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Abstract The thermal effects of the necking in fiber

drawing, with respect to the change of microstructure and

deformation thermodynamics, have been studied in this

paper. The microstructure change before and after necking

was characterized by differential scanning calorimeter,

revealing the significant variations of crystallinity of

polyester (PET) fiber. According to the thermal effect

feature during the fiber cold-drawing process, deformation

thermodynamics is established to analyze the necking

mechanism. Internal energy increase in polypropylene fiber

may be caused by melting of crystal or stored elastic strain

energy, while the internal energy of PET fiber decreases

with time, probably caused by the induced crystallization.

Keywords Necking � Thermal effect � Microstructure �
Deformation thermodynamics

Introduction

When drawing polymer materials, necking phenomenon

can be observed very often which is useful for the im-

provement of its physical properties. Deformation with the

neck propagation is often referred to as ‘‘cold-drawing’’

[1]. The necking process involves an irreversible defor-

mation, and the polymer becomes oriented in the stretching

direction. Many attempts have been made to explain the

phenomenon of necking and cold-drawing theoretically

and experimentally [2–4]. An early interpretation was de-

clared that crystal structure is essential for the neck for-

mation, and found later that under certain conditions,

necking could also occur in glassy polymers [5]. Because

all deformation occurs within a narrow space where the

time of deformation and structure rearrangement is pretty

quick, the temperature of the necking region increases

strikingly. The observations that the drawing is accompa-

nied by self-heating of the sample led to the adiabatic

heating theory of drawing [6–8], but it has been known that

the heating generation is not obviously necessary for the

occurrence of the necking. Even so, temperature rise during

the cold-drawing is extremely important in understanding

the continuing deformation mechanism of the polymer [9,

10]. However, the data of using temperature change to

study deformation mechanism are still scarce, and fewer

researchers use the infrared thermography combining with

differential scanning calorimetry to track the temperature

change during the necking process. Therefore, in our work,

we use these instruments to further investigate thermal

effects of the typical polypropylene (PP) and polyester

(PET) fibers, study the contribution of the molecular mi-

crostructure change to the temperature rise of necking, and

establish thermodynamic approach for knowing the defor-

mation mechanism.

Experimental methods

Materials

The measured PP and PET fibers are both about 0.25 mm in

diameter and 100 mm in length. The fibers were obtained

by extrusion form the melt of PP and PET, respectively, at a

temperature of 245 and 300 �C, and subsequent rapid
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cooling in air to room temperature. PET with an intrinsic

viscosity of 0.064 L g-1 was purchased from Guangdong

Kaiping Chunhui Co., Ltd. PP with a melt index of 26 g

10 min-1 and an isotactic degree of 96 % was purchased

from China Petroleum & Chemical Co., Ltd.

Determining thermal effects of necking process

Using a tensile testing apparatus with a fixed upper jaw and

a moveable lower jaw, fiber deformation was done at room

temperature at four different extension rates ranging from

200, 250, 500 to 750 mm min-1. The infrared camera used

to monitor the drawing process is a ThermaCAM A40M

manufactured by FLIR Systems, which is placed in front of

the testing machine, the axis of the lens being perpen-

dicular to the sample surface. The spectral range of this

camera is 7.5–13 lm, and the thermal sensitivity is 0.08 �C
at 25 �C. Detailed process of measurement has been re-

ported in our earlier paper [11].

Calorimetry analysis

Differential scanning calorimetry experiments were per-

formed on a Perkin-Elmer seven series thermal analyzer.

About 5 mg of each sample was sealed in aluminum pans

and was then heated from 25 to 300 �C at a scanning rate of

10 �C min-1 under a nitrogen atmosphere in order to di-

minish oxidation.

Results and discussion

Thermal effects of the necking

In our earlier experiments [11], infrared thermography has

been used to investigate the necking phenomenon in the PP

fiber drawing process, and the obtained infrared thermal

images have shown that there is a significant temperature

rise in the necking region. The same experiments are per-

formed on PET fiber, and the same thermal effects of

necking are observed in Fig. 1, where another interesting

phenomenon of thermal effect can also be noticed that in

given extension rate, though the fiber temperature of a

point changes with time, the temperature gradient can keep

constant with the neck formation and propagation phase.

Comparing temperature rise at different extension rate

from Fig. 2, it is noticed that the higher the extension rate,

the greater the temperature rise, and the rise in temperature

can achieve to 40–70 �C or even more. But the temperature

rise of PET is higher than that of PP at the same extension

rate, possibly due to the difference of crystalline nature and

density of two materials.

Analysis of the thermal effects

A significant temperature rise of fibers in the necking re-

gion is known as a result of structure change of molecular

aggregation, including dissipation heat by viscous friction,

conformational entropic heat of molecular arrangement

change, or latent heat developed by crystallization. Since

the contribution of entropic heat is assumed to be small, it

is often ignored, while frictional heat and crystalline heat

are not ignorable. Plastic deformation inevitably produces

friction, which is difficult to directly calculate, but change

of crystallinity is closely related to the change of material

microstructure which can be characterized by DSC. The

DSC curves of PET and PP fibers before and after necking

are presented in Fig. 3a, b, respectively.

It is noticed that change of melt enthalpy of PP fiber

before and after necking is relatively small (roughly
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Fig. 1 Thermal images of PET fiber taken at different time instants at
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Fig. 2 Plot of fiber temperature rise against extension rate
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4.6 J g-1), while that of PET fiber is rather high (around

27.2 J g-1), which illustrates that the crystallinity of PET

fiber has increased markedly experienced cold-drawing and

that of PP fiber has no significant change. Besides, the crystal

heat enthalpy of PP is considerably higher than that of PET,

which means that the stretching process of PP fiber is likely

to cause crystalline phase change since PP as-spun fiber is of

a very high initial crystal degree, but the drawing process of

PET fiber is beneficial to orientation crystallization.

Meanwhile, the temperature rise caused by the change

of crystallinity can be calculated from

DTc ¼
DHc

Cp

ð1Þ

where DTc is the temperature rise caused by crystal change,

DHc is the change of crystal heat enthalpy, and Cp is the heat

capacity at constant pressure. The values of Cp for PP and

PET are 1.9 and 1.2 J g-1 �C-1, respectively [7]. Using

Eq. (1), the temperature rise of PP and PET fiber before and

after necking can be estimated at about 2.4 and 22.7 �C,

respectively. The related data of the analysis process are

shown in Table 1. Obviously, the temperature rise of PET

fiber caused by crystallization cannot be neglected.

Thermodynamics consideration of the necking

Thermodynamic analyses, which can yield more informa-

tion than measurements of only mechanical properties,

have been proved to be extremely effective in studying the

mechanisms of deformation [12, 13]. In our experiments, it

can be observed that at given extension rate, the tem-

perature gradient can keep constant with the neck forma-

tion and propagation phase. So it is possible to make a

simple calculation of the deformation heat by the thermal

conduction formula [14, 15], i.e.,
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Fig. 3 DSC curve before and after necking. a PP fiber; b PET fiber

Table 1 Related parameters of before and after necking of fibers

Polymer Melt heat/J g-1

(before necking)

Melt heat/J g-1

(after necking)

Change of crystal heat

enthalpy/J g-1
Heat capacity

[7]/J g-1 �C-1
Temperature

rise/�C

PP -107.4 -112.0 4.6 1.9 2.4

PET -47.1 -74.3 27.2 1.2 22.7

Fig. 4 Photograph of polarizing microscopy of PET fiber at

500 mm min-1 extension rate
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dQ ¼ KA
dT

dx
dt ð2Þ

where K is thermal conductivity; A is cross-sectional area

of specimen in the drawn portion; dT

dx
is temperature gra-

dient; and t is time.

The diameter change of the fiber can be estimated from

the infrared thermal images in which every pixel represents

a known temperature, and the detailed method was pre-

sented in our previous work [11]. Figure 4 shows a pho-

tograph of polarizing microscopy of PET fiber in the

necking region at 500 mm min-1 drawing rate, and the

determined fiber diameter is consistent with measurement

by the infrared thermography. Following Hookway [16],

the average cross-sectional area of the neck is

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

As � Ac

p

ð3Þ

where As and Ac are the cross-sectional area of the shoulder

and cusp of the neck, respectively. As and Ac values can be

exactly determined by the photography of polarizing mi-

croscopy, as shown in Fig. 4.

In constant tensile force f, the mechanical work done is

dW ¼ fdx ¼ fvdt ð4Þ

where v is drawing rate, dx is a distance parallel to the

drawing axis, and dt is deformation time.

Assuming the cold-drawing process adiabatic, the inter-

nal energy can be calculated by the energy balance Eq. (5)

dU ¼ dW � dQ ¼ fv� kA
dT

dx

� �

dt ð5Þ

This assumption is reasonable because in Fig. 4 a neck

of length 125 lm at a drawing rate of 500 mm min-1 will

travel its own length in 0.015 s.

Figure 5 presents the dissipated heat, mechanical work,

and positive changes in internal energy as a function of

time. The calculated constant increase in internal energy of

PP fiber during necking may be due to various processes

which change the state of the material such as melting of

crystal, creation of new surfaces or flaws, as well as stored

elastic strain energy, while the internal energy of PET fiber

decreases with time, probably caused by the induced

crystallization.

Conclusions

When drawing PP or PET fibers, the necking phenomenon

can be observed by infrared thermal images, which showed

a significant temperature rise in the necking region.

Comparing to PP fiber, PET fiber has a higher temperature

rise. Analyzing the melt heat enthalpy of fibers before and

after necking by DSC, the change of crystallinity of PET is

more obvious than that of PP, which means that the tem-

perature rise of PET fiber is caused not only by plastic

friction dissipation, but also by the contribution of crys-

tallization heat. Meanwhile, the thermodynamic method of

cold-drawing was established, which indicated that the

internal energy increase in PP fiber may be caused by

melting of crystal, creation of new surfaces or flaws, as

well as stored elastic strain energy, while that of PET fiber

decreases with time, probably caused by the induced

crystallization.
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Fig. 5 Time dependences of mechanical work, deformation heat, and internal energy at the necking phase in given extension rate. a PP fiber;

b PET fiber
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