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ABSTRACT: The effect of thermal treatment over a wide range of temperature (130–280oC) on the crystallization behavior of nylon

6 was studied by using DSC, FTIR, and polarized light microscope equipped with a hot stage. The crystallization and the subse-

quent melting behavior of the nylon 6 samples treated at different temperatures (Ts) were classified into four types. When Ts was

higher than 236oC or lower than 213oC, the crystallization behavior of nylon 6 was insensitive to the variation of Ts. When Ts was

in the range of 213–235oC, the crystallization behavior was sensitive to the change of Ts. The polarized light microscopic experi-

ments have demonstrated that a large amount of tiny ordered nylon 6 segments/cluster persisted when nylon 6 film are heated to

231oC. Consequently, the fastest crystallization speed was observed. As Ts was between 214 and 223oC, both the Tm and the DHm

were higher than those of the nylon 6 samples treated at other temperature. The polarized light microscopic investigations have

also demonstrated that molten nylon 6 crystallizes by using the un-molten nylon 6 crystals as nucleation center at 220oC. Crystalli-

zation at higher temperature produces nylon 6 with thicker crystalline lamella. The above results are helpful for rational design of

thermal treatment procedure to obtain nylon 6 with different crystalline features. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015,

132, 42413.
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INTRODUCTION

Nylon 6 (polycapramide) is a high-performance semi-crystalline

synthetic polyamide, which has found wide applications in the

field of synthetic fibers and engineer plastics.1–4 It is generally rec-

ognized that macroscopic properties of semi-crystalline polymers,

such as nylon 6, are governed by their microscopic structural fea-

tures such as crystalline structure, morphology, which in turn, are

closely related to the processing procedures.5–9 Because of the

close relationship between the processing procedures and micro-

scopic structure of nylon 6, a large amount of work on interven-

ing the crystallization of nylon has been accumulated over the

years. For example, nonisothermal or isothermal crystallization

behavior of nylon and its relevant materials, such as compo-

sites,2,10–14 copolymers,15 or blends16–18 have been extensively

investigated to improve their performance. In our previous work,

we have introduced metal ions, including lanthanide into nylon 6

matrix to improve the spinnablity of nylon 6. As a result, super-

fine nylon 6 filaments have been successfully manufactured.4,14,19

In addition, we have also proposed a new approach to prepare

nylon 6 with high crystallinity and special morphological fea-

ture.20 The resultant nylon 6 possesses bright perspective in

developing bioreactors.20,21

In most cases, nylon products are manufactured by melting proc-

essing. Crystallization from nylon 6 melt is under the control of

nucleation and the crystal growth. Because the nucleation kinetics

exhibits a significant impact upon the bulk properties and proc-

essability of polymer materials, methods to control nucleation are

of great academic and industrial relevance. Self-nucleation is now

used as a general term to describe nucleation of a macromolecu-

lar melt or solution by its own crystals grown previously.
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Self-nucleation has much influence on polymer morphology,

crystal form, and polymer properties because there is a wide tem-

perature range where un-molten crystallites and molten polymer

co-exist.22 Over the past decades, self-nucleation has been exten-

sively used to affect crystallization behavior of polymers, polymer

blends, and block copolymers.23–29

Fillon et al.30–32 have demonstrated that self-nuclei can be gener-

ated in a controlled fashion by using suitable self-nucleation

annealing protocols in a DSC experiment. The experimental pro-

tocol developed by Fillon is composed of four steps: (a) Erasure

of previous history: the sample is heated well above its melting

temperature to erase the previous thermal history; (b) Creation

of “Standard” initial state: the polymeric material is cooled down

to a temperature well below the normal crystallization range so

that a “standard” initial state is obtained; (c) Self-nucleation: the

polymeric material is heated to selected temperature (Ts) and

kept at Ts for a pre-set time. This step results in partial melting

and the formation of annealed crystal fragments; (d) Final Crys-

tallization: the sample is cooled down so that the un-molten

crystal fragments can induce molten polymer to crystallize; (e)

Final melting: as an optional step, a final melting of the sample

can be used as a means to check the thermal stability of the sam-

ple. The Fillon’s approach is expected to be helpful in enhancing

our understanding of the crystallization of nylon 6 under the

influence of self-nucleation. To the best of our knowledge, there

is no report on the crystallization behavior of neat nylon 6 by

using the Fillon’s approach in the literature. This study is an

attempt to gain insight into the nonisothermal crystallization

behavior of nylon 6 under the influence of the self-nucleation.

EXPERIMENTAL

Materials

A commercial grade of nylon 6 was supplied by Yue-yang Petro-

chemical Cooperation. The relative viscosity of nylon-6 is 3.35,

which is corresponding to a viscous average molecular weight of

2.65 3 104.

Instruments and Techniques

A TA Q100 instruments (New Castle, DE) equipped with a

Refrigerated Cooling System (RCS) was used. Samples were

encased in aluminum pans, and a vacant aluminum pan was

used as a reference. The weights of all samples for DSC (Differ-

ential Scanning Calorimetry) measurements were around

5.0 mg. A purging gas (nitrogen, 100 mL/min) was used to pre-

vent oxidation of nylon sample during thermal measurement.

The thermal treatment protocol was composed of four steps

(Scheme 1): (a) the initial nylon 6 samples were heated at a

heating rate of 10oC/min to 280oC (about 60oC above the

observed melting point of nylon 6) and kept at 280oC for 5

min to erase the previous history. Then, the samples were

cooled down to 80oC at a cooling rate of 10oC/min so that a

“standard” initial state is obtained. (b) Each nylon 6 sample

was heated to pre-set temperature (the pre-set temperature is

denoted as Ts and the range of Ts is from 130 to 280oC) at a

heating rate of 10oC/min and kept at Ts for 15 min. (c) The

nylon 6 sample was subsequently cooled down to 120oC at a

cooling rate of 1oC/min. (d) The obtained samples were heated

to 280oC at a heating rate of 10oC/min so that the resulting

DSC thermograms can be used to characterize the crystallization

behavior of nylon 6 sample treated at different Ts.

FTIR spectra of the nylon 6 samples were recorded on a Nicolet

Magna 750 FT-IR spectrometer with a NIC-Plan microscope

equipped with a liquid nitrogen-cooled mercury-cadmium

telluride (MCT) detector. For each measurement, 128 scans

were co-added at a spectral resolution of 2 cm21.

Polarized light microscopy observation was used to register crys-

tallization changes in terms of transmitted light during heating

and cooling process by using a Leica DMLP polar microscope

with a hot stage.

Nylon 6 film with thickness ca. fifty micrometers was placed

between two glass slides. During the heating and cooling pro-

cess, the micrographs of the sample under the polarized micro-

scope were recorded by using a digital camera.

RESULTS AND DISCUSSION

To some extent, DSC experiment can reflect the melting and

crystallization behavior of polymer effectively.33–35

Based on DSC experimental data, onset temperature of crystalli-

zation, crystallization temperature, crystalline enthalpy, onset

temperature of melting, melting temperature, melting enthalpy of

nylon 6 pretreated at different Ts are obtained and summarized

in Table I. According to the data shown in Table I, the nylon 6

samples can be classified into four types as Ts changes.

Samples with Ts higher than 236oC are classified as the first type. As

shown in Figure 1(a), each DSC trace is composed of a main crystal-

line peak at about 191oC and a shoulder at about 197oC. The crystal-

line enthalpy is about 70–76 J/g. In the subsequently heating process,

two broad overlapping melting peaks at about 215 and 217oC are

observed. [Figure 1(b)] The peak at 215oC is stronger than that at

217oC. The melting enthalpy is about 70–77 J/g, which is roughly

the same as the crystalline enthalpy in the cooling process.

To shed light on the relationship between the crystalline peaks

in Figure 1(a) and melting peaks illustrated in Figure 1(b), the

Scheme 1. Scheme for the heat treatment: (a) heating to 280oC and held

for 5 min to erase the former thermal history and then cooled down to

80oC to create the initial “standard” state; (b) heating to the selected tem-

perature (Ts) (10oC/min), annealing (15 min), the Ts ranges from 150 to

280oC. (c) cooling from Ts (1oC/min, crystallization after self-nucleating),

and (d) final melting (10oC/min, DSC).
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following DSC experiment was performed: Two nylon 6 samples

were heated to 280oC at a heating rate of 10oC/min, and then

kept at that temperature for 5 min to erase the previous thermal

history. Subsequently, the two nylon 6 samples were cooled

down to 80oC at a cooling rate of 10oC/min to obtain two

standard samples. The obtained two nylon 6 samples are

denoted as sample R and sample S, respectively.

In the next step, the sample S was heated to 280oC at a heating

rate of 10oC/min, kept at 280oC for 15 min, and cooled down

to 195oC at a cooling rate of 1oC/min. The sample R was heated

to 280oC at a rate of 10oC/min, kept for 15 min, and then

cooled down to 120oC at a rate of 1oC/min. At last, both R and

S samples were heated to 280oC at a rate of 10oC/min. The

melting behaviors of sample R and sample S during the last

heating procedures are shown in Figure 1(c). For sample S, the

crystallization process occurring at 197oC was allowed, whereas

the crystallization process at 191oC was prohibited. As shown in

Figure 1(c), only one broad melting peak at about 217oC is

observed in the last melting process of sample S. For sample R,

crystallization processes at both 191 and 197oC are allowed. As

Table I. Thermal Analysis Data of Nylon 6 Pretreated at Different Ts

Ts (oC)

Onset
temperature
of Tc (oC) Tc (oC) DHc (J/g)

Onset
temperature
of Tm (oC) Tm (oC) DHm (J/g)

130 130 196 139; 220 64.18

140 140 199 147; 220 58.30

150 150 201 158; 220 67.88

160 160 201 166; 220 71.10

170 170 202 177; 220 70.22

180 180 203 186; 220 71.54

190 190 191; 205 196, 220 73.47

200 200 201; 214 210; 220 75.99

205 205 206; 217 213; 220 80.34

207 207 209 215; 219 82.76

208 208 210 215; 219 84.36

209 209 210 216; 218 85.77

210 210 212 219 95.15

213 213 215 221 88.28

214 214 215 222 89.57

215 215 215 223 84.97

216 216 217 223 76.42

217 217 217 224 93.31

218 218 219 224 101.00

219 219 190; 221 216; 224 98.40

220 220 204, 214 49.78 193; 222 218; 225 88.56

221 210 203 38.56 194; 222 219; 225 94.04

222 210 203 50.14 195; 224 220; 226 89.58

223 209 202 53.18 195; 225 219; 226 88.59

224 208 202 61.51 218 220 80.09

225 207 202 56.54 192 219 74.10

227 205 201 56.58 196 219 75.24

230 203 199 82.63 196 218 75.61

232 202 198 79.24 193 218 89.06

233 201 197 80.54 192 217 78.07

235 201 194 77.51 190 216 77.12

236 201 192 54.92 164.62 216 71.53

237 201 192 69.19 164.16 216 74.28

240 201 191 72.89 163.89 216 76.82

260 201 191 75.48 164.84 216 76.84

280 200 190 73.98 154.90 216 69.84
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a result, two broad overlapping melting peaks at about 215 and

217oC can be observed. The above results suggest that the nylon

6 crystal formed at 197oC corresponds to the one melting

at 217oC.

Figure 1(d) shows WAXD patterns of a typical nylon 6 sample.

Two peaks at about 20o and 24o, which are assigned to the

(200) and (002/202) reflections of a nylon-6,35 can be observed.

It is clear that no c phase formed because the characteristic

peak at 21o is not observable.36

A typical FTIR spectrum of the first type of the nylon 6 sample

shown in Figure 1(e) also demonstrates that the first type of

nylon 6 is dominated by a-form. A series of characteristic bands

at 1030, 960, and 930 cm21 of nylon 6 in a-form can be

observed.37 In addition, a strong broad absorption which can be

attributed to amorphous nylon 6 is observed at around

980 cm21. However, the characteristic spectral features for nylon

6 in b or c forms are too weak to be detected [Figure 1(e)].

The above results demonstrate that nylon 6 in a-form is domi-

nating crystalline phase in the nylon 6 samples.

As shown in Figure 1(a), the crystallization temperature

(denoted as Tc) is insensitive to the Ts changes. Here, we discuss

the DSC behavior of two typical nylon 6 samples whose Ts are

237 and 280oC, respectively. The main crystallization peak (at

about 192oC) alters only about 2oC although the difference on

Ts is almost 50oC. Thus, we believe that the nylon 6 crystallites

are almost completely destroyed when Ts is higher than 236oC.

The absence of the residual nylon 6 crystallites in the melt

results in no self-nucleation effect. Thus, the crystallization

Figure 1. (a) The crystallization curves of the first type nylon 6 (Ts� 236oC). (b) The melting curves of the first type nylon 6 (Ts� 236oC). (c) The

melting curves of the R and S samples (Ts� 236oC). (d) A typical XRD curve of the first type of nylon 6 sample. (e) A typical FTIR Spectrum of the first

type of nylon 6 (Ts� 236oC). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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behavior and the subsequent melting behavior are insensitive to

the variation of Ts.

Samples with Ts in the range of 224–235oC can be classified

as the second type of nylon 6. As is shown in Figure 2(a),

only one crystallization peak can be observed in each DSC

trace. The crystallization enthalpy is about 54–82 J/g. In the

heating process, only a single melting peak can be observed in

each DSC trace [Figure 2(b)]. The melting enthalpy ranges

from 74 to 89 J/g and is larger than that of the crystallization

enthalpy in the third step. The above results suggest that con-

siderable amount of the nylon 6 ordered segments/crystallites

persisted or formed when the nylon 6 sample was heated to Ts

and kept at Ts for 15 min (Ts is between 224 and 235oC).

These nylon 6 ordered segments/crystallites act as nucleation

centers and play an important role in affecting the crystalliza-

tion behavior of nylon 6 during subsequent cooling process.

The crystallization behavior of the second type of nylon 6

shown in Figure 2(a) is different from that of the first type in

the following aspects:

(1) Tc of the second type of nylon 6 samples (194–202oC) were

higher than that of the first type of nylon 6 samples (191oC); 2)

upon increasing Ts from 224 to 235oC, the crystallization peak

exhibits a significantly shifts toward lower temperature; and (3)

with increasing of the Ts, the width of the crystallization

peak decreases first and then increases. When Ts 5 231oC, the

crystallization peak becomes the narrowest, which indicates that

the crystallization rate is the fastest.

To understand why the crystallization rate became the fastest,

polarized light microscopic experiment was used to study the

crystallization process of nylon 6 treated at different Ts. Two

nylon 6 films were first heated to 280oC at a heating rate of

10oC/min and kept for 5 min to remove previous thermal his-

tory. Then, the samples were cooled down to 80oC at a cooling

rate of 10oC/min, so that “standard” states were obtained. In

the next step, one nylon 6 film was heated to 231oC at a heating

rate of 10oC/min and kept at 231oC for 15 min. Another nylon

6 film was heated to 250oC at the heating rate of 10oC/min and

kept at 250oC for 15 min. In the subsequent cooling process, at

a cooling rate of 1oC/min, these two nylon 6 samples exhibit

markedly different crystallization behavior. For the nylon 6 film

treated at 231oC, large amount of tiny crystallites appeared

simultaneously when the temperature reaches 209oC

[Figure 2(c)]. Although the brightness of the micrograph of the

nylon 6 film increased in the subsequent cooling process, the

size of crystallites exhibited insignificant variation. For the

nylon 6 film whose Ts is 250oC, bright nylon 6 crystallites

appeared sporadically when the temperature reached 207oC

Figure 2. (a) The crystallization curves of the second type of nylon 6 samples (Ts 5 224–235oC). (b) The melting curves of the second type nylon 6 sam-

ples (Ts 5 224–235oC). (c) Optical micrograph of a nylon 6 sample during the cooling process (Ts is 231oC). (d) Optical micrograph of a nylon 6 sample

during the cooling process (Ts is 250oC).
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[Figure 2(d)]. The size of nylon 6 crystallites increased slowly in

the following cooling process. The above results demonstrate

that large amount of the tiny ordered nylon 6 segments/crystal-

lites are produced when Ts is 231oC. The tiny ordered nylon 6

segments/crystallites make crystallization via self-nucleation

mode occur simultaneously. As a result, crystallization with the

largest rate was obtained during the cooling process.

Samples with Ts in the range of 214 to 223oC are classified as

the third type. As shown in Figure 3(a), two crystallization

peaks at ca. 204oC and ca. 214oC are observed. Two melting

peaks (at about 220oC and 225–227oC) are seen in the subse-

quent heating process [Figure 3(b)]. The melting enthalpies are

about 76–101 J/g. The characteristic crystallization behaviors of

the third type of the nylon 6 samples are as follows: (1) Tc of

the third type of nylon 6 is higher than that of the first two

types of nylon 6. (2) As Ts increases, the intensity of the 204oC

peak increases, whereas the intensity of the crystallization peak

at about 214oC decreases. (3) In comparison with the first and

the second types of nylon 6 samples, the melting temperature

and melting enthalpies of the third types of the nylon 6 samples

are much higher. It should be pointed out that the melting tem-

perature of nylon crystallites is higher than the apparent melting

point of nylon 6.

To enhance our understanding on the crystallization behavior of

the third type of the nylon 6 samples, the following polarized

microscopic experiments were performed. An initial nylon 6

sample was first heated to 280oC at a heating rate of 10oC/min

and kept for 5 min to remove previous thermal history. Then,

the sample was cooled down to 80oC at a cooling rate of 10oC/

min, so that “standard” initial state was obtained. Subsequently,

this sample was heated to 220oC at a heating rate of 10oC/min

and anneal at 220oC for 1 h. During the heating and annealing

process, electronic photographs of the nylon 6 film under polar-

ized light microscope were recorded. The recorded electronic

micrographs were converted into the black–white mode. Then,

the summation of the brightness of each pixel in the electronic

micrograph was used to reflect the intensity of transmitted light.

The calculation was performed by using a program for MATLAB

Figure 3. (a) The crystallization curves of the third type of nylon 6 samples (Ts 5 214–223oC) (In-set is a weak peak marked by an arrow). (b) The melt-

ing curves of the third type nylon 6 samples (Ts 5 214–223oC) (In-set is a weak peak marked by an arrow). (c) The variation of the intensity of polarized

light as a function of time when the nylon 6 sample is heated to 220oC. (d) The variation of the intensity of the polarized light as a function of anneal-

ing time when the nylon 6 sample is kept at 220oC.
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(The Math Works Inc.) written in our laboratory. Figure 3(c)

shows the changes of the transmitted light intensity as a function

of temperature during the heating process. The intensity of the

transmitted light decreases as the temperature increases. However,

the intensity of the transmitted light did not reach zero when the

temperature amount to 220oC. This phenomenon demonstrates

that the nylon 6 sample did not melt completely and there were

considerable amount of the nylon 6 crystallites left.

Figure 3(d) illustrates the variation of the transmitted light

intensity as a function of annealing time when nylon 6 was

annealed at 220oC. The intensity of the transmitted light

increases upon increasing the annealing time. That is to say,

molten nylon 6 underwent crystallization by using the un-

molten nylon crystallites as nucleation center when the nylon 6

film was annealed at 220oC. As a result, the crystallization tem-

perature is much higher than those of the first and the second

type of the nylon 6 samples. The high crystallization tempera-

ture produced the nylon 6 crystallites with increasing thickness

of the crystalline lamella. According to the Thomson-Gibbs, eq.

(1),38 thicker crystalline lamellae confer the nylon 6 sample with

a sharp peak whose melting temperature (around 225oC) is

higher than the apparent melting point (220oC) of nylon 6.

Tm5T 0
m ½12ð2d=lDHf Þ� (1)

(Tm: melting temperature; T0
m: equilibrium melting tempera-

ture; d: the origin of the folded surface free energy; l: thickness

of lamella, DHf: full melting enthalpy).

Finally, the fourth type of the nylon 6 samples was acquired

when Ts is in the range of 130–213oC. As shown in Figure

4(a), the DSC curves exhibit somewhat concave in shape, sug-

gesting that there is a broad crystalline peak. We suggest that

crystallization occurred immediately upon decreasing the tem-

perature. Furthermore, the feature of the crystallization peak is

almost invariant as Ts changes, indicating that the crystalline

speed was insensitive to Ts. Figure 4(b) shows the DSC traces

of the fourth type of nylon 6 samples in the heating process.

In most cases, two melting peaks were observed. One is the

main melting peak at ca. 220oC, and another was a premelting

peak. The main melting peak does not change significantly as

Ts varies, whereas the premelting peak moved toward high tem-

perature and became more intense as Ts increases. When Ts is

between 210 and 213oC, the premelting peak merged with the

main melting peak and only one broad melting peak can be

observed. Second derivative of the melting peak indicates that

the broad melting peak is composed of two peaks at about 218

and 220oC.

CONCLUSION AND PERSPECTIVE

This study examined the effects of the thermal treatment in a

wide temperature range on the crystallization behavior of nylon

6. The crystallization and the subsequent melting behavior of the

nylon 6 samples could be classified into four types. When Ts is

higher than 236oC (the first type) or lower than 213oC (the

fourth type), the crystallization behavior of nylon 6 is insensitive

to the variation of Ts. As Ts is between 213 and 235oC, the crys-

tallization behavior of nylon 6 is sensitive to the change of Ts.

The polarized light microscopic experiments demonstrate that

large amount of tiny ordered nylon 6 segments/cluster persist

when Ts is set as 231oC. Consequently, the speed of crystallization

is the fastest during the cooling process. For Ts between 214 and

223oC (the third type of nylon 6), both Tm and DHm are higher

than those of the nylon 6 samples treated at other temperature

ranges. At 220oC, molten nylon 6 underwent crystallization by

using the un-molten nylon 6 crystals as nucleation center. Crys-

tallization at higher temperature produced nylon 6 with the

thicker crystalline lamella. The above results were helpful for

rational design of the thermal treatment procedure so that nylon

6 with different crystalline features could be obtained.

Figure 4. (a) The crystallization curves of the fourth type nylon 6 sample (Ts 5 130–213oC); (b) The melting curves of the fourth type nylon 6 sample

(Ts 5 130–213oC).
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