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Abstract With the aid of co-rotating twin screw extruder, poly(ethylene

terephthalate) (PET)/carbon black (CB) masterbatches were fabricated through

melt-compounding using a separate feeding and metering technique and their

homogeneous dispersion morphologies were confirmed by scanning electron

microscopy and transmission electron microscopy. Moreover, the ultimate content

of CB in the masterbatches was verified via thermogravimetric analysis method.

The non-isothermal crystallization process of pristine PET and PET/CB masterbatch

were investigated by differential scanning calorimetry and the different methods

such as Jeziorny modified Avrami equation, Ozawa equation, and the method

developed by Mo were employed to analyze their non-isothermal crystallization

kinetics. The results show that CB particles uniformly dispersed in PET matrix act

as heterogeneous nucleating agents, while crystallization activation energy (DE) of

PET/CB masterbatch is much greater than that of virgin PET according to Kissinger

formula, Takhor model, and Augis-Bennett model. Whereas, the results obtained

from the above mentioned three methods simultaneously demonstrate the addition

of CB greatly increases crystallization temperature and crystallinity and accelerates

crystallization rate. The results reveal that crystal growth has little effect on the

crystallization rate and crystal nucleation dominates the crystallization process of

PET/CB masterbatch containing very high CB loading (20 wt%).
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Introduction

Poly(ethylene terephthalate) (PET) is a semi-crystalline polymer and has been

extensively used in synthetic fibers and plastics industry due to its excellent

spinnability, mechanical properties, heat, and chemical resistance, etc. Currently,

some literatures have reported the crystallization behavior of PET and its copolyester

[1–5]. In the study of Xianhui Li et al. [6], PET/carbon black (CB) masterbatch

containing 3 wt% CB was prepared and non-isothermal crystallization kinetics of the

masterbatch was analyzed. As is known, CB could act as nucleating agent in the

process of polymer crystallization, which was confirmed in the study of poly(lactic

acid)/CB composite [7], polypropylene/CB composite [8, 9], and polyamide/CB

composites [10]. In all the mentioned articles, CB content is less than 3 wt%.

However, the crystallization behavior of PET/CB masterbatch with high CB content,

used as masterbatch for dyeing spinning solution, has been seldom reported.

Fortunately, the crystallization rate of PET is so low that there is enough time to

complete drawing during spinning process, based on which high-speed spinning of

polyester and spinning-drawing by one step can be achieved. Although a small

amount of masterbatch is added in spinning process, it would affect the

manufacturing process and product performance. The previous study shows that

spinnability is closely related to crystallization properties of the melt [11]. In other

words, the wide and short crystallization peak is favorable to spin. In addition, since

the manufacturing process of polymer undergoes the temperature variety from melt

temperature to room temperature, research on the non-isothermal crystallization of

PET/CB blending masterbatch is provided with theoretical and practical significance.

To the best of our knowledge, there has been no report in literature that

emphasizes the effect of high CB content (more than 20 wt%) on the non-isothermal

crystallization behavior of polymer. In this article, masterbatch was prepared by

melt blending using a separate feeding technique and differential scanning

calorimetry (DSC), an effective technique to evaluate the crystallization process,

was employed to investigate the crystallization behavior of PET/CB masterbatch.

Emphasis was placed on the heterogeneous nucleation effect of CB particles. Given

consideration of crystallization activation energy (DE) enhanced and crystallization

ability improved, a conclusion that crystal growth has little effect on the

crystallization rate and crystal nucleation dominate the crystallization process of

PET/CB masterbatch could be drawn.

Experimental

Materials and equipments

PET, semi-delustering, Heng Li Chemical Fiber Co., Ltd., Jiangsu, China, was received

in pellet form. CB, N220, primary particle size of 23 nm, was purchased from Tianjin

Lihua Jin Chemical Co., Ltd., China. Dispersant (PE wax, Mw = 4500–5000 g/mol)

was provided by Beijing Chemical Technology University-Rushan joint venture

chemical plant.
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High speed grinder was purchased from Zhongxing Weiye Co., Ltd., Beijing,

China. ZSK-25WLE co-rotate twin-screw extruder, screw diameter (25 mm), L/d

(25:1) was made by WP Corporation in Germany. Perkin Elmer Pyris1 DSC, Perkin

Elmer, USA, was employed to test the non-isothermal crystallization process of

pristine PET and PET/CB masterbatch.

Preparation of PET/CB masterbatch

CB and 0.5 wt% dispersant were first pre-mixed in high speed grinder, and then the

dried pellet and CB particles containing a little dispersant were accurately delivered

into the twin-screw extruder. The temperature and rotation speed were 270 �C and

200 r/min, respectively. After melt blending, extrusion, cooling, and pelletizing, the

cylindrical PET/CB blending masterbatch containing 20 wt% CB was obtained with

the size of 2.5 mm (diameter) 9 3.5 mm (length).

Scanning electron microscopy (SEM)

For SEM (ISM-6360, Japan) observation, the samples were attached to the sample

supports and vacuum coated with a gold layer. The operation was performed at an

acceleration voltage of 10 kV. Low and high magnifications were used to consider

particles of different level size.

Transmission electron microscopy (TEM)

Samples for TEM analysis were taken randomly from different locations. Ultra thin

sections with a thickness of 100 nm were prepared with ultra-sonic diamond knife

(Ultrotome 2088, LKB, Sweden). The TEM investigations were performed on a

H-800 (HITACHI, Japan) microscope, which was adjusted with an acceleration

voltage of 200 kV.

Thermogravimetric analysis (TGA)

The TGA analysis of films was performed on Thermo Gravimetric Analyzer

(Pyris1, Perkin Elmer America). The heating process went ahead under the

protection of nitrogen atmosphere. The operation was carried out with a heating rate

of 20 �C/min in a temperature interval 50–650 �C and kept 650 �C for 5 min.

DSC measurement

The DSC scans of all the samples have been taken at different cooling rates using

Perkin Elmer Pyris1 DSC. The temperature precision of the instrument is 0.5 �C.

Before the test, the samples were cut into very small pieces and enclosed in

aluminum plate. In order to avoid the difference of heat conduction between the

samples and stove caused by different weight of samples, the weight of each sample

is controlled at the level of about 5 mg. The samples were taken in standard

aluminum pans and were heated over a temperature range from room temperature to
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290 �C at the heating rates 80 �C/min and hold for 10 min to eliminate thermal

history, then cooled to room temperature at the cooling rate 5, 10, 20, and

80 �C/min. All the measurements were carried out under a nitrogen atmosphere.

Results and discussion

Observation of CB dispersion in PET matrix

Figure 1 displays SEM and TEM images of PET/CB masterbatch. As shown in the

images, CB particles are well dispersed and uniformly distributed in PET matrix,

like the islands in the sea without connection. From images at low magnification, we

can estimate that the mean size of CB particles is much less than 1 lm, which we

are desired. Besides, in PET/CB masterbatch PET forms a continuous phase and CB

particles disperse uniformly. Therefore, although the weight of samples (5 mg) used

in DSC measurement is extremely little, the results should not differ greatly because

of sampling location.

Fig. 1 SEM (a 10009, b 200009) and TEM (c 100009, d 200009) images of PET/CB masterbatch
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TGA results

The ultimate content of CB in PET/CB masterbatch was determined by TGA. The

weight loss curves for PET and PET/CB masterbatch are presented in Fig. 2.

Analysis of the curves demonstrates that the weight fraction of CB in PET/CB

masterbatch is 19.63 wt%, which is very close to the theoretical addition of CB

(20 wt%). Simultaneously, this is an indirect evidence of CB particles homoge-

neously dispersed in PET matrix.

Non-isothermal crystallization characteristics

Based on dynamic crystallization experiment, data for the crystallization exotherms

as a function of temperature can be obtained, at the cooling rate of 5, 10, 20, and

80 �C/min, as one can see in Fig. 3 for the crystallization on cooling of PET and

PET/CB masterbatch. The crystallization exotherms becomes broader and it shifts

to lower temperature with increasing cooling rate. At the same cooling rate, the

Fig. 2 TGA results for pristine
PET and PET/CB masterbatch

Fig. 3 DSC thermograms of non-isothermal crystallization for PET (a) and PET/CB (b) masterbatch at
various cooling rates
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exotherm peak temperature of PET/CB masterbatch is greater than that of PET.

Values of some characteristic parameters, such as the exotherm peak temperature

(Tp), the crystallization onset temperature (T0.01), the crystallization end temperature

(T0.99), and other crystallization parameters are summarized in Table 1.

In Table 1, Xc refers to actual crystallinity, which can be calculated by [12]:

Xc ¼
DHc

DH0
c � Vm

� 100%; ð1Þ

where DHc is the crystallization enthalpy, DHc
0 refers to enthalpy of 100%

crystalline PET, considered as 135.8 J/g [13], and Vm is weight fraction of PET.

All the results indicate that the values of Tp, T0.01, and T0.99 shift to lower

temperature region. When the polymer melt undergoes low cooling rate, molecular

chains have enough time to overcome the nucleation barrier and engage in regular

order, so crystallization occurs in high temperature region with a narrow

temperature range (T0.01–T0.99 small), so the crystals develop into larger and better

ones. While the melt is under high cooling rate conditions, the activity of molecular

chain declines significantly in a short period of time, resulting in the blocked

crystallization process owing to the ability of arrangement into the lattice behind the

variance of temperature. In this case, the polymer requires greater degree of super-

cooling and wider temperature range (T0.01–T0.99 greater) to achieve crystallization

balance. Hence, exotherm peak shifts to lower temperature and it could inevitably

lead to deteriorated crystallization and relatively lower crystallinity. Furthermore,

the exotherm peak temperature and crystallinity of PET/CB masterbatch are higher

than that of virgin PET, which implies that act as nucleating agent during the

crystallization of the PET matrix. Besides, as the cooling rate increases, the stronger

nucleating effect is reflected.

From the data for the crystallization exotherms as a function of temperature

dHc/dT the relative crystallinity as a function of temperature Xt can be formulated as:

Xt ¼
ZT

T0

ðdHc=dTÞdT=

ZT1

T0

ðdHc=dTÞdT ; ð2Þ

Table 1 Characteristic data of non-isothermal crystallization of PET and PET/CB masterbatch

Samples Cooling rates

(�C/min)

T0.01 (�C) T0.99 (�C) T0.01–T0.99 (�C) Tp (�C) DH (J/g) Xc%

PET 5 212.8 130.6 82.2 194.8 56.6 41.7

10 209.1 125.5 83.6 184.2 43.3 31.9

20 207.6 114.4 93.2 170.8 43.1 31.7

80 201.0 112.6 88.4 160.7 9.2 6.8

PET/CB 5 216.5 196.3 20.1 207.4 47.9 41.1

10 212.0 180.2 31.9 201.6 38.1 32.6

20 209.4 170.7 38.7 196.7 45.2 38.7

80 200.4 145.1 45.2 183.0 30.7 26.3
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where T0 denotes the onset temperature of crystallization and T and T? the

crystallization temperature at time t and after the completion of crystallization

process, respectively. The evolution of the relative crystallinity as a function of

temperature at all different cooling rates appears in Fig. 4. When Xt ranges from 0.2

to 0.8, significant changes in crystallinity occurs.

Crystallization activation energy

To account for the reason of the essential effect of CB particles on the

nonisothermal crystallization process of PET and PET/CB masterbatch, several

mathematic models were introduced to estimate the crystallization activation energy

(DE) for the transport of polymer chains toward the growing surface [5].

Considering the variation of peak temperature (Tp) with cooling rate, the activation

energy (DE) could be determined using the following models:

Kissinger equation [14]:

d½ln ðu=T2
p Þ�

dð1=TpÞ
¼ �DE

R
ð3Þ

Takhor model [15]:

d½ln ðuÞ�
dð1=TpÞ

¼ �DE

R
ð4Þ

Augis-Bennett model [16]:

d½ln ðu=ðT0:01 � TpÞ�
dð1=TpÞ

¼ �DE

R
; ð5Þ

where u is cooling rate, Tp is exotherm peak temperature, R is the universal gas

constant, and DE is crystallization activation energy.
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Fig. 4 Plots of Xt versus T at different cooling rates. a PET. b PET/CB
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The crystallization activation energy (see Table 2) of PET and PET/CB

masterbatch can be obtained from the slope of curve shown in Fig. 5, that is

DE = -R 9 slope, and the results are listed in Table 2. It states that the activation

energy of PET/CB masterbatch is greater than that of virgin PET when anyone of

the three models is used. The similar results have been reported by Ge [5] and

Achilias et al. [17]. In fact, the addition of CB has the following two effects: on one

hand, CB particles play the role of nucleating agent and improve the crystallization

ability of PET, which are favorable to PET crystallization. On the other hand, the

presence of CB would affect the movement of molecular chains, hinder their access

Table 2 Crystallization activation energy DE (kJ/mol) calculated from Kissinger, Takhor, and Augis-

Bennett models

Samples Kissinger Takhor Augis-Bennett

PET 138.2 130.8 127.0

PET/CB 214.0 205.9 203.7
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Fig. 5 Plots for estimating the activation energy for nonisothermal of PET and PET/CB masterbatch:
a Kissinger equation, b Takhor model, and c Augis-Bennett model
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to the lattice and depress the crystallization ability of PET, which are not conducive

to PET crystallization. This is a pair of contradictory factors and the final

crystallinity is the competition result of the two factors. The data of Fig. 3 and

Table 1 imply that CB particles play a positive effect on PET crystallization.

Although, CB particles act as nucleating agent in some way, the crystal growth is

hindered because the movement molecular chain is significantly hampered. The

comprehensive effect of CB in PET crystallization makes crystallization activation

energy (DE) greatly increase. In Table 1, exotherm peak temperature and

crystallinity are enhanced and half crystallization time (t1/2) is shortened. This

may be due to enough crystal nucleuses because of high CB content and instant

formation of numerous small crystals. The conclusion could be drawn that crystal

growth has little effect on the crystallization rate and crystal nucleation dominates

the crystallization process of PET/CB masterbatch with very high CB content. For

furthermore understanding, the non-isothermal crystallization kinetics of PET and

PET/CB masterbatch are to be deeply investigated.

Non-isothermal crystallization kinetics

For the analysis of the experimental results of PET and PET/CB masterbatch, the

modified Avrami equation, the Ozawa analysis, and the method developed by Mo

et al. are tested [18].

Modified Avrami equation

According to the modified Avrami equation, the relative crystallinity (Xt) can be

determined by:

Xt ¼ 1� expð�Ztt
nÞ ¼ 1� exp½�ðKAvramitÞ2�; ð6Þ

where Zt and n denote the overall crystallization rate constant and the Avrami

exponent, respectively.

Equation 6 can be converted to Eq. 7 as follows:

ln ½�lnð1� XtÞ� ¼ ln Zt þ nln t: ð7Þ
Since the rate of non-isothermal crystallization depends on the cooling rate, the

following correction has been proposed to obtain the corresponding rate constant at

unit cooling rate, Zc:

ln Zc ¼ ln Zt=R: ð8Þ
Avrami equation is function of the relative crystallinity (Xt) and time (t), so the

transformation of temperature (T) and time (t) should be conducted by:

t ¼ ðT0 � TÞ=R ð9Þ

where T is the temperature at the time t, T0 is the onset temperature of crystallization

and R is cooling rate.

The point deviating from baseline in Fig. 3 was taken as the origin time [19]. The

evolution of relative crystallinity as a function of crystallization time is shown in
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Fig. 6. S-shaped curves are obtained, which are consistent with nucleation and

growth processes. Form these curves, the half time of crystallization, t1/2 can be

directly determined as the time elapsed from the onset of crystallization to the point

where the crystallization is half completed.

There exists a period of crystallization induction time (tinc), which can represent

the time in which the polymer is still molten before crystallization. The tinc is

defined as:

tinc ¼ ðTp � TonsetÞ=R: ð10Þ
In this article, Tp and Tonset can be considered as 290 �C and T0.01, respectively.

tinc is the time required from melt to nuclei formation, which can reflect the

difficulty of nuclei formation. The apparent crystallization time (tc) can be

calculated by:

tc ¼ t0:99 � t0:01 ð11Þ

where tc is the required time in which apparent crystallization process occurs. t0.01

and t0.99 are the time when Xt reaches 1 and 99%, respectively. When polymer

crystallizes from molten state, the required time toverall is decided by tinc and tc.

toverall ¼ tinc þ tc: ð12Þ

According to the previous report [20], t1/2 can be deduced as follows:

t1=2 ¼ ½ðln 2Þ=Zt�1=n: ð13Þ
The relational parameters for time are listed in Table 3. As it is expected, with

increasing cooling rate all the aforementioned characteristic times decrease, which

means that the higher the cooling rate the later the crystallization process starts and

is completed. Besides, the crystallization time of PET/CB masterbatch is shorter

than that of virgin PET. The uniformity of measured and calculated value of t1/2

states clearly that modified Avrami equation can be used to describe the non-

isothermal crystallization kinetics of PET and PET/CB masterbatch.
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Fig. 6 Evolution of relative crystallinity as a function of crystallization time for PET and PET/CB
masterbatch. a PET. b PET/CB
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The relationships between ln[-ln(1 - Xt)] and ln t for PET and PET/CB

masterbatch are illustrated in Fig. 7. For PET and PET/CB masterbatch at any

cooling rate, the curves in whole crystallization process are not strictly linear, but

the main crystallization process (initial stage) follows Avrami equation. At the later

stage, the curves deviate from the linear relationship because of secondary

crystallization and spherulite impingement [6, 7]. Besides, the addition of CB

increases the viscosity of the system and the movement of molecular chains is

restricted, so it must take a long time for the system from completely disordered

state to three-dimensional ordered crystals. The delayed crystallization will occur

for some molecular chains. Therefore, the deviation in curves of PET/CB

masterbatch is greater than that of PET. Similar results were also observed in

PET/clay [21], isotactic PP/CB [22].

Based on Eq. 9, a linear curve fitting procedure is employed. From the slope and

intercept of the straight line, n and ln Zt can be obtained, respectively. The fitting

values for the parameters are presented in Table 4. It is obvious that the modified

Avrami method can describe the experimental data very well at initial stage.

Although physical meaning of n and Zt cannot be related to the non-isothermal case

Table 3 The time parameters for virgin PET and PET/CB masterbatch in process of crystallization

Samples Cooling rates

(�C/min)

t0.01

(min)

t0.99

(min)

t1/2 (min)

(measured)

t1/2 (min)

(calculated)

tc
(min)

tinc

(min)

toverall

(min)

PET 5 2.6 21.8 7.9 10.5 19.2 15.4 34.6

10 1.4 9.9 4.3 5.0 8.5 8.1 16.6

20 1.2 4.8 2.3 2.3 3.6 4.1 7.7

80 0.2 1.2 0.6 0.6 1.0 1.1 2.1

PET/CB 5 0.8 4.9 2.5 2.5 4.1 14.7 18.8

10 1.0 4.5 2.0 2.3 3.5 8.0 11.5

20 0.6 2.6 1.2 1.4 2.0 4.2 6.2

80 0.3 0.9 0.5 0.5 0.7 1.2 1.9
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Fig. 7 Plots of ln[-ln(1 - Xt)] versus ln t. a PET. b PET/CB
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in a simple way, their use provides further insight into the kinetics of non-isothermal

crystallization. The values of n for virgin PET are around 3.0, indicating that the

crystal growth is three-dimensional (spherulitic) with homogeneous nucleation,

which agrees with the results observed by Li [6] and Wan [21]. The n of PET/CB

masterbatch ranges from 3 to 4, greater than that of virgin PET, which indicates that

the mechanisms of the non-isothermal crystallization of PET/CB masterbatch is

more complicated than that of virgin PET. Similar results were also observed in

PET/disodium terephthalate (DST) [23] and PET/silica [24] in isothermal crystal-

lization. Obviously, CB works on the mechanism of nucleation and crystal growth

of PET [23–25]. Furthermore, according to the mode of evolution of PET spherulite

revealed by Lee, Bian proposed that n values are related to the number of growth

points in crystallization process, the greater n values, the more growth points.

Hence, for PET/CB masterbatch, the increasing of growth points leads to the greater

n values. The crystallization constant, Zt, increases with increasing cooling rate

attributed to supercooling. In addition, Zt and Zc of PET/CB masterbatch are greater

than those of PET, which implies that the crystallization rate of PET/CB

masterbatch is faster than that of PET, in agreement with the results of t1/2.

Ozawa analysis

As we all know, the Avrami equation for a non-isothermal crystallization process

may be considered as just the same mode for an isothermal crystallization process,

but it does not take into account the factors that are special for non-isothermal

processes, such as cooling rate and the temperature variation at different time [7].

According to the Ozawa theory, the non-isothermal crystallization process is the

result of an infinite number of small isothermal crystallization steps and the degree

of conversion at temperature T, Xt can be written as a function of cooling rate (R) as

follows:

1� Xt ¼ expð�K=RmÞ; ð14Þ

where K is the cooling or heating crystallization function, which is related to the

Table 4 Results of the Avrami analysis for non-isothermal crystallization of PET and PET/CB

masterbatch

Samples Cooling rates

(�C/min)

n ln Zt Zt ln Zc Zc

PET 5 2.778 -6.618 0.001 -1.324 0.266

10 3.205 -5.470 0.004 -0.547 0.579

20 2.563 -2.527 0.080 -0.126 0.881

80 2.766 0.962 2.612 0.012 1.012

PET/CB 5 3.045 -3.152 0.043 -0.630 0.533

10 3.995 -3.733 0.024 -0.373 0.689

20 3.526 -1.485 0.226 -0.074 0.929

80 3.794 1.974 7.200 0.025 1.025
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overall crystallization rate and indicates how fast crystallization occurs. m is the

Ozawa exponent that depends on the dimension of crystal growth. Taking the

double-logarithmic form of Eq. 14, it follows:

lg½� lnð1� XtÞ� ¼ lg K � m lg R ð15Þ
By plotting lg[-ln(1 - Xt)] versus lg R, a straight line should be obtained and

the kinetic parameters, K and m can be achieved from the slope and the intercept,

respectively. Indicative Ozawa plots for crystallization of PET and PET/CB

masterbatch are illustrated in Fig. 8. For virgin PET, none of good straight lines

were obtained in broad temperature range, declaring the Ozawa model does not

works well. However, the Ozawa equation can describe the process of non-

isothermal crystallization of PET/CB masterbatch satisfactorily during the temper-

ature range of 205–177 �C. Throughout the crystallization process, the curves do

not show a good linear relationship, which indicates that n is not a constant. Thus,

the Ozawa method can not fully describe the non-isothermal crystallization process

of PET and PET/CB masterbatch.

Mo’s method

Non-isothermal crystallization is difficult to describe with a single equation since

there are a lot of parameters that have to be taken into account simultaneously. The

importance of this method is that it correlates the cooling rate to temperature, time,

and morphology. Mo et al. [26] proposed a novel kinetic method by combining the

Ozawa and Avrami equations. As the degree of crystallinity was related to the

cooling rate, R, and the crystallization time t and temperature T, the relation

between R and t could be defined for a given degree of crystallinity. Consequently,

combining Eqs. 7 and 15 derived a new kinetic model for non-isothermal

crystallization:
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Fig. 8 Plots of lg[-ln(1 -Xt)] versus lgR. a PET. b PET/CB
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ln Zt þ nln t ¼ ln KðTÞ � mln R: ð16Þ
After rearrangement at a given crystallinity, Eq. 16 is transferred into the

following form:

ln R ¼ ln FðTÞ � aln t; ð17Þ

where F(T) = [K(T)/Zt]
1/m refers to the value of the cooling rate chosen at unit

crystallization time, when the system has a certain degree of crystallinity. a is the

ratio of the Avrami exponent n to the Ozawa exponent m (a = n/m). According to

Eq. 17, at a given degree of crystallinity the plot of ln R against ln t will give a

straight line with an intercept of ln F(T) and a slope of -a. As it is shown in Fig. 9,

plotting ln R versus ln t, at a given degree of crystallinity, a linear relationship is

observed. The values of F(T) and the slope a are summarized in Table 5. The value

of a is almost a constant, while F(T) increases with the increasing of relative

crystallinity for both PET and PET/CB masterbatch. This states clearly that higher

cooling rate is required to obtain a higher degree of relative crystallinity. When

relative crystallinity is equipotent, the F(T) of PET is greater than that of PET/CB

masterbatch, which reveals that CB affects the mechanism of nucleation and crystal

growth of PET and accelerates the crystallization rate of PET, in agreement of

results of Avrami equation. Obviously, comparing with Ozawa and Avrami
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Fig. 9 Plots of ln R versus ln t. a PET. b PET/CB

Table 5 Values of a and

F(T) versus degree of

crystallinity based

on Mo’s method

Samples Xt (%) a ln F(T) F(T)

PET 20 0.986 3.423 30.661

40 1.138 3.856 47.276

60 1.093 4.002 54.707

80 1.046 4.174 64.975

PET/CB 20 1.688 2.832 16.980

40 1.591 3.097 22.131

60 1.542 3.300 27.113

80 1.518 3.496 32.983
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equation, Mo’s method can describe the non-isothermal crystallization of PET and

PET/CB masterbatch more successfully.

Conclusions

CB particles in PET/CB masterbatch were uniformly dispersed conformed by SEM

and TEM. Besides, the ultimate content of CB was verified via TGA method.

The CB particles dispersed in PET matrix act as heterogeneous nucleating agents,

so it increases crystallization temperature and crystallinity and accelerates

crystallization rate. Although, CB particles play a role as heterogeneous nucleating

agents, high CB content hinders the movement of PET molecular chains. The

combined result of both roles of CB shows that the addition of CB increases the

crystallization ability of PET. Furthermore, the different methods such as Jeziorny

modified Avrami equation, Ozawa equation, and the method developed by Mo are

employed to analyze the non-isothermal kinetics of virgin PET and PET/CB

masterbatch, in which Mo method is proven to be a suitable one for the study, they

all confirm that CB particles promote PET crystallization. Besides, the crystalli-

zation activation energy (DE) of PET/CB masterbatch is much greater than that of

virgin PET according to Kissinger formula, Takhor model, and Augis-Bennett

model, which demonstrates that crystal growth has little effect on the crystallization

rate and crystal nucleation dominate the crystallization process of PET/CB

masterbatch with very high CB content.
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