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ABSTRACT: The crystallization kinetics and morphology of poly(ethylene suberate) (PESub) were studied in detail with differential scanning

calorimetry, polarized optical microscopy, and wide-angle X-ray diffraction. The Avrami equation could describe the overall isothermal melt

crystallization kinetics of PESub at different crystallization temperatures; moreover, the overall crystallization rate of PESub decreased with

increasing crystallization temperature. The equilibrium melting point of PESub was determined to be 70.88C. Ring-banded spherulites and

a crystallization regime II to III transition were found for PESub. The Tobin equation could describe the nonisothermal melt crystallization

kinetics of PESub at different cooling rates, while the Ozawa equation failed. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43086.
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INTRODUCTION

Recently, more and more attention has been paid to the devel-

opment and research of some aliphatic polyesters because they

are promising biodegradable materials, due to their green, envi-

ronmentally friendly, and biodegradable nature.1 Aliphatic poly-

esters are usually susceptible to hydrolytic or enzymatic

degradation in natural environments and also have physical

properties comparable to many traditional thermoplastics.2

Among all the aliphatic polyesters, poly(ethylene succinate)

(PES) and poly(butylene succinate) (PBS) are two typical ones,

which not only have attracted considerable attention and inter-

est but also have been commercially available. Therefore, the

crystallization behavior, spherulitic morphology, spherulitic

growth kinetics, and melting behavior of PES and PBS have

been extensively investigated and reported in literature.3–15

Poly(ethylene suberate) (PESub) is also an aliphatic polyester,

and it can be derived from ethylene glycol and suberic acid via

a melt polycondensation method.16 It has a chemical structure

similar to that of PES but possesses more methylene units than

PES. Unlike the extensively investigated PES,5–8,13,17–29 only a

few works have focused on PESub.30–36 Turner-Joners and Bunn

studied the crystal structure of PESub in 1962 and determined

it to be a monoclinic unit cell with dimensions of a 5 5.51 Å,

b 5 7.25 Å, c (fiber axis) 5 14.28 Å, and b 5 114.300.30 Similar

results were also reported by other researchers.31–34 Bradbury

et al. studied the spectrum of oriented films of PESub with

polarized infrared fraction and found striking differences in the

spectrum between the amorphous and crystalline regions.35

Ueberreiter et al. studied and determined heat of fusion, melt-

ing temperature, degrees of crystallization, and entropies of

fusion of PESub.36 Keith et al. once observed unexpected mor-

phological changes in PESub upon blending with small concen-

trations (1%) of poly(viny1 butyral) (PVB) and found that the

blending with a small amount of PVB greatly decreased the

nucleation density of PESub spherulites.16

It is well known that the crystallization process greatly affects

the crystalline structure, morphology, mechanical and physical

properties, and degradation of aliphatic polymers.3,37–40 To the

best of our knowledge, the crystallization kinetics and morphol-

ogy of PESub have not been reported in detail in the literature

until now. Therefore, we investigated the crystallization kinetics

and morphology of PESub in detail with several techniques

under different crystallization conditions. This may be of great

importance and help for a better understanding of the crystalli-

zation kinetics and morphology and a wider application of

PESub from both academic and practical viewpoints.

EXPERIMENTAL

PESub (Mn 5 2.6 3 104 g/mol, Mw 5 8.2 3 104 g/mol) was syn-

thesized in our laboratory via a two-step melt polycondensation

method.41

A TA Instruments differential scanning calorimeter (DSC) Q100

(New Castle, Delaware) was used for the thermal analysis of

PESub under different crystallization conditions. All samples

were first annealed at 1008C for 3 min to erase any previous

thermal history before the following process. For the isothermal
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crystallization process, the samples were quenched to the prede-

termined crystallization temperature (Tc) as fast as possible,

crystallized for a period of time, and heated to 1008C at 108C/

min. For the nonisothermal crystallization process, the samples

were cooled to 2808C at various cooling rates and then heated

to 1008C at 108C/min.

The spherulitic morphology and growth rate of PESub were

studied by a polarized optical microscope (POM) (Olympus

BX51) (Tokyo, Japan) equipped with a temperature controller

(Linkam THMS 600) (Surrey, England). The spherulitic growth

rate (G) was obtained from the variation of radius (R) with

time (t): G 5 dR/dt.

The wide-angle X-ray diffraction pattern (WAXD) of PESub was

recorded on a Rigaku D/Max 2500 VB2t/PC (Tokyo, Japan) X-

ray diffractometer at a speed of 48/min from 58 to 508. The

WAXD was operated at 40 kV and 200 mA at room temperature.

RESULTS AND DISCUSSION

Isothermal Melt Crystallization Kinetics of PESub

The overall isothermal melt crystallization kinetics of PESub

was first performed with DSC in a wide range of Tc. Figure 1

demonstrates the development of relative crystallinity with crys-

tallization time for PESub at different Tc values from 48 to

568C. From Figure 1, with the increase of Tc, the required crys-

tallization time of PESub was prolonged, suggesting that the

crystallization process was retarded at higher Tc.

The overall isothermal melt-crystallization kinetics of PESub

was analyzed by the Avrami equation. The relative crystallinity

(Xt) develops with crystallization time (t) as follows:

1 2 Xt 5 exp 2ktnð Þ (1)

where n is the Avrami exponent, which depends on the nature

of nucleation and growth geometry of the crystals, and k is the

crystallization rate constant involving both nucleation and

growth rate parameters.42

As illustrated in Figure 2, the Avrami plots of PESub displayed

almost parallel straight lines, indicating that the Avrami method

could describe the overall isothermal melt-crystallization

processes. The n and k values were obtained from the Avrami

plots. For comparison, Table I lists all of the related parameters.

The n values slightly varied between 3.1 and 3.5; moreover, they

were not remarkably affected by Tc, indicating that the crystalli-

zation mechanism of PESub did not change in the investigated

Tc range and may correspond to a three-dimensional truncated

growth with thermal nucleation.43

Crystallization half-time (t0.5), the time required to achieve 50%

of the final crystallinity, was used for discussing the crystalliza-

tion kinetics of PESub. The t0.5 values were calculated according

to the Avrami equation:

t0:55
ln2

k

� �1=n

(2)

Table I includes the t0.5 values. From Table I, the t0.5 values

increased with an increase in Tc, indicative of a slower crystalli-

zation rate at higher Tc. Accordingly, the reciprocal values of t0.5

(1/t0.5) were used to compare the overall isothermal melt crys-

tallization rate. From Table I, 1/t0.5 decreased with the increase

of Tc, suggesting a slower overall isothermal crystallization rate

at higher Tc because of a smaller degree of supercooling. In

brief, the increase of Tc did not modify the crystallization mech-

anism but apparently reduced the overall isothermal melt-

crystallization rate of PESub.

Figure 3 illustrates the subsequent melting behavior of PESub

after crystallizing at the indicated Tc values. Despite Tc, PESub

only presented one melting endotherm; moreover, with increas-

ing Tc, the melting endotherm moved gradually to higher

temperature.

Figure 1. Plots of relative crystallinity versus crystallization time of PESub.
Figure 2. Avrami plots of PESub at indicated Tc values.

Table I. Isothermal Crystallization Kinetics Parameters of PESub

Tc (8C) n K (min2n) t0.5 (min) 1/t0.5 (min21)

50 3.3 7.4 3 1023 4.0 2.5 3 1021

52 3.5 3.7 3 1024 8.8 1.1 3 1021

54 3.5 1.9 3 1025 19.6 5.1 3 1022

56 3.3 6.1 3 1027 64.7 1.5 3 1022
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The equilibrium melting point (Tm
o) is an important parameter

of semicrystalline polymers, and it may be derived from the

Hoffmann2Weeks equation:

Tm5gTc1 ð12gÞT o
m (3)

where Tm corresponds to the apparent melting point at Tc, and

g may be regarded as a measure of the stability.44 On the basis

of the results shown in Figure 3, Figure 4 shows the Hoffman–

Weeks plot for PESub. From Figure 4, Tm
o was calculated to be

as 70.88C, and the g value was determined to be 0.45.

Spherulitic Morphology, Regime Transition, and Crystal

Structure of PESub

It is important to investigate the spherulitic morphology and

growth rate of PESub because they may affect its final physical

properties. In this section, the spherulitic morphology and growth

rate of PESub were studied with POM in a wide range of Tc. Figure

5 displays the POM images of PESub after completely crystallizing

at 50, 52, 54, and 568C. From Figure 5, PESub presented ring-

banded spherulites at all investigated Tc values. The formation of

ring-banded spherulites was probably attributed to the cooperative

lamellar twisting in the direction of radial growth.45

Figure 3. Melting behavior of PESub after isothermally crystallizing at

indicated Tc values.

Figure 4. Hoffman–Weeks plot of PESub.

Figure 5. POM images of PESub crystallized at (a) 50, (b) 52, (c) 54, and (d) 568C. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 6 summarizes the measured spherulitic growth rates of

PESub in a wide range of Tc. For instance, at a Tc of 508C,

PESub showed a G value of 7.8 lm/min, whereas it displayed a

G value of 1.0 lm/min at 568C. It was clear that the G values

decreased with the increase of Tc. Such reduction of G with

increasing Tc is very common in polymer crystallization.

To further study the spherulitic growth kinetics of PESub, the

secondary nucleation theory, that is, the Lauritzen–Hoffman

equation, was used to analyze the spherulitic growth rate of

PESub. On the basis of the secondary nucleation theory, the

spherulitic growth rate can be described as

G5G0 exp 2
U �

RðTc2T1Þ

� �
exp 2

Kg

Tc ðDTÞf

� �
(4)

where G0 is a pre-exponential factor, U* is the activation energy

for transporting the polymer chain segments to the crystalliza-

tion site, R is the gas constant, T1 is a temperature below

which the polymer chain movement ceases, DT is the degree of

supercooling described as Tm
0 2 Tc, f is a correction factor

accounting for the variation in the enthalpy of fusion given as

f 5 2Tc/(Tm
0 1 Tc), and Kg is the nucleation constant, given as

follows:

Kg5
mb0rreT 0

m

Dhf k
(5)

where r and re are the lateral-surface free energy and end-surface

free energy, respectively; b0 is the molecular thickness; Dhf is the

heat of fusion per unit volume; k is the Boltzmann constant; and m

is a constant dependent on the crystallization regime, which is equal

to 4 in regime I and III but 2 in regime II.46,47 According to the

Williams–Landel–Ferry equation, the values of U* 5 17,246.3 J/mol

and T15 Tg 2 51.6 K were used in this work.48

Figure 7 displays the Lauritzen–Hoffman plot for PESub. As

seen from Figure 7, the experimental data were fitted well by

two straight lines with different slopes, indicating that there

were two crystallization regimes. On the basis of the Lauritzen–

Hoffman theory, such discontinuity should be attributed to a

transition from regime II to regime III. The regime transition

temperature (Ttr) between regimes II and III was obtained from

the intersection point of the two straight lines shown in Figure

7; moreover, the values of KgIII and KgII, corresponding to the

Kg values in regime III and II, were determined to be 5.43 3

Figure 6. Temperature dependence of spherulitic growth rates of PESub.

Figure 7. Crystallization-regime transition analysis of PESub.

Figure 8. WAXD pattern of PESub crystallized at 568C.

Figure 9. Nonisothermal melt-crystallization behavior of PESub crystal-

lized at various cooling rates.
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105 and 3.31 3 105 K2, respectively, from Figure 7. The KgIII/

KgII value was estimated to be around 1.6 for PESub, which was

slightly less than 2 according to the theory. The Ttr of PESub

was around 548C.

Figure 8 illustrates the WAXD pattern of PESub, which was com-

pletely crystallized at 568C. As shown in Figure 8, PESub was

characterized by the two strong diffraction peaks at 21.58 and

24.28, corresponding to the (110) and (020) planes, respectively.30

Based on the WAXD pattern, the degree of crystallinity value of

PESub was estimated to be around 55%, which was calculated by

the ratio of the area under the crystalline peaks to the whole area

under both the crystalline peaks and the amorphous peaks back-

ground, indicating that PESub was a highly crystalline polymer.

Nonisothermal Melt Crystallization Kinetics of PESub

The nonisothermal crystallization behavior of PESub was fur-

ther investigated with DSC. Figure 9 illustrates the DSC traces

of PESub crystallized nonisothermally from the crystal-free melt

at a series of cooling rates of 6, 8, 10, and 128C/min. With the

increase of cooling rate, the well-defined crystallization exo-

therms shifted to the lower-temperature region, indicating that

the crystallization of PESub was retarded.

It was of great interest to study the effect of cooling rate on the varia-

tion of crystallization peak temperature (Tp) of PESub. From Figure 9,

a crystallization peak temperature (Tp) of about 36.88C was found for

PESub at 68C/min; however, the Tp values decreased to 35.6, 34.5, and

33.88C with increasing cooling rate to 8, 10, and 128C/min, respec-

tively. In addition, the nonisothermal melt-crystallization enthalpy val-

ues were measured to be 70.3, 72.9, 71.6, and 70.1 J/g when PESub

was crystallized at 6, 8, 10, and 128C/min, respectively. Within the

investigated cooling rates, the crystallization enthalpy values varied

slightly, suggesting that the cooling rate slightly affected the crystallin-

ity value during the nonisothermal melt crystallization process.

Figure 10 shows the plots of relative crystallinity versus crystalli-

zation temperature of PESub. During the nonisothermal melt-

crystallization process, the relationship between crystallization

time (t) and crystallization temperature (T) could be described as

t5
To2T

A
(6)

where A is the cooling rate and To is the onset temperature of

crystallization. Therefore, the plots of relative crystallinity as a

function of crystallization temperature shown in Figure 10

could thus be transformed into the plots of relative crystallinity

Figure 10. Plots of relative crystallinity versus crystallization temperature.

Figure 11. Plots of relative crystallinity versus crystallization time.

Figure 12. Ozawa plots of PESub at different cooling rates.

Figure 13. Tobin plots of PESub at different cooling rates.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4308643086 (5 of 7)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


as a function of crystallization time (Figure 11). Figure 11

shows the plots of relative crystallinity as a function of crystalli-

zation time for PESub. It was obvious that with the increase of

the cooling rate, the crystallization time became shorter.

In the present work, two methods, the Ozawa method and the

Tobin method, were employed to investigate the nonisothermal

crystallization kinetics of PESub.49–52 The Ozawa equation is

described as follows:

XT512expð2KðTÞ
Am

Þ (7)

where XT is the relative crystallinity, K(T) is the cooling (or heat-

ing) function at crystallization temperature T, and m is the

Ozawa exponent that depends on the type of nucleation and

growth mechanism.49 Figure 12 shows the Ozawa plots of PESub

at the indicated Tc values. According to the equation, obvious

linear plots should be found if it can describe the nonisothermal

crystallization behavior of PESub; however, linear lines were not

observed, indicating an inapplicability of the Ozawa equation in

analyzing the nonisothermal crystallization kinetics. The failure of

the application of the Ozawa method to the nonisothermal crys-

tallization process of PESub may be related to the occurrence of

the secondary crystallization. Similar phenomena were also found

in PBS and poly(aryl ether ketones) (PAEKs).13,53

The nonisothermal crystallization kinetics of PESub were further

studied by the Tobin method, which suggested a theory of phase

transformation kinetics with growth-site impingement to describe

the nonisothermal crystallization process of polymers.50–52 According

to this approach, the equation of phase transition is described as

follows:

Xt 5
ktt

nt

11kttnt
(8)

where Xt is the relative crystallinity as a function of time, kt is

the Tobin crystallization rate constant, and nt is the Tobin

exponent.50–52

Figure 13 shows the Tobin plots for PESub, from which the nt

and kt values were obtained, as listed in Table II. The values of

nt varied between 4.0 and 4.4. In contrast, the values of kt

increased with the increase in the cooling rate. The values of kt

at a faster cooling rate are larger than those at a slower cooling

rate, indicating that the crystallization of PESub was retarded

with the decrease in the cooling rate.

CONCLUSIONS

The overall isothermal melt-crystallization kinetics, spherulitic

morphology and growth, crystallization regime transition, and

nonisothermal melt-crystallization kinetics of PESub were studied

in detail with DSC, POM, and WAXD in this work. The Avrami

equation can describe the isothermal melt-crystallization kinetics

of PESub; meanwhile, the n values of PESub slightly varied between

3.1 and 3.5 and were not remarkably affected by crystallization

temperature. The equilibrium melting point of PESub was deter-

mined to be 70.88C. The WAXD result indicated that PESub is a

highly semicrystalline polymer. The spherulitic morphology of

PESub was observed with POM, and ring-banded spherulites were

formed in the investigated crystallization temperature range. On

the basis of the Lauritzen–Hoffman theory, PESub exhibited a crys-

tallization regime II to III transition; furthermore, the regime tran-

sition temperature was around 548C. The nonisothermal melt

crystallization kinetics of PESub was studied by DSC at various

cooling rates. The Ozawa equation failed to describe the noniso-

thermal melt crystallization kinetics of PESub. The Tobin method

could fit the nonisothermal melt crystallization process very well,

and the related crystallization kinetics parameters were obtained.
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