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ABSTRACT: Poly(styrene-co-maleic anhydride) (SMA) ionomers were synthesized and designed as a new kind of nucleation agent

according to the crystallization theory for improving the crystallization of poly(ethylene terephthalate) (PET). The crystallization

behavior of PET with the addition of nucleation agents was investigated by differential scanning calorimetry, polarized-light micro-

scope, and X-ray diffraction (XRD). Avrami equation and Hoffman–Lauritzen theory are adopted for analyzing isothermal and non-

isothermal crystallization kinetics, respectively. The results show that the addition of 1 wt % SMA ionomers effectively accelerates the

crystallization rate and reduces the fold surface free energy of PET at high temperature regions. PLM results also indicated that the

crystals impinge on each other, thus decreasing the spherulite size for PET/SMA ionomers samples compared with PET. XRD mea-

surement revealed that the introduction of SMA ionomers does not change the crystal structure but indeed accelerates the crystallin-

ity of PET. The results clearly demonstrate that our synthesized SMA ionomers are an efficient nucleating agent for PET. VC 2014 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41240.
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INTRODUCTION

Studies related to the melting and crystallization behaviors of

semicrystalline polymers are of great importance in engineering

polymeric materials such as plastic molding and fiber spinning.

The resulting physical and mechanical properties of the prod-

ucts strongly depend on the extent of the crystallization and

crystal morphologies. Poly(ethylene terephthalate) (PET) is a

typical linear semicrystalline thermoplastic polyester with excel-

lent mechanical, physical, and chemical properties especially low

cost. However, one of the major drawbacks of PET is the rather

slow crystallization rate and high crystallization temperature

resulting in high mold temperature in injection molding proc-

essing, thus limiting its commercial utilization especially as

engineering plastics. Most study in this field has been focused

on the way of increasing the crystallization rate and decreasing

crystallization supercooling degree.1–12

Nucleation agents and nucleation promoting agents have been intro-

duced to improve the nucleation efficiency thus accelerating the crys-

tallization rate by providing more nucleation sites with the surface

for easy crystal growth.13 In general, not only can nucleation agents

direct the development of a given crystalline polymorph, but also

have a strong influence on the overall crystallization kinetics, the

spherulite size, and its distribution and the physical properties of

final products.9,14 Now a lot of study reported that the addition of

the nucleation agents to polymer matrix is one of the most efficient

methods to improve the crystallization rate of PET.1,15–17 Nucleation

agents are usually low molecular weight organic and inorganic com-

pounds. Inorganic nucleating agents can behave as heterogeneous

substrates in lowering the energy barrier for crystal nucleation, but

the problem of compatibility and dispersion abilities is difficult to

solve. Organic nucleating agents can dissolve in the polymer and

react with the molten macromolecules to form homogeneous sys-

tem, which cannot provide a large number of interfaces for crystalli-

zation and crystal growth. According to the crystallization theory,

these requirements are necessary for designing effective nucleation

agents. First of all, nucleation agents should have good compatibility

with polymer matrix when melt blending.18,19 Secondly, effective

nucleating agents should be solid phase and have good thermal sta-

bility at the crystallization temperature of polymers. Furthermore,

nucleation agents can provide more interfaces for polymer crystalli-

zation.20,21 In this regard, metal salts of polymers, named ionomers,

can server in this role,17,22,23 and reduce the degree of supercooling

of polymers by increasing the onset of crystallization temperature. In

fact, ionomers have been used as nucleation agents to increase the

crystallization rate of PET, such as ethylene-sodium methacrylate
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copolymers (trade name Surlyn),24 ethylene-sodium acrylate copoly-

mers (trade name AClyn),25,26 poly(styrene-block-acrylate-kalium)

copolymers.27 However, Berti et al.28 reported the crystallization rate

of PET decreased with the ionic group (ASO3Na) content by blend-

ing sodium salt of n-butyl-2-sulfobenzoate (2-SBABE) ionomers

with PET. In contrast, the ionomers containing carboxylate played

an effective role in acting as nucleation agents for PET due to the

reaction of carboxylate and PET chain end. Therefore, the good com-

patibility between the nucleation agent and PET matrix is one of the

most important factors to design effective nucleation agents. Maleic

anhydride (MA) copolymers or grated polymers are often used to

improve the compatibility of PET with polymers. For instance, the

effect of MA grafted linear low-density polyethylene (LLDPE-g-MA)

on thermal properties and morphology of recycled PET was studied

by Zhang et al.29 The results showed that lower LLDPE-g-MA con-

tent benefited the formation of PET crystal cell on the interface.

However, crystallinity of PET decreased with the increase of LLDPE-

g-MA content because PET-co-LLDPE-g-MA copolymers might

destroy regular structure of PET chain thus restricting PET chain

from entering into crystal cells. Yoon et al.30 investigated the proper-

ties of PET and PP-g-MA reactive blends and found that MA

improves the compatibility between PP and PET. They also reported

the effect of the addition of poly(styrene-co-maleic anhydride)

(SMA) on the rheology, morphology, and mechanical properties of

blends of PET and SMA due to the improved miscibility of PET with

SMA.31 Unfortunately, the crystallization behavior was not reported.

Based on this, we try to design a new kind of nucleation agent,

which not only has a good compatibility with PET matrix but

also can easily be made into ionomers. To confirm our idea, we

aim at studying the effect of SMA ionomers with different

molecular weights and ratios between the monomer MA and

styrene on the crystallization behaviors of PET.

EXPERIMENTAL

Materials

PET with intrinsic viscosity of 0.9 dL/g was produced by Sinopec

Yizheng Chemical Fiber Company Limited, China. Commercial-

ized SMA random copolymer (trade name SE26080), denoted by

SMA1 was purchased from Polyscope, The Netherlands. We syn-

thesized SMA with different molecular weights named SMA2 and

SMA3, with free radical polymerization in cyclohexanone with

benzoyl peroxide (BPO) as initiator. All of these three types of

SMA copolymers were dissolved in tetrahydrofuran (THF) and

poured dropwise into methanol and this process was repeated at

least three times in order to purify the SMAs. The SMAs were fur-

ther purified with Soxhlet extraction method with toluene as the

solvent for at least 24 hours in order to remove the unreacted

monomers and a small amount of polystyrene homopolymer. MA

and BPO were purchased from Alfa Aesar and recrystallized three

times from chloroform. Styrene (St) and cyclohexanone were

obtained from Sinopharm Chemical Reagent Co., Ltd and redis-

tilled to remove water and inhibitor. Other chemicals were pur-

chased from the Sinopharm Chemical Reagent Co., Ltd and all of

them were analytical grade and used without further purification.

Preparation of Ionomers and PET/Ionomers Blends and

Characterization of Ionomers

Firstly, methanol solution of sodium hydroxide was added drop-

wise into SMA copolymer solution of dioxane (0.1 g/mL) at

room temperature and SMA ionomers were precipitated from

the solution. Then the precipitated ionomers were dissolved in

methanol again and precipitated in toluene, repeating this treat-

ment at least three times to ensure removing the additional

sodium hydroxide. The final products were dried at 60�C in the

vacuum oven for 24 hours. PET was dried at 110�C for 24

hours in the vacuum oven prior to use to prevent hydrolysis

during the processing. Then PET was mixed with 1 wt % SMA

ionomers in the Kechuang XSS-300 torque rheometer made in

China at 280�C with twin-screw speed of 80 rpm for 5 min in

an internal batch mixer for further study. All the samples were

quenched in iced water when taken from the rheometer.

The molecular weight and polydispersity index (PDI) of the

prepared SMA copolymers were determined by a gel permeation

chromatography (GPC) with THF as solvent at a flow rate of

1.0 mL/min at room temperature on HP 1100 with a series of

columns (Phenogel 100 A, Phenogel 100 KA, Phenogel mix)

using refractive index (RI) and ultraviolet (UV) detectors. The

injection volume was 20 lL of 0:5% copolymers in THF. The

molecular weight and PDI were based on a linear calibration

curve constructed with polystyrene standards with low polydis-

persity (Mn 5 800, 2000, 4000, 9000, 30,000, 50,000, 100,900,

and 233,000). GPC curves are shown in Figure 1 with extracted

values listed in Table I.

Fourier transform-infrared (FTIR) spectra were recorded on a

Nicolet 6700 with DTGS detector at wavenumbers between 400

and 4000/cm and with 64 scans being taken at 4/cm resolution.

Element analysis for C, H, and O was carried on the VarioEL-

III element analyzer. 13C NMR and 1H NMR spectra were

Figure 1. GPC curves of SMA copolymers. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Table I. The Molecular Weight and PDI of SMA Copolymers

SMA1 SMA2 SMA3

Mn (g/mol) 39,100 13,300 31,050

Mw (g/mol) 66,100 16,800 56,960

PDI 1.69 1.26 1.83
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recorded on Bruker DMX 500 MHz at 25�C with acetone-d6 as

solvent at a resonance frequency of 500 MHz to study the ratio

of MA to styrene and sequence distribution. For the analysis of

sequence distribution, overlapping peaks were integrated after

Lorentzian deconvolution of the spectra using the deconvolu-

tion option implemented in the MestReNova NMR-software.

The thermal stability behavior of SMA ionomers was investi-

gated by TA thermogravimetric analyzer (TGA) Q5000 instru-

ment at the heating rate of 20�C/min from room temperature

to 700�C in the nitrogen atmosphere.

Crystallization Behavior Measurements

The isothermal and non-isothermal crystallization behaviors of

PET-based samples were investigated by differential scanning

calorimetry (DSC) in a TA instruments DSC-Q2000 in the

nitrogen atmosphere. To investigate the isothermal melt-

crystallization and melting behavior, the samples with 3–5 mg

were heated to 280�C rapidly and maintained for 5 min to erase

the previous thermal history under the standard mode for DSC,

then cooled to the target crystallization temperature Tc at a rate

of 200�C/min and maintained at that temperature for at least

60 min for completing crystallization of the samples. The

enthalpy evolved during the isothermal crystallization was

recorded as a function of time at different Tc. The samples were

subsequently heated to 280�C at a heating rate of 10�C/min to

obtain the corresponding melting behavior. The values of melt-

ing temperature Tm and enthalpy of fusion DHf of the samples

were calculated from the peak temperature and the area under

the endothermic peak, respectively. To investigate the non-

isothermal crystallization, the samples also needed to erase the

Figure 2. FTIR spectra of SMA (a) and its ionomers (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. NMR spectra of SMAs with peak assignments: (a) 1H NMR; (b) 13C NMR. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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previous thermal history and then cooled at various rates from

280�C to 50�C in order to observe non-isothermal melt-crystal-

lization behavior (cooling curve). The data of DSC were ana-

lyzed by TA universal analysis software.

The polarized-light microscope (PLM) from Olympus with a

hot stage (model THMS-600, Linkam, United Kingdom) and

video camera was used to investigate the crystallization mor-

phology. The samples were sandwiched between two microscope

cover slips and placed on the hot stage under the nitrogen

atmosphere. Next, the samples were rapidly heated to 280�C
with a heating rate of 100�C/min and pressed to a thin film

with a thickness of approximate 10 lm and held there at 280�C
for 5 min to erase the previous thermal history. Then the film

was rapidly quenched at a cooling rate of 130�C/min to Tc and

maintained at that temperature for completing crystallization of

the samples. The growth of spherulites as a function of time

was recorded by a CCD camera.

X-ray diffraction (XRD) analysis was performed with the X’Pert

PRO model (PANalytical B.V., The Netherlands) wide-angle

X-ray diffractometer with a Cu anode, running at 40 kV and

40 mA, scanning from 5� to 60� at 3�/min. The samples used in

XRD analysis were compression-molded with two silicon wafers

at 280�C in a glove box to isolate water and oxygen then the

covered silicon wafers were peeled off. The thickness of samples

were approximately 10 lm. All samples needed to be held at

280�C for 5 min to erase the previous thermal history and then

quenched into liquid nitrogen to get the amorphous samples.

The amorphous samples were used to do the XRD analysis

firstly. After that, the amorphous samples were rapidly moved

to heating stage at 220�C for at least 2 min for isothermal crys-

tallization and then quenched into liquid nitrogen. For compar-

ison, PET sample was further hold at 220�C for 60 min in order

to obtain the fully crystallized sample and then quenched into

liquid nitrogen.

RESULTS AND DISCUSSION

Synthesis and Characterization of SMA and its Ionomers

MA itself does not homopolymerize and the reactivity ratio

between St and MA is r150:04 (ratio of St homopolymerization

rate to St/MA copolymerization) and r250:015 (ratio of MA

homopolymerization rate to St/MA copolymerization) in the

free radical polymerization. Therefore, MA copolymerization

with St has a strong tendency toward alternation especially

under the feed mole ratio of styrene and MA of 1 :1.2 in our

experiments. These copolymers therefore need to be purified

with Soxhlet extraction method by toluene for at least 24 hours

in order to remove the unreacted monomers and a small

amount of polystyrene homopolymer.

From FTIR spectra of SMA polymers shown in Figure 2(a), the

strong absorption peaks at 1778 and 1857 cm21 are characteris-

tics of the anhydride.32 The peaks at 1455and 1495 cm21 corre-

spond to phenyl ring. The peaks at 2927 and 3031 cm21 are

assigned to the absorption of methylene and methine on the

polymer chain. Therefore, it is confirmed that the poly(styrene-

alt-maleic anhydride) copolymers have been synthesized success-

fully. The FTIR spectra of SMA ionomers in Figure 2(b) show a

strong absorption at 3432 cm21 assigned to the absorption of

carboxylate. Moreover, peaks corresponding to the structure of

SMA are blue-shifted slightly due to the salinization effect.

The element analysis and 1H NMR measurements were used to

calculate the mole ratio between MA and styrene. We assume

that the mole ratio of styrene to MA is x : 1, which can be cal-

culated by eq. (1) based on the element analysis and eq. (2)

based on the 1H NMR spectra shown in Figure 3(a). The chem-

ical shift of protons in CH2, CH, and benzene ring was marked

in the spectra, mainly referring to the literature.33 The mole

ratio of St and MA can be calculated based on the integrated

area under corresponding peaks of proton Hc and Hd. The

ratios of integrated area of corresponding peaks of proton Hc

and Hd for the three SMA copolymers are 1 : 7.9, 1 : 2.7, and

1 : 2.8, respectively. The calculated results are concluded in

Table II. The mole ratio between MA and styrene of SMA1 is

about 1 : 3, while the mole ratios between MA and styrene of

SMA2 and SMA3 are about 1 : 1. The mole ratios by the two

measurements are almost consistent.

8x14ð Þ312

1633
5

Cðwt %Þ
Oðwt %Þ (1)

2

5x
5

Integrated areaðHc Þ
Integrated areaðHdÞ

(2)

Figure 3(b) shows 13C NMR spectra of SMA with structural

assignments, mainly referring to the literature.34–36 The chemi-

cal shift of characteristic carbons in MA and styrene was

Table II. Element Analysis Results of SMA

C
(wt %)

H
(wt %)

O
(wt %)

Mole
ratioa

Mole
ratiob

SMA1 81.1 5.9 12.6 2.71 : 1 3.16 : 1

SMA2 70.9 4.8 24.1 0.97 : 1 1.08 : 1

SMA3 70.1 4.9 24.7 0.92 : 1 1.12 : 1

Mole ratioa: mole ratio of styrene to MA calculated by element analysis;
Mole ratiob: mole ratio of styrene to MA calculated by 1H NMR.

Figure 4. TGA and their differential curves of SMA ionomers. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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marked in the spectrum. The chemical shift of carbon of C@O

in MA appears at about 173 ppm, that of No. 1 and No. 7 car-

bons in styrene appears at about 140 and 35 ppm, respectively.

From Figure 3(b), the peak at 140 ppm for SMA1 is quite

clearly separated into two peaks, and the resonance of No. 7

carbon corresponding to alternating copolymer is relatively

weak. All of these evidences reflect that SMA1 is a random

copolymer. In contrast, there is only one peak at 140 ppm and

there is a clear resonance of No. 7 carbon for SMA2 and SMA3.

Therefore, we conclude that the monomer sequence distribution

for SMA2 and SMA3 should be alternating copolymers.

Thermal Stability Behavior of SMA Ionomers

Figure 4 shows the TGA and their differential curves of the

SMA ionomers. All the degradation temperature was measured

from the thermogram curve by onset extrapolation. It is clear

that the degradation temperature of these three ionomers is

above 300�C, suggesting that the ionomers remain the solid

states without degradation thus providing nucleating sites

around which the PET spherulites can form. The anhydride of

SMA has been salinized by sodium hydroxide and cannot been

degraded, which leads to the different residues among the SMA

ionomers. Furthermore, sodium anhydride can directly react

with PET,29 resulting in the formation of the clusters between

ionomers and the functional groups of PET chain end.25 There-

fore, the interactions of SMA ionomers with PET chain might

provide heterogeneous nucleus sites and decrease the fold sur-

face free energy at the crystallization process of PET, as dis-

cussed in the following DSC measurements.

Isothermal Crystallization Behavior of PET and PET/SMA

Ionomers

The crystal growth process can be influenced or even controlled

by the nucleation behavior, necessitating to distinguish the

nucleation type in the crystallization process. For most cases of

interest, isothermal crystallization can be used to describe the

Figure 5. Plots of ln 2ln 12X tð Þ½ �f g versus lnt for isothermal crystallization with each curve showing only the linear portion. (a) PET; (b) PET/SMA1-

Na; (c) PET/SMA2-Na; (d) PET/SMA3-Na. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nucleation type and growth rate. Although many methods and

theories were used to study the isothermal crystallization, the

Avrami analysis has been the most widely applied approach to

describe the information, such as analyzing the nucleation

mechanism, comparing the crystallization rate of polymers.

Equation (3) is commonly termed as the Avrami equation:37,38

ln 2ln 12X tð Þ½ �f g5nln t1ln Kt (3)

where X tð Þ is the relative crystallinity at different crystallization

time. The exponent n is usually termed as Avrami exponent,

which is influenced by the molecular weight,39 nucleation

type,40 secondary crystallization,41 and has a weak relationship

with the temperature.42 From a graphic representation of ln

2ln 12X tð Þ½ �f g versus ln t according to eq. (3), n is valued as

the slope of the straight line and the natural logarithm of crys-

tallization kinetic constant ln Kt as the intercept. In the induc-

tion period of crystallization, the crystal nuclei are unstable and

during the later stage of crystallization the impingement of two

adjacent growing centers causes a cessation of their growth. The

both cases lead to some deviation from normal Avrami theory.

Therefore, the area of X tð Þ from 0.02 till 0.3 was selected to be

applied in the Avrami equation for PET crystallization in this

article. The crystallization rate of polymer can also be character-

ized by the half-time of crystallization t1=2, which is defined as

the time taken from the onset of the relative crystallization until

50% completion in the isothermal crystallization process. The

t1=2 can be calculated from eq. (4).

t1=25 ln 2=Ktð Þ1=n
(4)

Thus, t1=2 is related to Kt and n. In order to analyze the effect

of temperature on the crystallization behavior, plots of ln

2ln 12X tð Þ½ �f g versus ln t at different crystallization tempera-

tures are shown in Figure 5 and the related parameters extracted

from Figure 5 are summarized in Table III.

It is observed that the crystallization shifted to longer time with

increasing in the crystallization temperature both for PET and

PET with the addition of SMA ionomers. For neat PET, t1=2

increases 73 and 321 s each degree rise in Tc for Tc 5 210�C–

220�C and Tc 5 220�C–226�C, respectively. In contrast, for

PET/SMA1-Na, t1=2 increases 36 and 85 s each degree rise in Tc

for Tc 5 226�C–230�C and Tc 5 230�C–234�C, respectively.

Therefore, the neat PET crystallization is more sensitive to the

crystallization temperature than that of PET/SMA ionomers,

because PET needs larger supercooling degree to trigger the

chain orientation. From Table III, it is clear that the intercept

value ln Kt decreases with increasing isothermal crystallization

temperature. Moreover, ln Kt of PET/ SMA ionomers is larger

than that of PET even if the isothermal crystallization tempera-

ture is 20�C higher than that of PET. Besides, the t1=2 of PET/

SMA ionomers samples in isothermal crystallization is shorter

than that of PET. As discussed later, this is related to the differ-

ence in the crystallization process for PET and PET/SMA ion-

omers blends. The crystallization of PET/SMA ionomers

proceeds mainly via heterogeneous nucleation and the number

of heterogeneous nuclei in PET/SMA ionomers due to the addi-

tion of SMA ionomers is much larger than that in PET while

PET proceeds by both heterogeneous and homogeneous nuclea-

tion mechanisms. Therefore, SMA ionomers can increase the

crystallization rate of PET. Furthermore, there is another impor-

tant trend reflected from Figure 5 and Table III. The crystalliza-

tion rate constants Kt gradually increase from SMA1 to SMA2

and SMA3 ionomers at the same crystallization temperature

and the crystallization half-time is shorter with this trend. These

results indicate that the nucleation effect of SMA ionomers is

strengthened with increasing the content of MA in SMA copoly-

mers because SMAs with more content of MA have better com-

patibility with PET matrix. Therefore, the good compatibility of

nucleation agents with PET matrix is of great importance to act

as nucleation agents. Furthermore the nucleation effect of SMA

ionomers is slightly influenced by the molecular weight and

PDI of SMA copolymers. SMA ionomers with higher molecular

weights do not improve the nucleation process and the effect is

not obvious, which will also be discussed in the following part

of non-isothermal crystallization process. Polymer chain needs

larger supercooling degree to trigger the orientation. Therefore,

it is difficult for PET chain to undergo three-dimensional (3D)

growth at higher temperatures. But for PET/SMA ionomers

samples, the orientation of polymer chains can be accelerated

by the nucleation agents at higher temperatures thus tending to

3D growth.

Figure 6 shows optical micrographs taken at various isothermal

crystallization temperatures to investigate time-dependent

spherulite growth with the initial melt conditions. The spheru-

lite size increases with the time evolution for isothermal crystal-

lization at 220�C for both PET in Figure 6(a–d) and PET/SMA

ionomers in Figure 6(i–k), respectively, and at 230�C for PET in

Figure 6(e–f). For PET, the crystal stopped growing until 300,

420, and 180 s for isothermal crystallization at 220�C, 230�C
and at 210�C and 215�C, respectively; while for PET/SMA ion-

omers, the crystal stopped growing about at 90 s at 220�C, indi-

cating that SMA ionomers indeed accelerate the crystallization

rate of PET. We note that the observed crystallization time is

about 30 min for each temperature and the pictures (not shown

here) are almost the same as the final phase pictures shown in

Figure 6. From Figure 6, the spherulite grows slowly with tem-

perature increasing. Moreover, the nucleation density decreases

Table III. Parameters of Isothermal Crystallization from Avrami Equation

Samples Tc(oC) ln Kt n t1=2(s)

PET 210 26.85 3.79 332

220 28.63 2.87 1067

226 210.58 2.60 2996

PET/SMA1-Na 226 22.78 2.60 151

230 24.89 2.80 299

234 27.27 2.90 639

PET/SMA2-Na 226 21.49 2.58 93

230 23.27 2.74 173

234 25.63 2.85 380

PET/SMA3-Na 226 21.41 2.40 93

230 23.01 2.58 167

234 25.69 2.83 396
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and the final spherulite diameter at which crystals stop growing

increases with increasing crystallization temperature. In particu-

lar, the nucleation sites are almost unchanged during the spher-

ulite growth at the same view field of microscope for isothermal

crystallization at 230�C, shown in Figure 6(e,f). This indicates

that nucleation type of PET is heterogeneous nucleation con-

trolled at higher crystallization temperatures due to the remain-

ing catalyst or impurities as heterogeneous nucleation agents.

For homogeneous nucleation, nucleation occurs spontaneously

and randomly and thus nucleation sites are randomly

Figure 6. The time evolution of crystal morphologies with polarized optical microscope for PET isothermal crystallization at 220�C in (a–d) 230�C in

(e, f), 215�C in (g) and 210�C in (h), respectively. PET/SMA3 ionomer isothermal crystallization at 220�C in (i–k). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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distributed. Comparing the results of isothermal crystallization

at the same microscopic view field at relatively lower tempera-

ture such as 215�C and 210�C in Figure 6(g,h) as that of 230�C
in Figure 6(f), the number of spherulites increases with decreas-

ing the temperature although there are still some spherulites

sites unchanged. This reflects that both homogeneous and het-

erogeneous nucleation occur for PET in relatively low crystalli-

zation temperature. Since the homogeneous nucleation barrier

is intrinsic characteristics of polymers, increasing the supercool-

ing degree will initiate the large driving force for the formation

of homogeneous nuclei.43 The crystallites of a stable phase need

to exceed a critical size in order to develop a new phase accord-

ing to the classical nucleation concept. In contrast, for heteroge-

neous nucleation, the critical size is not influenced by the

temperature at large supercooling degree since the critical

nucleus cannot be smaller than the molecular scale.44 Figure

6(i–k) show that the spherulite size of PET sharply decreases

with the addition of SMA3 ionomers. We note that SMA1 and

SMA2 (not shown here) exhibit the same behavior as SMA3.

This indicates that SMA ionomers provide a large number of

nucleation sites, which increase the density of nucleus and thus

accelerating the crystallization rate of PET.

The final spherulite crystal size of PET obtained by isothermal

crystallization at a specific temperature depends on the density

of nuclei. Due to introduction of a large number of nuclei by

adding SMA ionomers, the spherulite crystals in PET/SMA ion-

omers samples instantaneously grow and subsequently are lim-

ited to grow due to impingement of adjacent spherulites.

Therefore, Avrami exponents and the spherulite diameter

decreased. Moreover, Avrami exponents are non-integer in our

experiments. This was explained by Long et al.45 who stated

that the true nucleation rate and growth rate qc/q1 (where qc

and q1 are the crystal and liquid densities, respectively) will

change during the process of crystallization.

The Fold Surface Free Energy Based on the Hoffman–

Lauritzen Theory

For polymer crystallization, the driving force mainly comes

from the internal energy generated from the excess of thermo-

dynamic free energy in the system, which comes from the trans-

port of the molecules from the disordered liquid phase (melt or

solution) to the ordered solid phase (crystal), and from the

rotation and rearrangement of the molecules at the surface of

the crystal.45 Based on the classical thermodynamic concept of

nucleation by Gibbs theory46 and Turnbull and Fisher theory,47

Hoffman and Lauritzen obtained the spherical crystal growth

rate G as follows.40,45

G5G0exp 2
U �

RðTc2T1Þ

� �
exp 2

Kg

TcDTf

� �
(5)

f 52Tc= T 0
m1Tc

� �
(6)

DT5T 0
m2Tc (7)

T15Tg 2C (8)

Kg 5zbrreT 0
m=ðDHf kBÞ (9)

where G0 is a temperature-independent pre-exponential term,

U � is the activation barrier to transport molecules from the

melt to the crystal surface equaling to 6284 J=mol.48 R is the

universal gas constant. Tc is the crystallization temperature. T1
is the temperature below which the transport ceases. Kg is the

nucleation parameter. DT is the supercooling degree in eq. (7).

f is an approximate correction factor, taking into account the

fact that the fusion changes with supercooling. T 0
m is the equi-

librium melting temperature. Tg is the glass transition tempera-

ture. C is usually treated as an adjustable parameter at about

30�C derived experimentally.45 z depends on the crystallization

regimes of PET45 with the value of 4 for crystallization regime I

and III, and 2 for regime II. b is the monomolecular layer thick-

ness, taken from the perpendicular separation of (0 1 0) planes,

which is 5.53 Å.49 r is the side surface free energy of polymer

crystal and re is the fold surface free energy. DHf is the

enthalpy of fusion per unit volume with the value of 2:13108

J=m3.49 kB is the Boltzmann constant.

In order to obtain the fold surface free energy in the polymer

crystallization process, the equilibrium melting temperature T 0
m

is needed to calculate the supercooling degree. Hoffman and

Figure 7. Hoffman–Weeks plots of the melting temperature Tm versus Tc

for PET and PET/SMA ionomers to determine the equilibrium melting

temperature T 0
m. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Lauritzen–Hoffman plots of ln 1
t1=2

� �
1 U �

R Tc 2T1ð Þ versus

1= TcDTfð Þfor isothermal crystallization of PET and PET/SMA ionomers.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Weeks plots50 are often used to determine T 0
m based on the

observed linear relation between the melting temperature Tm

and Tc. Tm can be obtained by reheating the crystallized samples

at a rate of 10�C/min. The intersection point of the linear

extrapolation of Tm versus Tc where Tm5Tc is T 0
m. The equilib-

rium melting temperature T 0
m corresponds to the melting tem-

perature of the extended-chain crystals with infinite thickness,

which should be independent of whether the nucleation agent is

added or not. According to plots of Tm versus Tc , shown in

Figure 7, the value of T 0
m for PET is 548.39 K, which is close to

the value of 547.15 K reported in the literature.51 The calculated

values of T 0
m for PET with SMA ionomers are about 540 K,

which shows a slight decrease compared with PET. We suppose

that this discrepancy is in the range of extrapolated errors based

on different isothermal crystallization temperature ranges

selected for studying the isothermal crystallization kinetics of

PET and PET with nucleation agent, although T 0
m of PET

decreased by nucleation agent was reported by the

literatures.16,52

The crystallization half-time t1=2 can also be used to represent

the crystallization rates at different temperatures, which was

proposed by Chan and Isayev.53 Equation (5) can be rewritten

as:

1

t1=2

5
1

ðt1=2Þ0
exp 2

U �

R Tc2T1ð Þ

� �
exp 2

Kg

TcDTf

� �
(10)

where 1=ðt1=2Þ0 is a temperature-independent prepositional fac-

tor. Plots of ln 1
t1=2

� �
1 U �

R Tc 2T1ð Þ versus 1
Tc DTf

for isothermal crys-

tallization of PET and PET/SMA ionomers shown in Figure 8

can provide the nucleation parameters Kg (the negative value of

the slope of the fitting line) according to eq. (10) and the values

are listed in Table IV. From Figure 8, there is no obvious change

in the slope of each curve in our examined temperature ranges,

showing no change of the crystallization regime. The values of

rre can be calculated from eq. (9), where z is related to crystal-

lization regimes of PET. According to the literature, PET crystal-

lization kinetics follows regime I at high crystallization

temperature (above 490 K), and the value of z is 4. The crystal-

lization kinetics of PET/SMA ionomers samples in this work

belongs to this regime. While the crystallization temperature is

below 490 K, the regime II is operative and the value of z is 2.

The crystallization kinetics of PET sample belongs to this

regime. Next, combining eqs. (9) and (11), we obtain eq. (12)

to calculate the fold surface free energy re.

r5aDHf a0b0ð Þ1=2
(11)

re5
Kg

T 0
m

kB

zbaða0b0Þ1=2
(12)

where a is derived experimentally to be 0.11 by analyzing the

known behavior of hydrocarbons.49 The unit cell dimensions, a0

and b0 for PET are 4.57 and 5.95 Å,54 respectively. The re values

calculated from eq. (12) are listed in Table IV. The re value of

PET is in agreement with the previous references.49 re is also an

important parameter to characterize the crystallization rate of

polymers. The smaller the fold surface energy, the faster the

crystallization rate of polymers. The addition of SMA ionomers

can lower the fold surface free energy thus improving the crys-

tallization rate of PET. Moreover, the fold surface free energy

decreases with increasing the content of MA in SMA

Table IV. Parameters Obtained from DSC Experimental Data According to Hoffman and Lauritzen Treatment for PET and PET/SMA Ionomers

PET PET/SMA1-Na PET/SMA2-Na PET/SMA3-Na

Kg (K2) 2:853105 2:263105 1:803105 1:863105

re (mJ=m2) 110.6 44.4 35.5 36.4

Figure 10. Non-isothermal melt-crystallization exotherms of PET and

PET/SMA ionomers at two cooling rates: (a) 5�C/min; (b) 10�C/min.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9. Typical heating and cooling DSC curves for PET. [Color figure

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

com.]
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copolymers, indicating that MA improves the compatibility

between PET and SMA.

Non-Isothermal Crystallization Behaviors of PET and PET/

SMA Ionomers

The studies of crystallization under isothermal conditions can be

used directly to understand the mechanism of nucleation process

and determine the crystallization rate of polymers. It is known

that crystallization occurs when cooling from the melt or heating

from the glassy state. In fact, non-isothermal crystallization is

more practical in polymer processing. Therefore, it is necessary

to analyze the non-isothermal crystallization behavior in order to

design optimum processing condition for obtaining products

with excellent properties. Figure 9 shows a typical heating and

cooling DSC curve for PET. Tg is the glass transition temperature,

Tcc is the cold crystallization temperature, DHcc is the enthalpy

of cold crystallization, Tm is the melting temperature, DHm is the

enthalpy of fusion, Tonset is the onset crystallization temperature

on cooling process, Tmc is the melt-crystallization temperature

and DHmc is the enthalpy of melt-crystallization, W1=2mc is the

half width of exothermal peak, which can reflect the crystalliza-

tion rate. The narrower half width of exothermal peak indicates

the faster the crystallization rate.

Figure 10 shows non-isothermal melt-crystallization exotherms

and the parameters extracted from Figure 10 are listed in Table V

for PET and PET/SMA ionomers at two different cooling rates. As

clearly shown in Figure 10 and Table V, the values of Tonset and

Tmc shift to higher temperature with the addition of SMA ionom-

ers compared with PET and the higher content of MA, the higher

temperature of Tonset and Tmc at the same cooling rate. The trends

are the same as the case of isothermal crystallization. The half

width of exothermal peak of samples also becomes narrow with

the addition of SMA ionomers. These results confirm that the

incorporation of a small amount of SMA ionomers such as 1 wt

% can accelerate the crystallization rate of PET and hence acting

as the nucleating agent for PET. The nucleating ability is ranked as

SMA2 � SMA3 > SMA1, with the same trend of isothermal crys-

tallization discussed above. Table V lists the degree of crystallinity

of samples, which was determined by comparison of the apparent

enthalpies with those of a 100% crystalline PET of 120 J/g accord-

ing to the report by Roberts.55 The results indicate that SMA ion-

omers increase the degree of crystallinity of PET at the same

cooling rate.

Crystal Structure of PET and PET/SMA Ionomers by XRD

Measurements

The characteristic X-ray peaks for both PET and PET/SMA ion-

omers occur at diffraction angles 2h of about 15�–30�, corre-

sponding to Figure 11. It is clear that, no peak is observed for

PET film held at 220�C for 2 min. Whereas, XRD results of

PET with SMA ionomers as nuclearing agents show that the

crystallites are well formed referring to the powder diffraction

file (PDF) and previous references.49,56–58 These results further

confirm that the addition of a small quantity of SMA ionomers

indeed accelerates the crystallization of PET.

According to the above DSC results, provided that the samples

were held at 220�C for above 60 min, fully-crystallized PET can

be obtained. From Figure 11, comparing XRD results of the fully

crystallized PET and PET/SMA ionomers samples, it is evident

that the main peak positions do not shift at the same 2h degree.

Based on the Bragg formula, the interplanar crystal spacing can

be calculated, which is 3.32, 3.74, 4.82, and 5.22 Å, respectively,

corresponding to triclinic crystal form.54,57 The lattice parameters

are calculated as a54:54Å, b55:92Å, c510:77Å, a599:92�, b5

Table V. Non-Isothermal Crystallization Parameters Based on Different Cooling Rate Curves

Samples Ua �C/min Tonset
�C Tmc

�C W1=2mc
�C DHmc J=g XDSC

b %

PET 5 204.9 186.8 21.9 36.1 30.1

10 198.5 179.6 25.6 34.5 28.8

PET/SMA1-Na 5 220.3 215.4 6.5 49.2 41.0

10 215.3 210.5 6.6 39.9 33.3

PET/SMA2-Na 5 224.2 220.2 4.9 51.1 42.6

10 217.2 213.1 5.6 43.6 36.3

PET/SMA3-Na 5 223.7 219.6 5.1 50.6 42.2

10 217.4 213.2 5.7 42.1 35.1

a Cooling rate.
b Crystallinity extent. DH0

m5120J=g.

Figure 11. XRD patterns of PET and PET/SMA ionomers samples isother-

mally crystallized at 220�C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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118:22� and c5111:37�. Furthermore, the degree of crystallinity

(Xc) for each sample is estimated from the following eq. (13):59

Xc5

ð2h2

2h1

Ic 2hð Þd 2hð Þ
ð2h2

2h1

Ic 2hð Þd 2hð Þ1
ð2h2

2h1

Ia 2hð Þd 2hð Þ
3100% (13)

where the values of 2h1 and 2h2 used in this study are 10� and

40�, respectively. Ic(2h) is the diffraction intensity from the crys-

talline phase, and Ia(2h) is the diffraction intensity from the

amorphous phases. Ic(2h) is evaluated by using the annealed

samples at the crystallization temperature. Ia(2h) is evaluated by

using the melt-quenched (amorphous) samples. Curves fitting

and background subtracted XRD curves were performed via

Origin software. The values of crystallinity are 25.9%, 34.5%,

40.9%, and 41.0% for PET, PET/SMA1-Na, PET/SMA2-Na, and

PET/SMA3-Na samples, respectively, which is almost the same

as above DSC results. This indicates that the crystallinity of PET

is improved by the addition of SMA ionomers. Therefore, the

addition of SMA ionomers does not change the crystal structure

(still triclinic crystal), but improves the crystallization rate and

decreases the spherulite size.

CONCLUSIONS

SMA ionomers with different molecular weight and mole ratios

of MA and styrene were synthesized and designed as nucleation

agents for improvement of PET crystallization. Compared with

homogeneous nucleation, the heterogeneous nucleation is prone

to occur at lower supercooling degree. New nucleation sites are

created inside the PET matrix due to the introduction of only 1

wt % SMA ionomers, which leads to the change of nucleation

type and decrease of the spherulite size thus promoting the

crystallization rate of PET. The results also show that the effect

of SMA ionomers as nucleation agent for PET have little rela-

tionship with the molecular weight and PDI of SMA ionomers.

However, SMA2 and SMA3 copolymers with high content of

MA have a better compatibility with PET matrix than SMA1

copolymer, thus improving the nucleation effect of SMA ion-

omers. As nucleation agent for PET, the nucleating ability is

ranked as SMA2 � SMA3 > SMA1. Although the crystallization

rate and crystallinity of PET is improved by SMA ionomers, the

crystal structure is almost unchanged. In general, we conclude

that SMA alternative ionomers synthesized in our experiments

can act as effective nucleation agents during the crystallization

process of PET. A systematic study of SMA block ionomers as

nucleation agent is in progress. All the evidences confirm that

enough nucleation sites and excellent compatibility between

nucleation agent and the matrix are necessary requirements for

the effective nucleation agent. This work provides a fresh idea

to develop new nucleation agents for other polymers in the

future.
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