating process of PA66-10 is shown in Figure 1.

Nonisothermal Crystallization Kinetics Testing for PA66-0

and PA66-10

The DSC processes of PA66-0 and PA66-10 were conducted

with a NETZSCH5 DSC analyzer (Netzsch, Shanghai, China).

The all samples were dried at 80�C in vacuo for 12 h before

measurement. During the testing process, all of the samples

were first heated from room temperature to 300�C at a heating

rate of 10 K/min under a nitrogen purge with a flow rate of

40 mL/min. We retained this temperature for 3 min and cooled

the sample to room temperature at cooling rates (U) of 5, 10,

15, and 20 K/min. The data were analyzed and processed with

Proteus analysis software and Origin7.5 software.

Data Processing Methods

The isothermal crystallization kinetics analysis of the polymeric

materials were based on the Avrami equation:7

Xt 512exp 2Zt
nð Þ (1)

where Xt is the crystallinity at a certain crystallization time and

temperature, or the relative crystallinity; Z is the crystallization

rate constant; and t is the crystallization time.

Jeziorny Method

According to the literature,8,9 the Jeziorny equation can be

obtained with a series of mathematical methods:

log 2ln 12Xtð Þ½ �5n log t1logZ (2)

When the value of U is fixed, Z at a certain U could be obtained

by the slope and interception value of log[2ln(1 2 Xt)] versus log

t, respectively. Because of the effect of different U, Jeziorny10 sug-

gested that Z should be corrected though eq. (3):

lnZc5lnZ=U (3)

where Zc is the modified crystallization rate constant.

Mo Method

After the Avrami equation [eq. (1)] and the Ozawa equation

[eq. (4)] were combined, Mo’s equation [eq. (5)]11 can be

obtained, and it has been successfully used in nylon 121212 and

nylon 11:13

log 2ln 12Xtð Þ½ �5logP Tð Þ2m log U (4)

log U5logF Tð Þ2a log t (5)

where P(T) is the cooling function, m is the Ozawa index, a is m/

n, and F(T) 5 [P(T)/Z]1/m, which is correlated with the crystalli-

zation rate, and its physical meaning is that a U needs to be cho-

sen to achieve a certain degree of crystallization per unit time.14

When the value of Xt is fixed, the values of a and F(T) can be

obtained by the slope and intercept value of log U versus log t.

Kissinger Method

According to the literature,15,16 DE can be obtained from the

Kissinger equation:

d ln U=Tp
2

� �� �
=d 1=Tp

� �
52DE=R (6)

where Tp is the temperature at peak (K) and R is the universal

gas constant [J (K mol)21]. During the cooling process, 1/Tp is

Figure 1. Fabrication process for PA66-10.
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always replaced by 21/Tp. In our study, when U was fixed, dif-

ferent ln(U/Tp
2) and 21/Tp values were obtained. Then, DE was

obtained by the slope value of ln(U/Tp
2) versus 21/Tp.

Polarizing Optical Microscopy (POM) Tests

The polymer sample, sandwiched between two glass slides, was

first melted for 5 min. After it was pressed with a weight of

500 g, the sample was quickly transferred to an oil bath

(dimethyl silicone), which was preheated to 220�C for the iso-

thermal crystallization study. The spherulitic morphologies were

then examined with PLM (Olympus SZX7).

RESULTS AND DISCUSSION

DSC Analysis

The DSC curves of PA66-0 and PA66-10 in a nitrogen atmos-

phere at different Us are shown in Figure 2(a,b); it shows that

the crystallization exothermic peak shifted obviously to a lower

temperature range when CEPPA was incorporated into PA66-0.

This indicated that there was more time for PA66-10 to pack

into the crystal lattice at the same U compared with PA66-0. As

shown in Figure 3, at a given U, the crystallization exothermic

peak gradually shifted to lower temperature ranges with the

introduction of CEPPA into PA66-0; this meant that the noni-

sothermal crystallization capacity of the samples decreased grad-

ually. The crystallization enthalpy (DHc) of the samples were

also recorded (Table I). The DHc value increased with increasing

U from 5 to 15�C/min but decreased then. It seemed that an

appropriate U existed to form more perfect crystals and reach a

higher degree of crystallinity. When U was 15�C/min, the largest

DHc was obtained. Although PA66-10 formed a perfect crystal

in the range 10–15�C/min. In addition, the incorporation of

CEPPA into PA66-0 decreased the DHc value; this meant that

CEPPA may have had a negative influence on the crystallization

of PA66-0.

Average Avrami Parameter

A new method was first reported17 to determine n (The Average

Avrami Parameter) from experimental crystallization exotherms

with a peak temperature where the crystallization rate is maxi-

mum (T*) and two inflexion points (T1 and T2) for different U.

This method has been successfully used to calculate n of nylon

1212.18 So, we tried to calculate the n values of PA66-0 and

PA66-10 with this method.

The plots of Xt versus temperature (T) for PA66-0 and PA66-10

are shown in Figure 4(a,b), respectively.

Figure 2. DSC curves of (a) PA66-0 and (b) PA66-10 at different Us.

Figure 3. Plots of T of the crystallization exothermic peak at different Us.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Values of Tp, T0 (the crystallization onset temperature), t1/2 (the

half-time of crystallization), and DHc for PA66-0 and PA66-10

Sample U (�C/min) Tp (�C) T0 (�C) t1/2 (min) DHc (J/g)

PA66-0 5 234.6 237.6 0.64486 51.9

10 230.2 234.5 0.43371 67.8

15 226.5 231.7 0.35923 78.8

20 224.3 229.8 0.29028 62.8

PA66-10 5 190.1 200.3 2.05326 43.8

10 182.7 195.2 1.26325 53.5

15 179 193.5 0.9584 54.3

20 176.5 190.5 0.73289 47.1
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To identify the exact values of T*, T1, and T2, the first-order and

second-order differentials of the plots of Xt versus T were calculated

by origin software. Then, we obtained the plot of T versus ln U for

PA66-0 and PA66-10; these are shown in Figures 5(d) and 6(d).

According to theory, these temperatures, including T*, T1, and

T2, varied linearly with the U logarithm.19 However, it was

obvious that the three lines were not parallel to each other. We

supposed that the lines may have diverged at certain U, and the

lines under only two U were studied. The results are shown in

Figures 5 and 6.

These plots showed that when U were 15 and 20�C/min; the three

lines in PA66-0 and PA66-10 seemed parallel to each other. At

lower that this U value (<15�C/min), the values of T1, T*, and T2

decreased considerably when ln U increased. To identify the depth

of parallelism, we calculated the distance between T1 and T* and

T1 and T2. The results are listed in Table II.

Table II shows that the three lines were not absolutely parallel

with each other, and the depth of parallelism of PA66-10 was

lower than that of PA66-0. With these deviations, we calculated

n approximately and compared the difference between PA66-0

and PA66-10 in crystallization kinetics. Therefore, in a general

manner, T1, T*, and T2 may be expressed as Ti 5 A ln U 1 Bi (T1

is the first inflexion point; T2 is the second inflexion point; A 5 n/

a(a from the equation: ln K(T) 5 aT 1 b), K(T) is cooling func-

tion); B1 5 ([(In(32�5)/2]2b)/a); B2 5 ([(In(3 1 �5)/2]2b)/a))

according to the literature.18 The n values of PA66-0 and PA66-10

were obtained as 8.89 and 1.83, respectively; this showed that the

growth form of the spherulite mode in PA66-0 may have been

complicated20 because of the spherulites’ impingement and

crowding. However, PA66-10 may have had a one-dimensional,

two-dimensional space-extension, circular, diffusion-controlled

growth at these U.

Nonisothermal Crystallization Kinetics

To analyze the nonisothermal crystallization kinetics data, Xt

was calculated. The plots of Xt versus time for PA66-0 and

PA66-10 are shown in Figure 7(a,b), respectively. We observed

that more time was needed for the sample to reach the same Xt

with decreasing U. In fact, the crystallization started at higher

temperatures, and the crystallization rate of the sample was

slower than the lower temperature because of the lower super-

cooling. It was interesting that PA66-10 needed more time to

reach the same crystallization at the same U compared to PA66-

0; this also indicated that CEPPA in PA66-10 restricted the crys-

tallization of PA66-0 just as it influenced DHc. Two widely used

methods, Jeziorny’s and Mo’s methods, were used to analyze the

nonisothermal crystallization kinetics of PA66-0 and PA66-10.

Calculation of the Crystallization Kinetics

Parameters with the Jeziorny Method

The nonisothermal crystallization could be described by the

Avrami equation on the basis of the assumption that the crystalli-

zation temperature was constant. The plots of log t versus

log[2ln(1 2 Xt)] for PA66-0 and PA66-10 are shown in Figure 8.

The correlation coefficient (R; from this point on), n, Z, and Zc

were obtained and are listed in Table III. The high linear Rs for

PA66-0 and PA66-10 suggested that this method was effective.

According to the literature,8 n was related to the mechanism and

growth modes of nucleation, whereas n in noncrystallization

kinetics did not have definite physical meaning, but some useful

information could also be obtained from the average of n at dif-

ferent U.21 The average ns for PA66-0 and PA66-10 were 1.184

and 1.084, respectively; this suggested that PA66-10 may have had

a crystallization mechanism similar to that of PA66-0 at the prime

stage. The Zc related to temperature included two aspects: nuclea-

tion and crystallization. The higher the value of Zc was, the faster

the rate of crystallization was. From the Zc value listed in Table

III, we observed that PA66-0 had a slightly lower Zc value at a

given U; this indicated that the incorporation of CEPPA may have

retarded the crystallization of the PA66-0 at the primary stage.

To further confirm the difference in the crystallization mecha-

nisms18 between PA66-0 and PA66-10, we plotted the first-order

differential of log t versus log[2ln(1 2 Xt)] [Figure 9(a,b)]

The shape of the curves from these two figures showed that the

crystallization mechanism of PA66-0 mainly contained three

parts: the linear part with slopes equal to 1 at the prime stage;

the saddle-shaped part, with slopes of greater than 1 and which

showed great changes with increasing log t, and the third part,

Figure 4. Plots of Xt versus T for (a) PA66-0 and (b) PA66-10.
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Figure 5. Plots of T versus ln U for PA66-0: (a) U 5 5 and 10�C/min, (b) U 5 10 and 15�C/min, (c) U 5 15 and 20�C/min, and (d) U 5 5, 10, 15, and

20/min.

Figure 6. Plots of T versus ln U for PA66-10: (a) U 5 5 and 10�C/min, (b) U 5 10 and 15�C/min, (c) U 5 15 and 20�C/min, and (d) U 5 5, 10, 15, and

20�C/min.
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with slopes of less than 1 and which had a small changes, with

increasing log t. Although the crystallization mechanism of

PA66-10 mainly contained two parts: the linear part with slopes

equal to 1 at the prime stage and the saddle-shaped part with

slopes greater than 1. The slopes equal to 1 that remained con-

stant indicated that the plots of log[2ln(1 2 Xt)] versus log t

showed a line, greater or less than 1 with changed slopes and

showed a nonline. This confirmed that the Jeziorny method was

just reasonable at the prime stage of crystallization. In addition,

these figures suggest that the crystallization mechanism of

PA66-0 was more complicated than PA66-10; this was concord-

ant with the results of the analysis of n of PA66-0 and PA66-10

discussed previously.

Calculation of the Crystallization Kinetics Parameters with

Mo’s Method

The plots of log U versus log t for PA66-0 and PA66-10 are

shown in Figure 10. We observed that a good linear relationship

for PA66-0 and PA66-10 was obtained; this indicated that Mo’s

method could be used reasonably. R, n, and F(T) were obtained

and are listed in Table IV. The value of F(T) increased with

increasing crystallinity; this indicated that the crystallization

rate decreased with increasing crystallinity. The values of F(T)

in PA66-10 were higher than that in PA66-0; this suggested that

the crystallization rate of PA66-10 was lower than that of PA66-

0 during the nonisothermal crystallization process.

Table II. Values of T1, T*, and T2 and Relative Deviations of T* 2 T2 to T1 2 T* for PA66-0 and PA66-10

U (�C/min) T1 (�C) T1 2 T* (�C) T* (�C) T* 2 T2 (�C) T2 (�C)
Relative deviation
of (T* 2 T2) to (T1 2 T*) (%)

PA66-0 15 229.24 2.83 226.41 2.77 223.64 2.12

20 227.17 2.96 224.21 2.83 221.38 4.39

PA66-10 15 186.71 8.02 178.69 7.04 171.65 12.22

20 183.76 7.57 176.19 6.85 169.34 9.51

Figure 7. Xt and T at different ts during the process of nonisothermal

crystallization for (a) PA66-0 and (b) PA66-10.

Figure 8. Plots of log t versus log[2ln(1 2 Xt)] for (a) PA66-0 and (b)

PA66-10. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Calculation of the DE with the Kissinger Method

The plots of ln(U/Tp
2) versus 1/Tp for PA66-0 and PA66-10 are

shown in Figure 11, and the DE and R values are listed in Table

V. Good R values for PA66-0 and PA66-10 indicated that both

the experimental data and the results were reliable. The

obtained DE values of PA66-0 and PA66-10 were 183.2 and 301

kJ/mol(Table V), respectively. The larger value of DE for PA66-

10 indicated that more energy was needed for PA66-10 to crys-

tallize than for PA66-0; this indicated that PA66-10 was harder

to crystallize than PA66-0.22 This result was also concordant

with those of both Jeziorny’s and Mo’s methods.

Table III. Values of R, n, Z, and Zc for PA66-0 and PA66-10 by the Jez-

iorny Method

U (�C/
min) R n Z Zc

PA66-0 5 0.99908 1.21549 0.179 0.70888

10 0.99943 1.19385 0.6 0.9502

15 0.99974 1.15524 0.6 0.96652

20 0.99973 1.17172 0.85 0.99191

PA66-10 5 0.99994 1.05447 0.085 0.61078

10 0.99978 1.05447 0.13 0.81544

15 0.99971 1.09681 0.2 0.89826

20 0.99929 1.13245 0.27 0.93663

Figure 9. First-order differential of log t versus log[2ln(1 2 Xt)] for (a)

PA66-0 and (b) PA66-10. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 10. Plots of log t versus log U curve for (a) PA66-0 and (b) PA66-

10. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table IV. Values of Xt, R, n, and F(T) for PA66-0 and PA66-10 by Mo’s

Method

Xt R F(T) a

PA66-0 0.1 0.98497 1.14 1.34098

0.2 0.99384 1.43 1.50789

0.4 0.99589 1.97 1.71986

0.6 0.99661 2.67 1.83097

0.8 0.99499 3.78 1.90448

PA66-10 0.1 0.99732 3.9 1.38348

0.2 0.99804 6.88 1.35048

0.4 0.99647 11.4 1.3516

0.6 0.99636 15.8 1.36857

0.8 0.99779 21.6 1.39824
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Crystallite Morphology

In fact, there were many factors that influenced the spherulitic

morphology, including the isothermal t, crystallization tempera-

ture, U, and stress. To study the influence of the addition of

CEPPA to PA66 on the spherulitic morphology of PA66, the iso-

thermal t was regarded as the only changed condition; mean-

while, we kept the isothermal crystallization temperature at

220�C. We kept the stress the same by pressing the sample with

a weight of 500 g, and we retained the same U by transferring

the sample under a isothermal t to an ice–water bath.

PLM is one of the predominant and most informative tools

used for investigating spherulitic morphologies. Figure 12 shows

a series of PLM micrographs of PA66-0 and PA66-10 spherulites

formed at different isothermal t values. The Maltese cross

extinction patterns along the vibrational directions of the polar-

izer and the analyzer are shown clearly in Figure 12. All of the

spherulites exhibited colorful birefringence under the crossed

polars. The sign of the birefringence was determined with a pri-

mary red filter (k plate) located diagonally between the crossed

polars. When the spherulite was negative, its first and third

quadrants were yellow, and the second and fourth ones were

blue. For a positive spherulite, the first and third quadrants

were blue, and the second and fourth ones were yellow. If the

color differences between the four quadrants could not be

clearly discerned, the spherulite was a mixed one. The morphol-

ogies of the PA66 and PA66-10 spherulites and the sign of their

birefringence were found to depend on the isothermal t and Tc

(Table V). During the isothermal ts from 2.5 to 30 min, the

spherulites were sparsely distributed and appeared with

saturation-type dendrite; this indicated a slow nucleation fol-

lowed by a comparatively fast growth.23

There was a big difference in the spherulite sizes under the

same view of PLM, and the spherulite sizes on edge were larger

than those in the center. To study the spherulite size under dif-

ferent isothermal ts, we counted the maximum spherulite sizes

on edge under different isothermal ts, and the results are shown

in Figure 13. As shown in Figure 13, the spherulite sizes of

PA66-10 were smaller than those of PA66-0; this indicated that

to form the same spherulite size, the molecules of PA66-10 may

Figure 11. Plots of ln(U/Tp
2) versus 1/Tp for PA66-0 and PA66-10. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Table V. DE and R Values for PA66-0 and PA66-10

R DE (kJ/mol)

PA66-0 0.99851 183.2

PA66-10 0.99775 301

Figure 12. Micrographs of the PA66 and PA66-10 spherulites formed at

different isothermal ts. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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have needed more time than those of PA66-0. This result shows

that the addition of CEPPA to the molecular chain of PA66 hin-

dered the spherulite growth.

CONCLUSIONS

The nonisothermal crystallization kinetics of PA66-0 and PA66-

10 were studied by DSC and analyzed by n and the Jeziorny,

Mo, and Kissinger methods. The good results suggest that these

methods were reasonable in the analysis of the nonisothermal

crystallization of PA66-0 and PA66-10.The results show that

1. It seemed that when U was 15�C/min, PA66-0 formed a

more perfect crystal, whereas to get a good crystallization

for PA66-0, U was needed in the range of 10–15�C/min.

2. After CEPPA was incorporated into the main chain of PA66-

0, the crystallization mechanism of PA66-0 was changed,

except in the prime stage, which belonged to a stage of slow

nucleation according to the result of the POM test when U
were 15 and 20�C/min.

3. Jeziorny’s and Mo’s methods showed that the addition of

CEPPA slowed the rate of crystallization of PA66-0. This

was confirmed by the Kissinger method, which was also

confirmed by the POM test. In addition, the POM test

showed that the addition of CEPPA to the molecular chain

of PA66 changed the spherulitic birefringence of PA66. The

signs of the spherulitic birefringence of PA66 and PA66-10

were found to depend on the isothermal t. When the iso-

thermal t value was from 2.5 to 30 min, the signs of the

birefringence of PA66-0 changed in the following order:

Positive ! Mixed ! Weekly mixed ! Positive

The signs of the birefringence of PA66-10 changed in another

order:

Mixed ! Positive ! Mixed ! Weekly mixed
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