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ABSTRACT: Poly(ethylene terephthalate) (PET)/carbon black (CB) micro–nano composite fibers were manufactured by melt spinning

method. To achieve good dispersion, nano-CB particles were modified by coupling agent (CA). The effect of CA on structure and proper-

ties of the fibers were investigated via scanning electron microscopy (SEM), tensile testing, differential scanning calorimetry (DSC), wide-

angle X-ray diffraction (WAXD), sonic orientation, and birefringence, respectively. At 2 wt % CA dosage, CB particles present the optimal

dispersion in the fibers, shown in SEM images. Besides, the fibers possess the maximum breaking strength, the lowest crystallization tem-

perature, and the highest crystallinity. After CA modification, the superior interfacial structure between PET and CB is beneficial to

improve mechanical properties of the fibers. The well dispersed CB particles provide more heterogeneous nucleation points, resulting in

the highest crystallinity. Furthermore, the fibers with 2 wt % CA dosage possess the maximum orientation and shrinkage ratio. According

to Viogt–Kelvin model, the thermal shrinkage curves of the fibers can be well fitted using single exponential function. The three-phase

structure model of crystal phase–amorphous phase–CB phase was established to interpret the relationship among shrinkage, orientation,

and dispersion of CB particles. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43846.
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INTRODUCTION

Poly(ethylene terephthalate) (PET) fiber has been extensively

used in clothing, domestic, and industrial fields1–4 owing to its

good mechanical properties, chemical and thermal stability,

wearability, processability, and low cost. However, the tradi-

tional dyeing process (post dyeing) for PET fiber is conducted

under boiling and high-pressure conditions,5–9 which goes

against energy saving and emission reduction. Therefore, some

attempts have been tried to develop easy dyeable PETs such as

cationic dyeable polyester,10,11 dyeable polyester with disperse

dyes,12–16 carrier dyeable polyester,17–19 and acid dyeable polyes-

ter,20 which are generally regarded as modified PET materials.

Even so, some of the challenges including low dye uptake, non-

uniform coloration, and uneasy to dye dark still remain. Fortu-

nately, dope dyeing technique can largely alleviate these issues.

Dope dyeing is an “aged” technique. In the 1950s, PET fibers

can only be dyed by dope dyeing due to the restriction of dye-

ing technology and dyestuffs. Besides, the difficulties lie in

monotonous color and unable dyeing when they are blended

with nature fiber like cotton. In the 1960s, disperse dyestuffs,

high temperature and pressure techniques are applied to solve

the post-dyeing problems of polyester fiber and fabric, making

post dyeing move into high gear. Nowadays, centering on the

issues that post-dyeing brings with, ranging from high energy

consumption, water pollution to security of textiles, people have

to develop more dyeing techniques to solve those problems.

Furthermore, for dope dyeing technique, it is an important

innovation in beautiful hues, whole color system, varied types,

and standard color card production. Consequently, dope dyeing

can be considered as a “young” technique, featuring energy sav-

ing, water saving, and environment friendly. Among other

things, dope dyeing has been endowed with the new meaning

that multi-function combination can be realized in the process,

such as antiflaming, antistatic, antibacterium, etc. At present,

most of the dope dyeing are conducted by masterbatch method.

During the process, the masterbatch is added into bulk chips

(polymer matrix), followed by further melt-blending. Moreover,

inorganic nanoparticles are commonly employed as functional

components in the masterbatch. It involves the dispersion of

inorganic particles in polymer matrix. To achieve good disper-

sion, nanoparticles are often modified by physical or chemical

methods, in which the modification by coupling agent (CA) is

one of the most commonly used one. In the process of dope
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dyeing, polypropylene (PP) products are usually dyed dark

black using nano-carbon black (CB) particles. Meanwhile, CB

particles play the role of good conductive media. For example,

Jin et al.21,22 investigated the effect of CB modified by CA

(NDZ-101) on electrically conductive properties of masterbatch

and PET fibers. The results indicate that CA can reduce the per-

colation threshold of the final fibers.

In this work, PET/CB micro–nano composites fibers were manu-

factured by melt spinning method. To achieve good dispersion, CA

(NDZ-109) was selected as a modifier for CB particles.23 The effect

of CA on structure and properties of the fibers were also investi-

gated. Furthermore, the structure model among crystalline phase,

amorphous phase, and inorganic particle phase was established.

EXPERIMENTAL

Materials

PET, h 5 0.67 dL/g, was commercially available and provided by

Jiangsu Hengli Chemical Fiber Co., Ltd, Suzhou, Jiangsu

Province, China. Carbon black (CABOT, MONARCH800), char-

acterized in our previous study,23 was obtained from Shanghai

Oman Chemical Co., Ltd, Shanghai, China. Isopropyl alcohol,

analytically pure, was provided by Beijing Chemical Plant,

Beijing, China. The titanate coupling agents (NDZ-109) were

purchased from Nanjing Shuguang Chemical Group Co., Ltd,

Nanjing, Jiangsu Province, China. Its molecular structure is also

shown in the literature.23 Besides, the preparation of PET/CB/

CA masterbatch is described therein.

Preparation of PET/CB Micro–Nano Composite Fibers

After pre-dried at 85 8C for 2 h, PET chips and PET/CB/CA

masterbatch were dried in rotating drum vacuum oven at

150 8C for 5 h. A special twin screw extruder (Beijing Chonglee

Machinery Engineering Co., Ltd, China), shown in Figure 1,

was employed to carry out the experiment. Melt spinning was

performed at the extrusion temperature of 285 8C with a spin-

neret plate having 48 holes (diameter 0.3 mm). The extruded

fine streams were air-cooled, and they were formed into as-

spun fibers at the speed of 3000 m/min. The spinning condi-

tions of the fibers are summarized in Table I.

Scanning Electron Microscopy Observation

For scanning electron microscopy (SEM; ISM-6360, Japan) obser-

vation, the samples were attached to sample supports and sputter-

coated with a gold layer. The observations of the outer surfaces and

cross-sections were performed at an acceleration voltage of 12 kV.

Tensile Properties/Shrinkage

Tensile testing was performed on a universal testing machine

(Model 2343, Instron, USA) according to GB/T 14344-2008

(Standard of the Peoples’ Republic of China). The fibers were

tested using a gauge length of 200 mm and a constant crosshead

speed of 200 mm/min.

Shrinkage was calculated according to the percentage change in

length when the fiber (100 mm) was exposed to hot air in a

vacuum oven at 130 8C for at least 40 h.

Differential Scanning Calorimeter

A differential scanning calorimeter (DSC) thermal analyzer

(Pyris 1, Perkin Elmer, USA) was used for DSC analysis. Each

sample of 5–10 mg was weighed before being placed in DSC

span. Under nitrogen atmosphere, it was heated from room

temperature to 285 8C at a heating rate of 20 8C/min. The sam-

ple was kept for 5 min at 285 8C to eliminate thermal history.

Then the melt was cooled to room temperature at a cooling

rate of 20 8C/min. Crystallinity of the fibers (Xc) can be calcu-

lated according to the following equation24–26:

Xc5
DHm2DHcc

DH0
c 3ð12/Þ3100% (1)

where DHcc is the cold crystallization enthalpy, DH0
c refers to

enthalpy of 100% crystalline PET, considered as 135.8 J/g27,28

and / is weight ratio of the CB particles.

Wide-Angle X-ray Diffraction

Wide-angle X-ray diffraction (WAXD) measurements were per-

formed in a diffractometer(X’Pert, PANalytical, the Netherlands)

with Cu source (k 5 1.54 Å), scanning 2u from 68 to 368, at a

step of 0.058. The generator tension was 50 kV at 20 mA. After

cut into small pieces, all the specimens were compression

molded.

Figure 1. Schematic diagram of the spinning device.

Table I. Spinning Conditions of the Fibers

Items Conditions

Pre-crystallization temperature (8C) 85

Drying temperature (8C) 150

Barrel temperatures of the extruder (8C) 260/270/280/
285/285/285

Spinning speed (m/min) 3000

Mass flow rate (g/min) 42

Pressure after melt filter (MPa) 7

Spinning pack pressure (MPa) 11

Temperature of heat medium (8C) 290

Side blowing temperature (8C) 20

Side blowing speed (m/s) 0.6

Moisture of Side blowing air (%) 70%–80%

Spinneret size (pores) 48
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Birefringence

Birefringence (Dn) was measured with a polarizing microscope

equipped with a Berek compensator. The diameter of the fiber

was measured with the aid of an eyepiece micrometer. An aver-

age of five different measurements was reported.

Sonic Orientation Factor

The sound velocity values of the fibers were obtained with the

aid of sound velocimeter (SSY-1, institute of Applied Chemistry,

Chinese Academy of Sciences). The sonic orientation factor of

the fibers can be determined by the following equation:

fs512
C2

u

C2
(2)

where Cu is the sound velocity of random orientation samples

and C is sound velocity of the fibers.

RESULTS AND DISCUSSION

Effect of CA on Dispersion of the CB Particles

Figure 2 illustrates the SEM images of the micro–nano fibers

with different CA dosages (CA weight accounts for CB weight).

Seen from Figure 2, when the dosage of CA is 2 wt %, CB par-

ticles are dispered uniformly and their diameters are smaller. As

shown in Figure 2(a,e), the compatibility between CB particles

modified by CA and PET matrix is improved at an appropriate

amount of CA dosage, thus favoring the dispersion of CB par-

ticles. Moreover, the reaction mechanism among PET, CB, and

CA are illustrated in our previous article.23 However, with the

increase of CA dosages, larger CB aggregates appear as shown in

Figure 2(f–h). These results from the fact that the excessive CA

anchoring on the surfaces of CB particles forms numerous

physical entanglement points. Thus, the CA molecular chains

on the surface of adjacent CB particles tend to intertwist

together, causing the aggregation of CB particles.

Effect of CA on Tensile Properties of the Fibers

The tensile properties of the as-spun fibers are listed in Table II.

As shown in Table II, the fibers with CA dosage of 2 wt % pres-

ent the maximum breaking strength and the minimum elonga-

tion at break, and their CV values are the least ones. The CA

molecules with functional groups can simultaneously react with

PET and CB. This builds “molecular bridges” between PET and

Figure 2. SEM images of the fibers with different CA dosages: (a–d) surface; (e–h) cross section; (a,e) 2 wt %; (b,f) 4 wt %; (c,g) 6 wt %; (d,h) 8 wt %.
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CB, forming good interfacial structure. However, there is an

optimal value for CA dosages. At this point, CB particles are

dispersed uniformly in the fiber. When the fibers are subjected

to tensile stress, these CB particles play a role of making stress

distribution uniform, which is beneficial to improve mechanical

properties of the fibers. When CA dosage is too small, there are

no enough CA molecules grafted onto the surfaces of CB par-

ticles, causing the agglomeration of CB particles. When CA dos-

age is excessive, a multi molecular physics adsorption layer is

formed by the lipophilic ends of the excess CA molecules. The

multi molecular adsorption layer is easy to form physical entan-

glement points due to their good compatibility. As a result, the

CB particles tend to reunite into larger agglomerates due to

mutual entanglement, forming interfacial defects. This is also

not conducive to improve mechanical properties of the fibers.

Effect of CA on Melting and Crystallization Properties of the

Fibers

Figure 3 shows the DSC curves in the courses of heating and

cooling, and the thermal transition parameters from the curves

are listed in Table III. As shown in Table III, the glass transition

temperature (Tg) of the fibers is lowest at CA dosage of 2 wt %,

which indicates the best compatibility between PET and CB.29,30

Besides, the fibers with CA dosage of 2 wt % possess the lowest

crystallization temperature. The CB surfaces are grafted with a

layer of CA molecules, which forms numerous physical and

chemical crosslinking points with molecular chains of PET. This

delays the heterogeneous nucleation effect of CB particles,

decreasing the crystallization temperature. It stems from the

interaction between PET and CB, which restricts the movement

of chain segments and hinders the folding of PET molecular

chains into lamella, inhibiting the crystallization of PET. How-

ever, the fibers with 2 wt % CA dosage show the maximum

crystallinity, indicating that it realizes the best dispersion of CB

particles. This provides more nucleating points for PET crystal-

lization. In DSC curves during heating process, the fibers with 2

wt % CA dosage are provided with the lowest cold crystalliza-

tion temperature and the highest melting temperature. It is

because that the contribution of crystallization mainly comes

from the formation of crystal nucleus during the process of

cold crystallization. The well dispersed CB particles can provide

numerous nuclei. This also indirectly states that the fibers with

2 wt % CA dosage possess the most uniform dispersion of CB

particles.

Figure 4 illustrates WAXD spectra of the fibers with different

CA dosages. The characteristic diffraction peaks of (010), (110),

and (100) crystal plane for PET are overlapped, leaving the

Table II. Mechanical Properties of the As-Spun Fibers with Different CA Dosages

CA dosages
(wt %)

Tenacity
(cN/dtex)

Tenacity
CV (%)

Elongation
(%)

Elongation
CV (%)

Modulus
(cN/dtex)

2 2.1 5.5 130.0 2.6 26.3

4 2.0 6.7 138.2 3.0 25.3

6 1.9 4.1 136.3 3.2 24.4

8 1.8 9.1 140.8 6.9 24.3

Figure 3. DSC curves of the fibers with different CA dosages: (a) heating,

(b) cooling. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table III. Thermal Transition Parameters of the Fibers with Different CA

Dosages

CA dosages (wt %) 2 4 6 8

Tg (8C) 74.6 81.7 76.4 75.3

Tcc (8C) 111.9 111.9 114.6 113.9

Tm (8C) 252.0 251.3 251.6 251.3

DHm (J/g) 47.2 47.3 44.9 46.6

DHcc (J/g) 23.3 28.7 25.2 26.6

Xc (%) 22.0 17.1 18.1 18.4

Tmc (8C) 209.5 211.1 211.1 211.1
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dispersive “steamed bread” peaks with amorphous structure

characteristics. By comparison of the peak sharpness, it comes

to the conclusion that the fibers with 2 wt % CA dosage present

the maximum degree of crystallization, which is consistent with

DSC results.

Effect of CA on Orientation Properties of the Fibers

Because of the imperfection of crystalline structure of the as-

spun fibers, diffraction peaks of the typical crystal planes in the

WAXD spectra do not appear, and the orientation function of

the crystalline region cannot be obtained. Accordingly, we can-

not distinguish the orientation of crystalline region and amor-

phous region. The method of sound velocity is suitable to

characterize overall orientation of the fibers. Prior to calculating

the sonic orientation factor, it is necessary to obtain the sound

velocity values of PET/CB fibers with completely random orien-

tation. Considered non-oil fibers as random orientation sam-

ples, the measured sound velocity of the samples is 1.47 km/s,

which is consistent with the reported value in the literature.31

The orientation parameters of the as-spun fibers with different

CA dosages are listed in Table IV. Although the samples are as-

spun fibers spun at 3000 m/min, the anisotropy of the fibers is

clearly visible (shown in Figure 5). The birefringence and sonic

orientation factor both show that the orientation of the fibers

with 2 wt % CA dosages is slightly greater than those of other

fibers.

Relationship among Shrinkage, Orientation, and Dispersion

The orientations of the fiber with different CA dosages are close

to each other, so it is difficult to accurately compare orientation

of the fibers. For as-spun fibers, the crystallinity and crystal ori-

entation are very small. Accordingly, the orientation is mainly

contributed by the orientation of amorphous region. Moreover,

the essence of thermal shrinkage is the disorientation of amor-

phous region of fibers. Therefore, the shrinkage of fibers in hot

air can be employed to evaluate the orientation of amorphous

region. The relationship curves of the fibers between the resid-

ual relative length [1 2 s(t)] and the shrinkage time (t) in hot

air (87 8C) are illustrated in Figure 6. According to Viogt–Kelvin

model, the dynamic equation of the isothermal shrinkage is as

follows:

12sðtÞ5A1e2t=s1 1A2�e2t=s2 1� � ��112s0 (3)

where s(t) represents shrinkage ratio at time t, A1 and A2 are

contributions of the corresponding viscoelastic units to shrink-

age ratio, s1 and s2 are specific relaxation times of the corre-

sponding viscoelastic units, and s0 is the shrinkage ratio of

fibers when t tends to infinity.

Figure 4. WAXD patterns of the fibers with different CA dosages. [Color

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

library.com.]

Figure 5. Polarizing microscope images of the fibers (4003). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Table IV. Orientation Parameters of the As-Spun Fibers with Different CA

Dosages

CA dosages
(wt %) Birefringence

Sound
velocity
(km/s)

Sonic
orientation
factor (fs)

2 0.038 1.69 0.31

4 0.037 1.67 0.30

6 0.035 1.64 0.27

8 0.037 1.67 0.30

Figure 6. Relationship between 1 2 s(t) and t of the fibers. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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The variation trend of residual relative length is accurately fitted

using single exponential function. The fitting parameters are shown

in Table V. When CA dosage is 2 wt %, the specific relaxation time

of the fibers is the minimum, while the shrinkage ratio of the fibers

is the maximum. It can be concluded that the fibers with 2 wt %

CA dosage have the maximum orientation. This is in accord with

the results from birefringence and sound velocity method.

Based on the two-phase structure model of crystal phase–amor-

phous phase, the three-phase structure model of crystal phase–

amorphous phase–CB phase was established to interpret the

relationship between the orientation of amorphous region and

CB dispersion. Because the crystalline region is relatively stable,

the majority of CB particles are distributed in amorphous

region. The schematic diagram of amorphous structure of the

fibers is illustrated in Figure 7. There is a strong interaction

between CA molecules anchored on surfaces of CB particles and

PET macromolecular chains. This forms an adsorption orienta-

tion effect on PET chains, resulting in extension of the chains

and increasement of the orientation. In the case of good CB

dispersion, more PET macromolecular chains are adsorbed onto

the surfaces of CB particles and they extend fully. While CB

particles are poorly dispersed, the total surface area of CB par-

ticles decreases, weakening the adsorption orientation effect.

Combined with SEM results, when CA dosage is 2 wt %, the

CB particles are well dispersed and uniformly distributed, so the

orientation of the fibers with 2 wt % CA dosage is relatively

high, which is consistent with the result of thermal shrinkage.

CONCLUSIONS

PET/CB micro–nano composite fibers were manufactured by melt

spinning method. Prior to spinning, PET/CB masterbatches, in

which CB particles were modified by CA, were prepared using sep-

arate feeding technique. Then, masterbatch-dilution technique

was employed to fabricate micro–nano composite fibers. SEM

results show that the fibers present a good dispersion of CB par-

ticles when the dosage of CA is 2 wt %. Meanwhile, at the CA dos-

age of 2 wt %, the fibers provide with the optimal tenacity due to

the good interfacial structure between PET and CB. DSC curves

demonstrate that the fibers with 2 wt % CA dosage present the

lowest crystallization temperature. This is attributed to the inhibi-

ting crystallization effect of CA molecules. However, the fibers

with 2 wt % CA dosage possess the greatest crystallinity, confirmed

by DSC and WAXD. This indirectly indicates that CB particles

achieved optimal dispersion and they provide more heterogeneous

nucleation points during the process of PET crystallization. More-

over, CA also plays a significant role on orientation of the fibers.

The orientation of fibers with 2 wt % CA dosages is slightly greater,

which is demonstrated by birefringence and sound velocity.

According to Viogt–Kelvin model, the thermal shrinkage curves of

the fibers were fitted using single exponential function. The fitting

parameters suggest that for the fibers with 2 wt % CA dosage, the

specific relaxation time is the minimum and the shrinkage ratio is

the maximum. Ascribed the essence of hot shrinkage to disorienta-

tion of amorphous region, the conclusion that the fibers with

2 wt % CA dosages have the maximum orientation. Furthermore,

the relationship among shrinkage, orientation and dispersion of

CB particles was revealed, and the three-phase structure model of

crystal phase–amorphous phase–CB phase was established to

interpret the relationship.
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