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ABSTRACT

Non-isothermal crystallization kinetics of polypropylene (PP)/polytetrafluo-

roethylene (PTFE) fibrillated composites is presented. In-situ fibrillated PP/

PTFE-composites containing 1 and 3 wt% PTFE were prepared by melt com-

pounding using a twin-screw extruder. The morphology and non-isothermal

crystallization behavior of the composites were examined using scanning elec-

tron microscopy and differential scanning calorimetry, respectively. The Mo

equation was used to analyze the kinetics of non-isothermal crystallization

behavior. The PTFE created a three-dimensional (3-D) network. A low PTFE

content promoted crystallization through fast nucleation, whereas a high PTFE

content decreased the crystallization kinetics through hindering the crystal

growth. These findings are all based on the Mo equation analysis. The activation

energy and nucleation activity were also evaluated, and the way in which the

PTFE nanofibers affected the crystallization was discussed in detail. Polarized

optical microscopy images revealed that the size of PP spherulites decreased

with the increase of PTFE content. Finally, the effect of PTFE on the crystalline

phase of PP was investigated by wide angle X-ray diffraction.
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GRAPHIC ABSTRACT

Introduction

As a very widely used thermoplastic resin,

polypropylene (PP) is widely used in packaging,

appliances, automotive materials, industrial and

household goods. In these areas, it serves as films,

sheets, tubes, blocks, and so on. However, its low

melt strength and lack of strain hardening in exten-

sional flow largely limit its applications in foaming

and film blowing [1–4]. Therefore, many efforts have

been made to improve PP’s melt strength to broaden

its applications. Of these, Blending PP with other

polymers, has been developed and has been

increasingly used to design novel materials. For

blends, successful interactions between the dispersed

phase and the continuous matrix play a great role in

improving the PP blends’ melt strength. Many factors

affect the interactions between the matrix and the

dispersed phase, and the configuration of the second

phase is, especially crucial. A dispersed polymer with

spherical droplets usually demonstrates weak inter-

actions with the PP matrix; however, by creating a 3D

network structure, the interaction could be

strengthened.

Over the past decade, polytetrafluoroethylene

(PTFE) has been considered as one of the most

important modifiers in PP blends. It is well-known

that PTFE particles transform to elongated fibers by

high shear and extensional forces during processing

[5–12]. Van der Meer et al. [13] blended PTFE parti-

cles of different sizes with PP. The larger PTFE (the

average particle diameter was 600 lm) particles were

deformed into fibrils and visible fibrillation could not

be seen for the smaller particles with an average

diameter of around 7 lm. Jurczuk et al. [6] found that
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the generation of fine PTFE fibrils during the pro-

cessing of PTFE particles dispersed in a molten

polymer not only needs longer and stronger shear

stress, but also has requirements to PTFE particles,

such as high crystallinity and crystals with the high

melting point. The entangled PTFE fibrils create a 3-D

network in the matrix and such a network is pre-

ferred during foaming because it induces strain

hardening and improves the melt strength [9, 14, 15],

which are both crucial for enhancing foaming ability.

Rizvi et al. [7, 16] showed that PP/PTFE fibrillated

composites had up to three orders of magnitude

higher cell number density and a ten-fold increase in

the volume expansion ratio [7]. Jurczuk et al. [17]

found that PTFE nanofibers resulted in smaller cell

size and a higher cell density in extrusion foaming.

Similar results in injection foaming were also

obtained by Zhao et al. [18].

The effects of PP crystallization on foaming should

not be overlooked [19, 20]. These include supersatu-

ration, the application of tensile stress to the polymer

melt by shrinkage, and the generation of local tensile

stresses. Each of these processes contributes to cel-

lular nucleation. The presence of PP crystals also

helps to achieve a relatively high expansion ratio

during foaming. This is due to the enhanced melt

strength that results at a high foaming temperature

[21]. The ability of PTFE to fibrillate is always used to

nucleate PP crystallization. Wittmann and Smith [22]

employed friction-deposited PTFE as substrate to

induce oriented growth of several polymers, such as

poly(Ethylene terephthalate), polyethylene, nylon 6,

and nylon 11. A similar method is used by Yan et al.

[23] and the results showed isotactic polypropylene

in its a modification crystallized epitaxially on PTFE

via (110) plane. Frey et al. [24] prepared highly ori-

ented polysilylene films by the method of Wittmann

and Smith [22]. Transcrystallization of PP on PTFE

fiber has also been studied. Using optical microscopy,

Wang et al. [25, 26] demonstrated that PP crystal-

lization probably occurred on PTFE fibers rather than

in the bulk, because PTFE has lower interfacial free

energy difference function (Mr) compared to that of

the bulk. It has also been reported that the growth of

a transcrystalline layer was impeded by the spher-

ulites nucleated in the bulk. The radius of spherulites

adjoining the transcrystalline layer was significantly

smaller than that far away from the fiber. Consider-

ing that polymer solidification follows during non-

isothermal conditions in practical processing, a

detailed examination of non-isothermal crystalliza-

tion also seems to be important. Until now, however,

the non-isothermal crystallization of fibrillated PP/

PTFE- composites has not been widely studied in the

literature [10, 17, 27], and rare reports have focused

on the non-isothermal crystallization kinetics

analysis.

In this study, fibrillated composites of PP/PTFE

were prepared using a twin-screw extruder and the

morphology of the fabricated composite was inves-

tigated. In addition, crystallization kinetics under

non-isothermal conditions was studied using differ-

ent theoretical models. The apparent activation

energy and the nucleation activity for the composites

were evaluated from the non-isothermal curves

obtained by differential scanning calorimetry (DSC).

Moreover, in order to assess the effect of PTFE fibers

on PP crystallization morphology, polarized optical

microscopy (POM) was used. Finally, the effect of

fibrillated PTFE on the crystalline structure of PP was

studied by X-ray diffraction.

Materials and methods

Materials

The polypropylene (PP, homopolymer, H521, gran-

ules, Mn = 1.16 9 105 g/mol, the molecular weight

distribution is 4.25) used in this study was supplied

by the Braskem Co., Ltd (USA). Its melt flow rate

(MFR) was 3.6 g/10 min (230 �C and 2.16 kg). The

melting point of PP is 165 �C. The powdered PTFE

(MetablenTM A-3000, powder) was supplied by the

Mitsubishi Rayon Company (Japan). Its melting point

is 345 �C. The PTFE particles tended to agglomerate

into small clusters with around 8 lm [28].

Sample preparation

Prior to mixing, PP and PTFE were dried separately

at 65 �C for at least 12 h under vacuum. The com-

posites with a mass ratio of PTFE varying from 0 wt%

to 3 wt%, and marked as 100/0, 99/1, and 97/3,

respectively, were melt-compounded using a Leis-

tritz co-rotating twin-screw extruder under the open

air. The screw diameter was 27 mm and the L/D

ratio was 40. The temperature profile was 120, 150,

190, 190, 190, 190, 190, 190, 185 and 180 �C from the

hopper to the die. A high screw speed of 250 rpm,
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which was much higher than the reported values

[6, 29], was chosen for these experiments. Screw

configuration (Figure S1) has been optimized based

on the previous study of the laboratory.

Characterization

Morphological observation

The pellets of PP/PTFE nanofibril composites were

compressed into a 500 lm thick film at 190 �C and

10 MPa. The film was cut into 1 9 1 cm squares,

which were wrapped in the steel mesh and then put

into a round-bottomed flask with xylene. The flask

was immersed in an oil bath to heat the xylene to

140 �C. After 1 h, the PP in the PP/PTFE nanofibril

composites was completely dissolved and the disks

were taken out and cleaned in an ultrasonic bath.

Then, the morphological structure of the PTFE fibrils

obtained was examined. A scanning electron micro-

scope (SEM, JEOL 6060, JEOL Ltd. Japan) was used to

observe the sample morphology and to obtain digital

images. Before the examination, the nonconductive

samples were sputter-coated with a thin layer of

platinum.

Differential scanning calorimetry (DSC)

The crystallization measurements were made using

DSC (Q2000, TA Instruments, USA). The weight of

the samples was kept between 8.0 and 10.0 mg. To

obtain the non-isothermal behavior, the samples were

heated to 210 �C, held for 5 min, and then cooled to

room temperature. The thermograms were recorded

at cooling rates of 5, 10, 15, and 20 �C/min. In order

to calculate the crystallinity, the samples were heated

to 200 �C at 10 �C/min. All of the tests were per-

formed under a N2 atmosphere (50 mL/min).

Polarized optical microscopy (POM)

The effect of PTFE fibrils on the crystallization

behavior of PP was investigated using POM (Olym-

pus BX51, Japan) with a Linkam LTS 420E hot stage.

Samples were pelletized, remelted, squeezed

between glass slides at 200 �C for 5 min, and then

rapidly cooled to 140 �C. The samples were isother-

mally crystallized at 140 �C until crystals touched

each other.

Wide-angle X-ray diffraction (WAXD)

The crystalline structure of PP in the samples was

studied using WAXD. The X-ray diffraction patterns

were collected at room temperature (25 �C) with a

Bruker D8 Advance diffractometer using germanium

monochromatic radiation (CuKa). The data in the 2h
range 5–35� were collected in steps of 0.02� with a

holding time of 1 s per step under tube conditions of

40 kV and 10 mA. XRD traces were obtained for PP

and PP/PTFE nanofibril composites isothermally

crystallized at 140 �C for 40 min.

Results and discussion

Morphology

The phase morphologies of PP and PP/PTFE

nanofibril composites are shown in Fig. 1. The neat

PP (Fig. 1a) showed a clear flat surface, while the PP/

PTFE nanofibril composites (Fig. 1b and c) clearly

showed two phases, indicating immiscibility between

PP and PTFE [12, 26]. Moreover, the composites

exhibited a sea-island phase structure, and PTFE

existed in the form of fiber. In order to observe

stretched PTFE fibrils, selective etching was carried

out. Figure 2 shows the morphological structure of

the PP/PTFE (97/3) nanofibril composites etched in

hot xylene. Due to the PP phase’s dissolution, PTFE

was clearly observable by the SEM. The PTFE phase

exhibited a spatial distribution network consisting of

fine PTFE nanofibrils. The average diameter of the

fibrils was 245 nm, while the junctional particle could

be seen and the sizes ranged broadly from 1 to 3 lm.

This outcome was very different from the results

reported by other researchers [6, 7, 10, 12, 15, 17, 18].

Zhao et al. [18] reported that they obtained well-

dispersed PTFE nanofibrils with a diameter of below

500 nm. This was with a screw speed of 200 rpm and

a compounding temperature of 200 �C. Jurczuk et al.

[17] obtained PTFE nanofibers with a diameter range

of 200 * 500 nm (100 rpm and 195 �C). It is well-

known that PTFE particles can easily deform into

fibrils under low shear force during processing.

Generally, it is not only the strong shear stress

[24, 25], but also the high efficiency of the stress

transfer [25] that forms the fine PTFE fibrils. The

shear stress could be stronger with an elevated screw

speed, and it could be more effectively transferred
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from the matrix to the PTFE particles at a lower

temperature. In this study, the PTFE fibrils with a

relatively small diameter were generated due to both

the lower process temperature (190 �C) and the

higher screw speed (250 rpm). However, the pres-

ence of the junctions might have resulted from the

entanglements of numerous PTFE nanofibrils under

the high shear stress. The 3-D network could enhance

the melt strength, stabilizing the cellular structure,

and improving the foamability.

Analysis of non-isothermal crystallization

behavior.

Measured crystallization temperature,
degree of crystallinity and relative
crystallinity

Figure 3 depicts the DSC cooling curves of the non-

isothermal crystallization for both the neat PP and

PP/PTFE nanofibril composites. Clearly, both the

onset temperature (Tonset) and the peak (Tp) temper-

ature of crystallization shifted to lower temperatures

with increasing cooling rate. Under the high cooling

rate, a lower time is allowed for polymers to crys-

tallize, which leads to a high undercooling required

to initiate the crystallization. While, if the cooling rate

Figure 1 SEM images of the fractured surface for PP/PTFE blends: a neat PP, b PP/PTFE (99/1) and c PP/PTFE (97/3). The scale bar is

5 lm.

Figure 2 SEM micrographs

of PTFE nanofiber in PP/PTFE

(97/3) composites after

removing PP: a low

magnification, b high

magnification and

c distribution of the PTFE

fiber size.
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is low, more time should be allowed for polymer

molecules to overcome the energy barrier, and thus

crystallization will start at higher temperature [30].

Under the same cooling rate, higher Tonset and Tp

were obtained with PTFE fibrils, which can be seen

from Fig. 4. This was attributed to the heterogeneous

nucleation effect created by PTFE fibers. A similar

phenomenon was previously described in

Refs.[10, 17, 18, 31].

Figure 5 shows the total crystallinity of neat PP and

PP/PTFE composites at the same cooling rate. PP/

PTEF (99/1) exhibited crystallinities similar to those

of neat PP, whereas PP/PTEF (99/3) exhibited crys-

tallinities lower than those of neat PP, especially at

the low cooling rate of 5 �C/min.

The relative crystallinities (Xt) as a function of

temperature (T) and time (t) are displayed in Figs. 6

and 7, respectively. The former was calculated fol-

lowing Eq. 1, and the latter was obtained by con-

verting the temperature to time using Eq. 2.

Xt ¼
R T

T0
dHc

dt

� �
dT

R T/
T0

dHc

dt

� �
dT

ð1Þ

t ¼ jT0 � Tj
U

ð2Þ

where T0 and T? are the onset and final temperatures

of crystallization, respectively. dHc is the enthalpy of

the crystallization released during dT. Tt represents

the temperature at the crystallization time t, and U is

the cooling rate. Evidently, all the curves exhibited a

sigmoidal shape. Under the same cooling rate, the

curves shifted to the right side of the temperature

axis with the PTFE content, suggesting that crystal-

lization took place at a higher temperature. However,

the curve of Xt as a function of time exhibited a dif-

ferent shift at a varied cooling rate.

Analysis of the crystallization kinetics
using Avrami, Ozawa, and Mo equations

In order to gain a more detailed insight of the crys-

tallization behavior of PP and its composites, the

kinetic analysis of non-isothermal crystallization was

carried out with reference to the popular models

proposed in the literature, including the modified

Avrami [32], Ozawa [33, 34], and Mo equations

Figure 3 DSC cooling curves for neat PP and PP/PTFE nanofibril composites at different cooling rates: a neat PP, b PP/PTFE (99/1) and

c PP/PTFE (97/3).

Figure 4 Non-isothermal

crystallization behavior of neat

PP and PP/PTFE nanofibril

composites: a the onset

temperature (Tonset) and b the

peak (Tp) temperature of

crystallization as a function of

the PTFE content.
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[35, 36]. The Avrami equation [37, 38] (equation S1) is

used to analyze the isothermal crystallization. Con-

sidering the effect of cooling rate, Jeziorny [32]

defines a new crystallization constant Zc (equation

S3) to describe nonisothermal crystallization.

Figure S3 shows the plots of ln[-ln(1-Xt)] versus lnt

based on the Avrami model for neat PP and com-

posites at different cooling rates. These plots dis-

played a linear portion at the initial stage followed by

an obvious deviation. This indicated that the modi-

fied Avrami model was not applicable in this study.

Similar failures of fitting were also demonstrated in

other PP composites [30, 39–42]. Such results might

be attributed to the temperature changing instanta-

neously [42] or to the presence of secondary crystal-

lization [43].

Given that the cooling rate U is an important factor,

Ozawa incorporated it in a modified Avrami equa-

tion. This is expressed in equation (S4) [33, 34], Fig-

ure S4 presents the Ozawa plots of ln[-ln(1-Xt)] versus

lnU. The plots showed a severe deviation from lin-

earity as U varied from 5 to 20 �C/min, suggesting

that the Ozawa equation was also not appropriate to

describe the non-isothermal crystallization of the PP

and the PP/PTFE nanofibril composites.

The inability to find adequate descriptions using

these two models for non-isothermal crystallization,

led to a more reasonable approach for the non-

isothermal crystallization of the samples. This

approach was proposed by Mo and his co-workers. It

is a combination of the Avrami and Ozawa equations

and is expressed in Eq. 3 [35, 36], where a = n/m and

Figure 5 Total crystallinity of

neat PP and PP/PTFE

composites as a function of

a PTFE content and b cooling

rate (for DSC curves of second

heating (melting)curve,

Figure S2).

Figure 6 The relationship of

Xt as a function of temperature

(T) for neat PP and PP/PTFE

nanofibril composites at

different cooling rates: a 5 �C/
min, b 10 �C/min, c 15 �C/
min, and d 20 �C/min.

3568 J Mater Sci (2021) 56:3562–3575



F(T) = [K(T)/Zt]
1/m. F(T) refers to the cooling rate

required to achieve a defined relative crystallinity at a

unit of crystallization time.

lnU ¼ ln FðTÞð Þ � a ln tð Þ ð3Þ

Figure 8 displays the fitted plots based on the Mo

equation. Straight lines are clearly produced for both

the neat PP and the composites, with the regressive

coefficient being greater than 0.98. This suggested

that the Mo equation successfully described the non-

isothermal crystallization process. Table 1 shows the

a and F(T) values, which were determined from the

slopes and intercepts of the fitted lines, respectively.

Table 1 also shows that the variation in the value of a

was rather small and was 1.15 – 1.43 for all of the

samples, which further validated the Mo equation.

Apparently, the F(T) value increased with Xt from

20 to 80% in all cases. The increase in the F(T) value

indicated that a higher cooling rate was required to

achieve high crystallinity at the unit time of crystal-

lization. Furthermore, at a given Xt, the addition of

1% PTFE decreased the F(T), which suggested that

the crystallization kinetics of the composites con-

taining 1% PTFE was faster than that of neat PP.

However, the F(T) values increased again for the

composites containing 3% PTFE. This means the

crystallization process was inhibited by the further

increase in the PTFE fibril content. Such a phe-

nomenon was closely related to the PTFE network

Figure 7 The relationship of

Xt as a function of time (t) for

neat PP and PP/PTFE

nanofibril composites at

different cooling rates: a 5 �C/
min, b 10 �C/min, c 15 �C/min

and d 20 �C/min.

Figure 8 Fitted plots of samples according to the Mo equation: a neat PP, b 99/1 and c 97/3.
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that was simultaneously promoting nucleation by

acting as a heterogeneous nucleation agent, and also

hindering crystal growth by restraining the polymer

chain mobility via the increased crystal–crystal

interactions in the PP phase during non-isothermal

crystallization. The detailed mechanism will be dis-

cussed later in this paper.

Activation energy of non-isothermal
crystallization using Kissinger equation

Given that the cooling rate significantly influences the

non-isothermal crystallization process, a theoretical

model proposed by Kissinger [44] could be applied to

identify the activation energy (DE, kJ/mol) of non-

isothermal crystallization quantitatively, as described

in Eq. 4.

d ln U=T2
p

� �h i

d 1=Tp

� � ¼ �M Eð Þ
R

ð4Þ

where R is the gas constant and equals 8.314 J/(k

mol), Tp is the peak crystallization temperature (K).

Figure 9 presents the fitted plots of ln(U/Tp
2) versus

1/Tp including the fitted equations, the regressive

coefficient (R2) and the DE. The absolute value of DE
for the neat PP was 221.78 kJ/mol. It was raised

slightly to 222.82 kJ/mol for the PP/PTFE (99/1),

while it increased remarkably to 259.23 kJ/mol in the

PP/PTFE (97/3). The increased value of |DE| could

be related to the inhibition effect on the chain motions

caused by the existing PTFE nanofibrils. At a low

concentration of PTFE (1%), the impeding influence

was much weaker, showing a negligible increase in

the |DE| value. However, this restraining mecha-

nism became dominant with a high PTFE content

(3%), exhibiting a significantly higher |DE| value

than that of the neat PP.

Analysis of the crystal nucleation rate

To determine the nucleation effect of the PTFE

nanofibrils on PP during non-isothermal crystalliza-

tion, the nucleation activity was evaluated using

Dobreva and Gutzow’s methods [45, 46]. The cooling

rate (U) for homogeneous and heterogeneous nucle-

ation was represented using Eqs. 5 and 6, respec-

tively. Here, DTp is given by Tm–Tp (Tm is the peak

melting temperature).

lnU ¼ A� B=M T2
p

� �
ð5Þ

lnU ¼ A� B�=M T2
p

� �
ð6Þ

where A, B, and B* are constants; A is obtained from

the vertical axis intercept of the best fitting lines for

the data plotted in Fig. 10. B and B* are obtained from

the slopes of the best fitting lines for the neat PP and

PP/PTFE nanofibril composites data plotted in

Fig. 10, respectively. The nucleation activity (W)

could be calculated by the ratio of B* and B derived

from Eqs. 5 and 6, Queryrespectively; that is,W = B*/

B. According to the theory, the W value should be

close to 0 if the nucleation activity of a foreign sub-

stance (the added disperse phase) is sufficiently high.

Figure 9 Fitted plots of the activation energy of non-isothermal

crystallization for samples based on the Kissinger method.

Table 1 F(T) and a of non-isothermal crystallization for samples

by the Mo method

Samples Xt (%) F(T) a

Neat PP 20 2.94 1.15

40 4.18 1.20

60 5.31 1.23

80 6.70 1.29

99/1 20 2.85 1.18

40 4.01 1.26

60 5.08 1.33

80 6.50 1.44

97/3 20 3.10 1.12

40 4.31 1.18

60 5.35 1.23

80 6.65 1.32
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However, W will equal 1 in the case of a foreign

substance with no nucleation activity. From the fitted

plots and the calculated results shown in Fig. 10 and

Table 2, the W values were 0.607 and 0.590 for PP/

PTFE (99/1) and PP/PTFE (97/3), respectively. Both

values were lower than 1, and this suggested that the

PTFE nanofibrils acted as a nucleating agent. The

decrease in the W value with the PTFE content

implied that the nucleation effect was strengthened

by the presence of more nanofibrils. This result was

supported by the higher Tonset and Tp values of the

fibrillated composites compared with those found for

the neat PP.

Polymer crystallization is a process involving the

rearrangement of chains, and it ranges from a ran-

dom to an ordered structure. It consists mainly of two

steps of nuclei formation and crystal growth. The

crystallization rate is affected by both the nucleation

and crystal growth rates. The rate of nucleation could

be significantly promoted by the heterogeneous

nucleation schemes caused by the second phase. At

the same time, the existence of the second phase may

produce a negative effect on crystal growth by hin-

dering the movement of the matrix molecules

[47–49]. Firstly, the large surface area of the nanofibril

second phase increases the resistance of the matrix

molecules’ mobility, and thereby, increases the

matrix’s viscosity. Moreover, the large number of

crystal nuclei caused by the second phase increases

the interaction between the crystals and then increa-

ses the entanglement of the matrix molecules [47].

Therefore, these crystals themselves, together with

the second phase, have inhibited the ability of the

polymer chains to move and hindered the crystal

growth, which has had a negative influence on crystal

growth. Therefore, the polymer’s apparent crystal-

lization rate resulted from the combination of these

two factors.

Under non-isothermal crystallization, the added

PTFE nanofibrils acted as a nucleating agent, and this

produced a remarkably elevated crystallization tem-

perature (Fig. 3) and improved nucleation activity

(Table 2) in PP. Such effects were enhanced by the

increased amount of nanofibrils. However, the inhi-

bition influence was also taken into account due to

the presence of the fibril networks (Fig. 2). These

networks restrained the polymer chain motion and

increased crystal-crystal interaction, and thus impe-

ded crystal growth during the crystallization process.

Such inhibition might have increased the activation

energy (DE) barrier. In the PP/PTFE (99/1), the low

PTFE content and the limited number of crystal

nuclei made the inhibition effect relatively weak. The

nanofibrils’ positive influence on the crystallization

process was dominant. Therefore, the crystallization

rate was accelerated accordingly, and it showed

decreased F(T) values, which required a cooling rate

for a defined relative crystallinity at the unit time, in

contrast to the neat PP. Moreover, the DE value was

slightly increased because the inhibition effect was

weak. However, in the case of PP/PTFE (97/3), the

larger number of crystal nuclei caused by the larger

number of PTFE nanofibrils greatly increased the

entanglement of the PP molecules. Moreover, the

restriction of a high PTFE content on the movement

of the PP molecule should not be neglected. As a

result, the fibril networks’ negative influence became

overwhelming, and this increased the F(T) value to

even higher than that for the neat PP. Accordingly,

the DE value sharply increased.

Figure 10 Plots of lnU versus 1/4Tp
2 for PP and PP/PTFE

nanofibril composites.

Table 2 Nucleation activity values of the neat PP and PP/PTFE

nanofibril composites

Sample B* B W

Neat PP – 7885.77 –

99/1 4790.97 – 0.6075

97/3 4656.40 – 0.5904
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Visualization of PP crystallization
with POM

POM micrographs of the isothermally crystallized PP

and PP/PTFE-fibril composites are shown in Fig. 11.

For PP, it is clear that the crystals existed mainly in

the spherulite morphology. A few crystal nuclei

appear in the supercooled melt of neat PP within

180 s By contrast, PP/PTFE composites show more

crystal nuclei within 180 s. Moreover, PP/PTFE (97/

3) had a higher crystal nuclei density than PP/PTFE

(99/1). The existence of a large number of neighbor-

ing crystals might generate higher chances of

molecular entanglement, thus decreasing the crystal

growth rate. Moreover, PTFE fibrils themselves

increased the resistance to PP molecule mobility (i.e.,

increased the viscosity), and thereby decreased the

crystal growth rate [50]. Also, the larger the PTFE

content, the smaller was the size of PP spherulites.

For the neat PP, the time needed for the crystals to fill

the view window was 720 s, while for PP/PTFE (99/

1) and PP/PTFE (97/3) it was 300 s and 120 s,

respectively. This is ascribed to the heterogeneous

nucleation effect of PTFE fibers, which is consistent

with the results of nucleation activity. A similar

phenomenon has been found for other fibrillated

composites [51].

Figure 11 POM micrographs of neat PP and PP/PTFE composites isothermally crystallized at 140 �C. The scale bar is 50 lm.

Figure 12 WAXD profiles of the neat PP and the fibrillated

composites.
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Analysis of the crystal structure with WAXD

Figure 12 shows wide angle X-ray diffraction

(WAXD) curves of the neat PP and composites after

isothermal crystallization at 140 �C (under ambient

pressure). Both the PP and PP/PTFE nanofibril

composites showed typical a-crystal reflection sig-

nals: (110) at 2h = 14.1�, (040) at 16.9�, (130) at 18.6�,
(111) ? (041) at 21.1�, and (131) at 21.8�[52–54], which

means that addition of PTFE does not change the

crystal structure of PP under isothermal

crystallization.

Conclusions

In this study, PP/PTFE-fibril composites containing 1

and 3% PTFE were prepared by melt blending. The

morphological structure and non-isothermal crystal-

lization behavior of the composites were investigated

and compared to those of the neat PP. Kinetic anal-

ysis of the crystallization was also conducted.

In the composites, the PTFE had spatial-distribu-

tion networks that consisted of fine PTFE nanofibrils

with coarse junctions, and these arrangements

simultaneously enhanced and inhibited the crystal-

lization process. The crystallization was accelerated

for the composites containing 1% PTFE and then

depressed for the composites containing 3% PTFE

under non-isothermal conditions, which was ana-

lyzed using the Mo equation. Due to the combined

positive and negative effects caused by the nanofib-

rils, the activation energy was slightly increased at a

low PTFE concentration and was significantly boos-

ted by a high PTFE content. The addition of PTFE led

to the appearance of a large number of crystal nuclei.

Moreover, the existence of a large number of crystals,

together with PTFE itself, might suppress crystal

growth by hindering the molecular mobility and by

increasing molecular entanglement. For PP/PTFE

(99/3), the highest absolute value of DE corresponds

to the highest nucleating activity. Finally, PP and PP/

PTFE nanofibril composites showed the same crystal

structure.
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