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a  b  s  t  r  a  c  t

This  work  incorporated  hexamethylene  diamine  and  terephthalic  acid,  namely  6T,  into  typical  polymer-
ization  processes  of Nylon  6 and  Nylon  66  to form  Nylon  6/6T and  Nylon  66/6T  copolymers,  respectively.
The  WAXD  results  showed  that  as the  amount  of 6T  increased  to 10 mol%,  all  of  the Nylon  6/6T  copolymers
transferred  from  �-form  to  �-form.  The  DSC measurement  revealed  that  the  equilibrium  melting  point
of Nylon  6/6T decreased  as  the  amount  of  6T  increased.  Moreover,  the  crystallization  rate  k decreased
with  the  6T  content  in Nylon  6/6T  copolymers,  and  dropped  greatly  when  the  addition  of 6T  increased
eywords:
ylon 6/6T
ylon 66/6T
rystallization rate
quilibrium melting point

over  7  mol%.  In  contrast,  due  to  the similar  molecular  chain  lengths  of  Nylon  66  and  6T,  the  WAXD  results
of  Nylon  66/6T  exhibited  little  crystal  difference  as the  addition  of  6T  varied  from  0  to  30  mol%.  The
equilibrium  melting  point  of  Nylon  66/6T  remained  constant,  proving  that  Nylon  66/6T  is isomorphous.

© 2013 Elsevier B.V. All rights reserved.
somorphous

. Introduction

Nylon, with its superior strength and heat resistance, is used
n automobile industries, electricity-related areas, and electronics.
mong the different types of nylons, Nylon 6 and Nylon 66 are the
ost representative and most common. Nylon 6T, a condensation-

ype polymer containing hexamethylene diamine and terephthalic
cid, is a good engineering plastic with low moisture absorbing
apability and good thermal durability. However, due to its high
elting point, it is difficult to manufacture. Many commercial prod-

cts therefore use copolymer to reduce their melting points [1].
onsequently, investigations involving the physical properties of
ylon/Nylon 6T/Additives compounds have been very popular. Due

o the close relationship between a material’s morphology and its
echanical and thermal properties, research on the crystallization

ehavior of nylon and its associated materials is very important.
akurai et al. [2] researched the crystallization of Nylon 6/PAE
lock copolymer and concluded that dilution decreased the amount
f crystals formed by the pure material. This, in turn, decreases
he melting point of the copolymer. Lingyu et al. [3] studied the
rystallization of Nylon 66/multi-walled carbon nanotube (Nylon
6/MWNT) nanocomposites. According to the estimation by the

vrami method, the k value initially increases and then decreases
s the MWNT  increases. While small quantities of MWNT  can form

 nucleus to increase the rate of crystallization, excessive MWNT

∗ Corresponding author. Fax: +886 02 27317174.
E-mail address: f10714@ntut.edu.tw (S.-P. Rwei).

040-6031/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.tca.2012.12.026
can cause spherulites to interrupt each other, resulting in decreased
crystallization speed. Stein and Schreiber et al. [4] achieved double
melt peaks of Nylon 66 crystals under different crystallization tem-
peratures, and concluded that melt recrystallization was  the cause.
The morphology of Nylon 6/montmorillonite nanocomposites was
studied by Derek M.  [5],  indicating the pure nylon 6, 2 wt%, and
5 wt% of Nylon 6/montmorillonite nanocomposites were observed
�-form, both �- and �-form, and increasing �-form with decreasing
�-form, respectively by WAXD in room temperature.

Since terephthalic acid (TPA) replaces adipic acid (AA) in Nylon
66/6T copolymer, and since the chain lengths of AA and TPA are sim-
ilar, the resulting crystals have high compatibility. Consequently,
morphology changes are also relatively minor. This phenomenon
is known as isomorphism. This study focuses on the comparison
of the crystallization kinetics of isomorphous nylon copolymer
(Nylon 66/6T) and nonisomorphous nylon copolymer (Nylon 6/6T).
Although some studies have examined the crystallization thermo-
dynamics of Nylon 66/6T copolymer [4,6–8],  few of these studies
involve the crystallization kinetics of Nylon 6/6T and Nylon 66/6T,
which motivates this study.

2. Experimental

In the Nylon 6/6T copolymer used in this experiment, the Nylon
6T ratios were 0 mol%, 3 mol%, 5 mol%, 7 mol% and 10 mol%. For

Nylon 66/6T copolymer experiments, the amount of Nylon 6T
were 0 mol%, 5 mol%, 10 mol%, 15 mol%, 20 mol%, and 30 mol%. The
samples were dried in an oven before the experiment. All of the
materials were provided by the Taiwan Textile Research Institute

dx.doi.org/10.1016/j.tca.2012.12.026
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:f10714@ntut.edu.tw
dx.doi.org/10.1016/j.tca.2012.12.026
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Scheme 1. Chemical structure of Nylon6/6T and Nylon 66/6T copolymers.

TTRI), which prepared the materials shown below (Scheme 1).
ig. 1(a) and (b) shows typical NMR  spectrums of Nylon6/6T and
ylon 66/6T copolymer, respectively. 1H NMR, Bruker Avance
RX400 at 400 MHz, was utilized to identify the chemical struc-

ure of the copolymers. Trifluoro acetic acid (TFA) was  used as a
olvent. The experimental values of 6T % were obtained by the pro-
on peak area of the Nylon 6T divided by those of Nylon 6 (or Nylon
6) plus Nylon 6T (Tables 1a and 1b).

Relative viscosity (RV) was measured using Ubbelohde vis-
ometer, which is a capillary viscometer, operated at a constant
emperature 25 ◦C. The concentration of sample in sulfuric acid
96%) is 1 g/dL. Gel permeation chromatography (GPC) anal-
ses performed herein were on GPC/V2000 of Waters. The
ell-characterized narrow poly(methyl methacrylate) (PMMA) in
exafluoroisopropanol (HFIP) was used as the calibration standard.
otably, there were no good solvents to dissolve the Nylon 66/6T
t high 6T content in the GPC measurement, we therefore mark NA,
ot available, in Table 1b.  However, the consistent RV values indi-
ate that the Mn of Nylon 66/6T in each synthesized case is roughly

0,000 g/mol.

Instruments used for the morphology analysis included X-
ay diffractometer (XRD) (PANalytical X’Pert PRO MPD). The XRD
ample was first heated to the molten state for 3 min  on a

able 1a
ylon 6/6T data for 1H NMR, GPC, and RV.

Nylon 6T mol% 0% 3% 

1H NMR
experimental
value

0% 2.36% 

Mn (GPC) 29,103 37,944 

Mw (GPC) 63,445 74,370 

PDI  (GPC) 2.18 1.96 

RV  (relative
viscosity)

2.55 2.28 

able 1b
ylon 66/6T data for 1H NMR, GPC, and RV.

Nylon 6T mol% 0% 5% 1

1H NMR
experimental
value

0% 5.74% 1

Mn (GPC) 29,143 39,768 N
Mw (GPC) 58,869 83,513 N
PDI  (GPC) 2.02 2.10 N
RV  (relative

viscosity)
2.51 2.30 2
Fig. 1. (a) and (b) H1 NMR  spectrum. (a) Nylon 6/6T 6T 10 mol% copolymer in solvent
of  TFA, and (b) Nylon 66/6T 6T 10 mol% copolymer in solvent of TFA.

hot-stage, and then lowered to a certain temperature at the rate of
120 ◦C/min for 20 min  (Tc = Tm − 30 ◦C). The sample was then placed
in liquid nitrogen to preserve the crystal shape. The crystallinity %
is calculated by the area of the crystalline peaks divided by total
area under the diffraction curve using Topaz Rietveld Refinement
software from Bucker.
The thermal experiment in this study involved a differential
scanning calorimeter (DSC, Perkin-Elmer DSC-7) in a nitrogen-
rich environment, increasing the temperature over each sample’s

5% 7% 10%

4.23% 6.90% 9.79%

49,610 42,563 42,868
98,228 85,552 85,081
1.98 2.01 1.98
2.36 2.30 2.32

0% 15% 20% 30%

0.93% 15.58% 20.77% 28.91%

A NA NA NA
A NA NA NA
A NA NA NA
.41 2.31 2.28 2.25
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Table  2a
The WAXD results of Nylon6/6T copolymers.

6T ˛1 (◦) L2 0 0 (nm) ˛2 (◦) L0 0 2 + 2 0 2 (nm) Crystallinity (WAXD) Crystallinity (DSC)

0 mol% 20.20 12.22 23.61 9.56 30.63% 27.24%
3  mol% 20.20 8.55 23.51 8.60 26.25% 24.33%
5  mol% 20.22 8.55 23.54 8.60 17.19% 20.76%

6T  ˛1 (◦) L0 0 1 Crystallinity (WAXD) Crystallinity (DSC)

7 mol% 21.15 8.78 16.63% 19.59%
10  mol% 21.06 17.13 11.66% 17.12%

�Hf (100%): 240 J/g [18].

Table 2b
The WAXD results of Nylon66/6T copolymers.

6T ˛1 (◦) L1 0 0(nm) ˛2 (◦) L0 1 0 (nm) Crystallinity (WAXD) Crystallinity (DSC)

0 mol% 20.26 14.26 23.85 7.17 27.53% 32.36%
5  mol% 20.26 14.26 23.45 8.60 26.25% 31.93%
10  mol% 20.19 14.25 23.45 8.60 27.10% 31.24%
15  mol% 20.23 12.22 23.10 8.60 27.89% 31.82%
20  mol% 20.31 10.69 22.94 7.81 26.36% 31.15%
30  mol% 20.46 8.56 22.74 9.54 25.60% 30.85%

�

m
c
t
t
b
t
t
p

Hf (100%): 196 J/g [4].

elting point at a rate of 20 ◦C/min. Nylon 6/6T and Nylon 66/6T
opolymers were heated to 250 ◦C and 300 ◦C, respectively. These
emperatures were maintained for 3 min  to remove thermal his-
ory. An isothermal crystallization experiment was  then performed
y rapidly cooling the samples at the rate of 200 ◦C/min to a

argeted crystallization temperature, and then by holding the
emperature constant for 20 min. After crystallization was com-
leted, the temperature increased at the rate of 20 ◦C/min until

Fig. 2. (a) and (b) The comparison between theoretical and experimental value. (a) T
the samples became molten again. The molten peaks were then
observed.

A polarized optical microscope (POM, Nikon LABOPHOT2)
was performed for Nylon 66, Nylon 66/6T-5%, and Nylon 66/6T-
10% samples in this work. The temperatures was  first increased

to 300 ◦C, and then rapidly reduced to crystallization range
(227.5–240 ◦C) for observing the crystal formation. The crystal for-
mation rates could thus be obtained by measuring the spherulite

he mol% for Nylon 6/6T copolymers. (b) The mol% for Nylon 66/6T copolymers.
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Fig. 4. The isothermal crystallization curves for (a) Nylon 6/6T of different copo-

k × � × 180
ig. 3. The plot to determine the equilibrium melting temperature by
offman–Weeks method for (a) Nylon 6/6T 7 mol% (b) Nylon 66/6T 20 mol%.

ize from the photo image at a specific time before the crystals
ollided with each other.

. Results and discussion

.1. Crystallization thermodynamics study

Fig. 2(a) shows the wide-angle X-ray diffraction (WAXD) results
f Nylon 6/6T copolymer. This figure demonstrates that pure Nylon

 exhibited �-form. As the quantity of 6T increased to 7 mol%,
oth �-form and �-form appeared [9–11]. When Nylon 6T reached
0 mol%, all of the copolymers presented �-form. The �-form rep-
esents a stable crystal structure in a triclinic type. The �-form, in
ontrast, represents an unstable crystal structure in a monoclinic
ype. The �-form can convert to the �-form with increased tem-
erature or crystallization time. The existence of a benzene ring of
ylon 6T might retard the chain mobility and inhibit this conver-
ion, causing the entire crystal structure to remain in the �-form
12,13].

Fig. 2(b) shows the WAXD results of Nylon 66/6T copolymers.
ompared to Nylon 6/6T copolymers, Nylon 66/6T copolymers
xhibit very few differences in the crystal patterns regardless of
he variation in copolymerization ratio. The primary reason is that

he replacement of adipic acid in nylon 66 with terephthalic acid
n nylon 66/6T is a good example of “isomorphism.” [14,15] This
somorphous replacement not only indicates that the distance
etween the functional groups is about the same, but also that
lymerization ratios at 150 ◦C (b) Nylon66/6T of different copolymerization ratios
at  240 ◦C. (The starting and ending point of the exothermic peak in the curve are
marked.)

the orientation of the comonomer units in the crystal lattice must
be identical. The length of four methylene groups of adipic acid is
0.508 nm.  Meanwhile, the length of the benzene ring of terephthalic
acid to the direction of chain length at an angle of 35◦ is 0.510 nm.
This slight displacement might make the crystal structure of nylon
66 [16,17] the same as nylon 66/6T.

Tables 2a and 2b list the WAXD characteristic peaks of
Nylon6/6T and Nylon 66/6T copolymers, respectively. The degree
of crystallization for each condition was calculated thereafter.
Table 2a shows that as the amount of Nylon 6T increases from
0 to 10 mol% in Nylon 6/6T copolymer, the crystallization degree
decreases from 30.63% to 11.66. For Nylon 66/6T copolymers,
and the degree of crystallization remained at approximately
26.36% regardless of the copolymerization ratios. Similarly, DSC
measurement shows that the crystallization degree of Nylon
6/6T copolymer decreased from 27.24% to 17.12%, while that of
Nylon 66/6T copolymer remained stable at approximately 31.15%.
Furthermore, the Scherrer equation [18–20] calculated the crystal
thickness:
Lh k l =
 ̌ × cos � × �

(1)

where Lh k l is the cystal thickness perpendicular to a given planes
(h k l), k is the Scherrer shape factor which adopts value close to a
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Table  3
The thermal properties of Nylon6/6T and Nylon66/6T copolymers by DSC.

Sample Tg (◦C) �Hf (J/g) Tm (◦C) To
m (◦C)

Nylon 6 43 93.8 225 258
Nylon  6/6T-3% 46 79.9 217 235
Nylon  6/6T-5% 47 72.9 202 208
Nylon 6/6T-7% 51 72.0 191 193
Nylon  6/6T-10% 56 66.5 189 191

Nylon  66 44 79.6 265 275
Nylon  66/6T-5% 45 70.6 264 272
Nylon  66/6T-10% 51 69.8 263 268

6.0 

2.4 

8.1 

c
ˇ
s
6
t
o

T
T

Nylon  66/6T-15% 52 6
Nylon  66/6T-20% 54 6
Nylon  66/6T-30% 64 5

onstant of 0.9, � is the wavelength of the X-ray (0.5418 nm), and
 is the full width at half maximum (FWHM) of the peak. Results
hown in Table 1 (L for Nylon 6/6T) and Table 2 (L for Nylon
2 0 0 1 0 0
6/6T) indicate that the lamellae thickness in the copolymer was
hinner than that of pure polymers, confirming that the presence
f Nylon 6T reduced the size of crystal domain.

able 4
he parameters of crystallization kinetics of Nylon 6/6T and Nylon 66/6T copolymers calc

(a)

Tc (◦C) 130 140 

Nylon 6
n 1.42 1.56 

k  (min−n) 33.73 34.04 

t1/2 (min) 0.065 0.082 

Nylon  6/6T-3%
n 2.03 2.01 

k  (min−n) 31.70 29.50 

t1/2 (min) 0.152 0.155 

Nylon  6/6T-5%
n 1.90 1.87 

k  (min−n) 28.52 26.59 

t1/2 (min) 0.141 0.142 

Nylon  6/6T-7%
n 1.78 2.02 

k  (min−n) 4.20 3.41 

t1/2 (min) 0.363 0.455 

Nylon  6/6T-10%
n 2.35 2.64 

k  (min−n) 0.445 0.129 

t1/2 (min) 1.207 1.891 

(b)

Tc (◦C) 200 210 

Nylon 66
n 2.01 1.93 

k  (min−n) 38.67 20.93 

t1/2 (min) 0.135 0.171 

Nylon  66/6T-5%
n 1.74 1.58 

k  (min−n) 36.90 21.61 

t1/2 (min) 0.102 0.114 

Nylon  66/6T-10%
n 1.67 1.67 

k  (min−n) 29.49 17.43 

t1/2 (min) 0.106 0.146 

Nylon  66/6T-15%
n 1.72 1.65 

k  (min−n) 28.52 14.63 

t1/2 (min) 0.115 0.158 

Nylon  66/6T-20%
n 1.72 1.56 

k  (min−n) 31.35 22.75 

t1/2 (min) 0.110 0.107 

Nylon  66/6T-30%
n 1.79 1.61 

k  (min−n) 40.06 21.47 

t1/2 (min) 0.103 0.118 
262 267
264 268
272 277

Table 3 shows that melting point and enthalpy decreased as the
amount of Nylon 6T increased. This is because Nylon 6T disrupted
the crystal lattice of Nylon 6, causing the degree of crystallization

and melting point to decrease. In addition, the addition of Nylon
6T increased the rigidity of the copolymer, which explains why
the glass transition point (Tg) increased. Due to the similar chain

ulated using Avrami Equation.

150 160 170 180

1.62 1.99 2.14 1.87
27.79 10.30 4.20 0.98

0.102 0.258 0.431 0.829

1.96 1.93 1.97 2.74
26.16 12.98 2.83 0.32

0.157 0.219 0.489 1.325

1.83 2.07 2.51 2.93
14.49 2.96 0.092 0.002

0.190 0.496 2.233 7.074

2.56 2.66 2.64 –
1.44 0.186 0.022 –
0.752 1.640 3.682 –

2.61 – – –
0.009 – – –
5.215 – – –

220 230 240

1.58 2.18 2.71
10.89 3.85 0.099

0.175 0.455 2.049

1.62 1.87 2.41
6.60 0.96 0.052
0.250 0.840 2.926

1.88 2.33 2.67
5.78 0.78 0.042
0.323 0.949 2.870

1.85 2.29 2.50
4.81 0.80 0.037
0.351 0.942 3.179

1.69 2.21 2.21
13.42 4.18 0.278

0.174 0.443 1.512

1.57 1.69 2.08
13.52 5.40 1.63

0.152 0.298 0.662
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1/T c (K)  x 10
3

 Nylon  6

 Nylon  6/6T-3%

 Nylon  6/6T-5%

 Nylon  6/6T-7%

 Nylon  6/6T-10%

(b)

1.90 1.95 2.00 2.05 2.10

-2

-1

0

1

2

1
/n

 l
n

 k

1/T c (K)  x 10
3

 Nylon  66

 Nylon  66 /6T-5%

 Nylon  66 /6T-10%

 Nylon  66 /6T-15%

 Nylon  66 /6T-20%

 Nylon  66 /6T-30%
ig. 5. The retreatment of Fig. 4 by Avrami method for (a) Nylon 6/6T 7 mol% at var-
ous crystallization temperatures (b) Nylon 66/6T 20 mol% at various crystallization
emperatures.

engths between Nylon 6T and Nylon 66, Nylon 6T was  able to fit
nto the crystal lattice of Nylon 66 and cause little impact on the

elting point. In contrast, Tg increased as Nylon 6T increased. In
eneral, Tg depends heavily on the rotational energy requirements
f the polymer backbone. Addition of Nylon 6T to Nylon 6 or Nylon
6 reduces its rotation capability. The Tg of Nylon 66/6T or Nylon
/6T therefore increases with the mol% of Nylon 6T.

After isothermal melt crystallization, the Hoffman–Weeks equa-
ion was used to obtain the equilibrium melting point. This equation
s shown as follows [21–24]:

m = To
m

(
1 − 1

�

)
+

(
1
�

)
Tc (2)

here Tm is the experimentally obtained melting point, � repre-
ents a stability parameter that depends on the crystal size and
erfection, and To

m is the equilibrium melting point. The To
m and

 can therefore be calculated by using two set of Tm and Tc. This
xperiment revealed double melting peaks, suggesting that melt
ecrystallization [22] induces the higher melting peak. The lower
elting peak was therefore selected as the equilibrium melting

oint. Fig. 3(a) and (b) shows typical Hoffman–Week plots of Nylon

/6T and Nylon 66/6T copolymers, respectively, and Table 3 lists
he associated results. Experimental results indicate that owing to
he dilution of regulated chain length of Nylon 6, the equilibrium

elting point To
m of Nylon 6/6T copolymer decreased as the amount
Fig. 6. The retreatment of Table 4 to obtain the crystallization activation energy
�Ea. of (a) Nylon 6/6T copolymers (b) Nylon 66/6T copolymers.

of Nylon 6T increased. In contrast, due to the similar molecular
chain lengths of Nylon 66 and 6T, the To

m of Nylon 66/6T remained
constant until the amount of Nylon 6T reached 30 mol%. At this
point, the melting point increased by 8 ◦C which is attributed to
the attraction force of the benzene rings among 6-T segments.

3.2. Isothermal crystallization kinetics study

Fig. 4(a) and (b) respectively show the DSC spectrums of Nylon
6/6T copolymer at 150 ◦C and Nylon 66/6T copolymer at 240 ◦C, dis-
playing the relationship between melt peaks and time. The Avrami
equation analyzed the samples in Fig. 4 as follows [25–30]:

X(t) = 1 − exp (−ktn) (3)

The time-dependent volume fraction crystallinity X(t) can be
determined by integrating the isothermal DSC curve from t0 to t,
the t0 defined herein is the instant when the slope of DSC curve
becomes zero in the beginning stage, k is the Avrami rate constant,
and n is the Avrami exponent or shape parameters, indicating the
type of nucleation and shape of crystal growth. Reorganizing the
equation leads to the following equation:
log{−ln[(1 − X(t)]} = n log t + log k (4)

Graphing log{−ln(1 − X(t)}against log t produces a graph with
intercept log k and slope n. Substituting these values back into the
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Table  5
The crystallization activation energy of Nylon6/6T and Nylon66/6T copolymers.

Nylon 6/6T (mol%) 0 3 5 7 10
−192.61 −123.40 −111.87

10 15 20 30
−200.28 −199.54 −221.92 −236.60

A
5

t

6
l
i
7
c
6
r
k
o
T
d
i
b
q
a
1
c
a
r
c

t
T
f

k

(

w
d
p
r
t
v
o

T
T

Ea (kJ/mol) −230.94 −206.15 

Nylon  66/6T (mol%) 0 5 

Ea (kJ/mol) −247.84 −217.90 

vrami equation and setting the time at which crystallization was
0% complete to t1/2 produces the following equation:

1/2 =
(

ln 2
k

)1/n

(5)

Fig. 5(a) and (b) shows graphs displaying relationship of Nylon
/6T-7% and Nylon 66/6T-20%, respectively. Table 4 lists the calcu-

ation results, showing that at the same crystallization temperature,
ncreasing the presence of Nylon 6T in Nylon 6/6T copolymer to

 mol%, or further to 10 mol%, k decreased significantly in both
ases. This is because the crystal lattices of Nylon 6T and Nylon

 are incompatible, making crystallization extremely difficult and
educing the overall rate of crystallization. On the other hand, the

 values of Nylon 66/6T copolymer at 200 ◦C were all in the range
f 30–40, proving that Nylon 66/6T is an isomorphous copolymer.
able 4 also reveals that the k value of Nylon 66/6T copolymer
ecreased initially and then increased as the amount of Nylon 6T

ncreased over 15 mol%. The rate constant k increases is influenced
y the increase in the number of nuclei resulted from adding a large
uantity of 6T. Noticeably, the lowest k value occurred when the
mount of Nylon 6T of Nylon 66/6T copolymer was  approximately
5 mol%. This implies that although Nylon 66/6T is an isomorphous
opolymer, the addition of 15% Nylon 6T would be less compatible
nd causes a transition state in the morphology evolution. These
esults indicate that Nylon 66/6T is not perfectly isomorphous at
ertain ratios.

Polymer crystallization activation energy includes the activa-
ion energy of molecular bond movements and that of nucleation.
his is usually obtained using the Arrheius equation [31–34] as
ollows:

1/n = k0 exp
(−Ea

RTc

)
(6)

1
n

)
ln k = ln k0 +

(−Ea

R

)  (
1
Tc

)
(7)

here k is the crystallization rate constant, k0 is a preset factor (not
irectly related to temperature), n is the Avrami index, Tc is the tem-
erature of isothermal crystallization (K), Ea is the activation energy

equired (kJ/mol), and R is the ideal gas constant. Using curve fit-
ing of the Avrami equation for each isothermal condition, n and k
alues were determined and substituted into Eq. (7).  Then graphs
f (1/n) ln k versus (1/Tc) were made in Fig. 6(a) and (b). A slope of

able 6
he results of nucleation analysis (Stage II to Stage III) using Lauritzen–Hoffman method.

Sample KgIII × 10−5 KgII × 1

Nylon 6 51.75 25.35 

Nylon  6/6T-3% 48.34 24.40 

Nylon  6/6T-5% 45.30 20.88 

Nylon  6/6T-7% 49.41 22.23 

Nylon  6/6T-10% 42.15 24.14 

Nylon  66 4.43 2.44 

Nylon  66/6T-5% 4.78 2.37 

Nylon  66/6T-10% 4.13 1.90 

Nylon  66/6T-15% 4.10 1.87 

Nylon  66/6T-20% 4.24 1.93 

Nylon  66/6T-30% 5.42 2.49 
Fig. 7. The plot of nucleation rate against 1/Tc following Lauritzen–Hoffman analysis
for  (a) Nylon 6/6T 7 mol% (b) Nylon 66/6T 20 mol%.

−�Ea/R was  obtained, which includes the isothermal crystalliza-

tion activation energies of the samples (Table 5). Table 5 reveals
that the crystallization activation energy of Nylon 6/6T copolymer
increased as Nylon 6T increased. The activation energies of Nylon
66/6T copolymers were similar to each other, but were still the

0−5 KgIII/KgII Transition
temperature (◦C)

2.04 150.1

2.00 138.9
2.17 129.0
2.22 122.8
1.75 120.0

1.82 224.0
2.02 221.5
2.18 221.8
2.20 221.6
2.20 221.9
2.18 228.3
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ighest when the content of Nylon 6T was approximately 15 mol%.
his result is similar to the crystallization rate constant k obtained
n the Avrami equation and has an identical explanation.

.3. Lauritzen–Hoffman analysis
Regime changes during crystallization allow us to identify
hat mechanism controls the crystallization rate. First, the

ig. 8. (a)–(c) The snapshot of spherulite growth process, using polarized optical
icroscope, for Nylon66/6T 5 mol% at 230 ◦C on 3, 6, and 9 s, respectively.
a Acta 555 (2013) 37– 45

Lauritzen–Hoffman equation was  used to analyze the sample’s
crystallization rate. This equation is as follows [35–40]:

G = G0 exp
( −U∗

R × (Tc − T∞)

)
exp

( −Kg

Tc × �T  × f

)
(8)

where G0 is predetermined value, Tc is the crystallization temper-
ature, R is the gas constant, and U* is the activation energy needed
for molecular chains to move to crystal position in molten state.
Using the WLF  equation obtains the following equation [41,42]:

U∗ = C1Tc

C2 + Tc − Tg
(9)

where C1 = 17,304 J/mol, C2 = 51.6 K, T∞ is the temperature at
which the molecular chain stops moving (T∞ (K) = Tg (K) − 30),
�T is the temperature change �T  = To

m − Tc, f is the correc-
tion factor for enthalpy and temperature reliance, and Kg is a
nucleation constant. Consequently, graphing lnG  + U*/[R(Tc − T∞)]
against 1/(fTc�T)  produces a line with slope of −Kg and an intercept
of lnG0. The critical temperature at which Regime II converted to
Regime III occurred when the ratio of Kg(III)/Kg(II) equals 2. Region
II growth occurred by multiple nucleation and normal spherulites
formed in region II. Region III growth occurred by prolific multi-
ple nucleation. Region III indicates rapid cooling. The chains do not
undergo repeated adjacent reentry into the lamellae, but have only
a few folds before entering the amorphous phase or going on to the
next lamella. Fig. 7(a) and (b) shows relevant spectroscopy results
of Nylon 6/6T-7% and Nylon 66/6T-20%, as Table 6 presents the data.
As the amount of Nylon 6T in Nylon 66/6T copolymers increased,
the critical temperature at which Regime II converted to Regime
III decreased. On the other hand, the critical conversion tempera-
tures in Nylon 66/6T were close to each other. The benzene ring
and lattice in Nylon 6/6T were incompatible, causing the lamellae
to be small and defective. This was beneficial to the rate of instanta-
neous nucleation, increasing the slope of Regime III. Consequently,
the conversion temperature from Regime II to III decreased in Nylon
6/6T as the amount of Nylon 6T increased, but remained relatively
constant in Nylon 66/6T due to the isomorphous effects.

Fig. 8 shows the isothermal crystallization of Nylon 66 at 230 ◦C
and Fig. 9 graphs the rate of its crystallization. Results indicate that

as the crystallization temperature decreased, the rate of crystalliza-
tion increased. This result matches the DSC crystallization kinetics
study discussed before.
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Fig. 9. The dependence of spherulite growth rate on temperature for Nylon 66/6T
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. Conclusions

.1. Crystallization thermodynamics study

The WAXD results demonstrate that pure nylon 6 exhibited
-form. As the amount of 6T increased to 7 mol%, both �-form
nd �-form appeared. When Nylon 6T reached 10 mol%, all of the
opolymers exhibited the �-form. However, the WAXD results of
ylon 66/6T copolymers exhibited little difference as the addition
f Nylon 6T varied from 0 to 30 mol%. Similarly, the DSC measure-
ent revealed that the equilibrium melting point of Nylon 6/6T

opolymer decreased as the amount of Nylon 6T increased. In con-
rast, due to the similar molecular chain lengths of Nylon 66 and
T, the equilibrium melting point of Nylon 66/6T remained constant
ntil the amount of Nylon 6T reached 30 mol%.

.2. Isothermal crystallization kinetics study

The crystallization rate k decreased with the Nylon 6T mol%.
oreover, k dropped greatly as the addition of Nylon 6T increased

o 7 mol%. In contrast, the k values of Nylon 66/6T copolymer at
00 ◦C were all in the range of 30–40, proving that Nylon 66/6T is
n isomorphous copolymer. However, the lowest k value occurred
hen the amount of Nylon 6T in Nylon 66/6T copolymer was

pproximately 15 mol%. This result indicates that Nylon 66/6T is
ot perfectly isomorphous at any given ratio.

The crystallization activation energy of Nylon 6/6T copolymer
ncreased as Nylon 6T increased. The activation energies of Nylon
6/6T copolymers were similar to each other, but were still the
ighest when the content of Nylon 6T was approximately 15 mol%.

As the amount of Nylon 6T in Nylon 66/6T copolymers
ncreased, the critical temperature at which Regime II converted
o Regime III decreased. However, the critical conversion tem-
eratures remained relatively constant in Nylon 66/6T due to the

somorphous effect.
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