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� Akadémiai Kiadó, Budapest, Hungary 2009

Abstract Non-isothermal crystallization kinetics of the

ethylene–acrylic acid copolymer (EAA) in diluents during

thermally induced phase separation (TIPS) process was

investigated via differential scanning calorimetry (DSC).

Dioctyl phthalate (DOP), diphenyl ester (DPE), and peanut

oil were used as diluents. Kinetic models, such as Jeziorny

theory, Ozawa theory, and Mo’s approach, were utilized

for description. The effective activation energy of EAA

component in mixture was calculated by Friedman’s

method. In the results, the Jeziorny theory and Mo’s

approach could obtain good linear fitting relationship with

the primary crystallization behavior of EAA, but the

Ozawa theory failed to get a suitable result. The homoge-

neous nucleation of EAA proceeded at the end of liquid–

liquid phase separation, while the non-isothermal crystal-

lization developed within a solid–liquid phase separation

environment. In the mixtures, the molecular weight, polar

groups, and conformation of the diluent molecules would

affect the nucleation of EAA, and its growth rate. Com-

paring with the non-isothermal crystallization of neat EAA,

EAA in diluents obtained a higher Avrami index n, and

comparatively lower crystallization rate. Peanut oil facili-

tated the homogeneous nucleation of EAA, leading to a

higher melting peak temperature of EAA in the subsequent

melting endotherms. The largest EAA’s Avrami index

obtained in peanut oil also indicated a higher crystal

growth dimensional geometry. The crystallization rate and

crystallinity of EAA during the non-isothermal process

decreased in the sequence: EAA/DPE [ EAA/DOP [
EAA/peanut oil.
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Introduction

Up to now, a lot of engineering and commodity plastics, such

as polypropylene (PP) [1, 2], polyethylene (PE) [3–5],

poly(vinylidene fluoride) (PVDF) [6–8] and polystyrene

(PS) [9], etc., have been applied for micro-porous mem-

branes preparation via thermally induced phase separation

(TIPS) method. The membranes made from these materials

are generally hydrophobic, which may limit the application

area of these membranes due to solute adsorption and pore

blocking. In order to make stable hydrophilic micro-porous

membrane, co-polymer with hydrophilic components, such

as poly (ethylene-co-vinyl alcohol) (EVOH) [10], ethylene–

acrylic acid copolymer (EAA) [11, 12], have been used as the

membrane materials. Furthermore, the interaction between

crystallization kinetics of the polymer component and the

ambient TIPS process plays a crucial role in the formation of

micro-porous membranes. Interactions between polymer

and the diluent varied dynamically, which influence the

crystallization properties of polymer content crucially and

further the structure and property of micro-porous mem-

brane. As one of the typical semi-crystalline polymers, the

crystallization behavior of EAA component during the TIPS

process is of great importance. However, few emphases are
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focused on the non-isothermal crystallization behavior and

kinetics in the polymer/diluent mixtures.

The crystallization kinetic studies of PE [13–15] and

ethylene copolymer [16] have been widely emphasized,

especially under non-isothermal condition. Influences from

continuously changing ambient temperature, heat trans-

mission lags, and thermal gradients within samples must be

taken into account, which are all vital factors referring to

the overall crystallization properties of polymer. In our

previous study, the non-isothermal crystallization behavior

of EAA with different acrylic acid (AA) content has been

discussed [17]. The crystallization rate of the primary stage

was significantly influenced by the competitive mobility of

chains. While the crystallization rate in the secondary stage

was determined by the AA content in copolymers. Factors

mentioned above could be affected by the ambient condi-

tion variation in different EAA/diluents systems. In this

study, EAA possessing 8 wt% of AA content was utilized

to be mixed with three different diluents: dioctyl phthalate

(DOP), diphenyl ester (DPE), and peanut oil. Differential

scanning calorimetry (DSC) was employed to study the

non-isothermal crystallization of EAA/diluent mixtures

under different cooling rates. The crystallization kinetics

was adequately described via the Jeziorny theory, the

Ozawa theory, and a new combination of the Avrami and

Ozawa methods developed by Mo. The effective activation

energy of EAA component in mixture was calculated by

Friedman’s method. The non-isothermal crystallization and

subsequent melting behaviors were also analyzed to reveal

the relations between phase separation and the crystalli-

zation kinetics.

Experimental

Materials

EAA 3002 was obtained from the Dow Chemical Com-

pany, USA. Composition in weight fraction of EAA

copolymer was ethylene/acrylic acid = 92/8. The density

is 0.936 g cm-3. The AA co-monomer can be considered

to be randomly distributed along the copolymer chains.

Dioctyl phthalate (DOP) was purchased from Lingfeng

Chemical Reagent Co., Ltd. (China). DPE was purchased

from Sinopharm Chemical Reagent Co., Ltd. (China).

Peanut oil without antioxidant was supplied by Shandong

Luhua-Group Co., Ltd. (China). Peanut oil is a homoge-

neous mixture of linoleic acid, oleic acid, and some of their

glyceride. All of these chemicals (DPE, DOP, and peanut

oil) were used without any further purification. Their

molecular structures were listed in Table 1.

Preparation of EAA/diluent mixtures

The polymer and diluents with a mass ratio of EAA/dilu-

ent = 20/80 were weighed into a glass test tube, and

homogeneous polymer/diluent mixtures were obtained

after the tube was heated in an oil bath at 453 K for 4 h

under sufficient stirring. Then, they were cooled at the

room temperature. Finally, the solidified polymer/diluent

mixtures (EAA/DPE, EAA/DOP, and EAA/peanut oil)

were obtained.

DSC measurements

The non-isothermal crystallization and the subsequent

melting of three EAA/diluent samples with different dilu-

ents were carried out via a DSC apparatus (model Pyris 1,

PerkinElmer, USA). Samples weighing 8–10 mg were

applied for the DSC characterization. Argon gas purge with

a flux of 25 mL min-1 was used to prevent thermal deg-

radation of samples during the scanning. In order to remove

the volatile impurities and erase the former thermal history,

the EAA/diluent mixtures were first heated up to 423 K at a

rapid heating rate of 40 K min-1 and kept at 423 K for

5 min. Then, they were cooled down from 423 to 273 K at

the rate of 2.5, 5, 10, and 20 K min-1 to obtain the non-

isothermal crystallization curves, respectively. The second

heat running was made from 273 to 423 K at 10 K min-1.

In our previous study [18, 19], the crystallinity (Xc) of

EAA was calculated as follows:

Table 1 Molecular structures of three diluents

Diluent Molecular structure

DPE
O

DOP

O

O

O

O

Peanut oil
Oleic acid 

COOH

Linoleic acid 

COOH

and their glyceride mixtures 
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Xc ¼
DHf=U
DH�f

� 100%; ð1Þ

where DHf
* is the enthalpy of fusion of the perfect PE

crystal, DHf is the enthalpy of fusion of the EAA/diluent

mixtures measured in DSC, and U is the weight fraction of

EAA in the EAA/diluent mixtures. The value of DHf
* for

PE is 277.1 J g-1 in literature [20].

Results and discussion

Phase diagram background

Scheme 1 illustrates the typical phase diagram of a semi-

crystalline polymer/diluent mixture at various given self-

conditions and external ambient temperatures. According

to the phase diagram, there are three regions when tem-

perature and initial polymer concentration of the polymer/

diluent mixture are different. They are homogenous solu-

tion region, liquid–liquid phase separation region and

solid–liquid phase separation region, respectively. The

monotectic point [21, 22] (Am) is the intersection of a

liquid–liquid phase separation curve and a crystallization

curve. As an approximation, the cloud point curve is

assumed to be a two phase coexistence curve [23]. Above

the cloud point curve, it is the one-phase region where a

homogeneous solution of polymer/diluent exists. Bounded

by the cloud point curve and the crystallization curve to the

left region of Am is the liquid–liquid phase separation

region. Cooling a homogenous polymer/diluent mixture

(C = 20% \ CAm), the mixture system will present liquid–

liquid phase separation when the temperature is below the

cloud point value. Then, the homogenous solution sepa-

rates into two liquid phases in thermodynamic equilibrium.

Below the crystallization curve, the polymer solidifies. The

solid–liquid phase separation region occurs to the right of

Am. In the process of solid–liquid phase separation, it

occurs via crystallization of the polymer out of the

homogeneous solution.

In our previous study, phase diagrams of EAA/diluents

(DPE, DOP, and peanut oil etc.) were obtained [24]. They

were typical diagrams of semi-crystalline polymer/diluent

system with weak inter-molecular interactions. In the order

of EAA/DPE, EAA/DOP, and EAA/peanut oil, the cloud

point curve shifted to a lower temperature, whereas the

crystallization temperature was not influenced much by the

diluents type except DPE. The phase separation during the

TIPS is determined by the polymer concentration in the

system. The CAm of EAA/DPE mixture was ranged from 45

to 50 wt%, while for the mixtures of EAA/DOP and EAA/

peanut oil, the CAm decreased to a value *35 wt%. Because

the TIPS method is a non-isothermal process, it is essential

to investigate the crystallization behavior of polymer com-

ponent in the phase separation process. Therefore, in this

study, the non-isothermal processes under different cooling

rates at 2.5, 5, 10, and 20 K min-1 were investigated. The

total polymer concentration was 20 wt%, which was lower

than monotectic point CAm. Thus, the liquid–liquid phase

separation and solid–liquid phase separation could occur

during the non-isothermal crystallization, and the influence

of diluent type on the non-isothermal crystallization kinetics

can be investigated.

Non-isothermal crystallization analysis

Exotherms of three mixtures’ non-isothermal crystalliza-

tion at various cooling rates are illustrated in Fig. 1.

Increasing of cooling rate leads to the lag in crystallization

behavior. Exothermic peak temperature Tp shifts to a

lower position with an increase of the cooling rate. In

addition, the crystallization peak becomes narrower as the

cooling rate increases. Data obtained in Fig. 1 are listed in

Table 2. It shows that the faster cooling rate leads to a

higher value of crystallization enthalpy. The Tc
p of EAA in

EAA/diluents system are all lower than the value in neat

EAA [17] (Tc
p arranged between 353.7 and 360.4 K),

indicating polymer molecules in diluents are isolated from

each other, and their crystallization behavior are delayed

to some extent. The onset crystallization temperature of

EAA in EAA/peanut oil system is higher than that in

DOP and DPE diluents. This indicates a facilitation of

Polymer concentration/%

Te
m

pe
ra

tu
re

/K

Solid–liquid phase separation

Liquid–liquid phase separation

FmCrystallization curve

Homogeneous solutionCloud point curve

Scheme 1 Typical phase diagram of semi-crystalline polymer/dilu-

ent mixture
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nucleation in peanut oil, due to the better polymer chains

insulation effect.

Jeziorny theory

The heating flow of crystallization process was recorded as

a function of temperature. The relative crystallinity Xt is

formulated as [25]

Xt ¼
R T

T0
ðdHc=dTÞdT

R T1
T0
ðdHc=dTÞdT

� 100%; ð2Þ

where the T0 and T? represent the temperature at the onset

and the end of the crystallization process, respectively.

However, dHc stands for the enthalpy of the crystallization

released during an infinitesimal temperature range dT.

Figure 2 illustrates the development of Xt to the T of all

samples. The horizontal T-axis in Fig. 2 can be trans-

formed into the crystallization time t-axis as shown in

Fig. 3. Crystallization time can be calculated in the fol-

lowing equation, in which D stands for the cooling rate

(2.5, 5, 10, and 20 K min-1).

t ¼ jT0 � Tj=D ð3Þ

The growth of relative crystallinity Xt versus the passing

time t gives rise to the definition of crystallization half time

t1/2, which corresponds to 50% of the crystal conversion

process. This could be used as a criterion of the crystalli-

zation rate. The shorter t1/2, the faster macromolecules

crystallization rate.

Avrami equation [26–28], which has been commonly

utilized in describing isothermal crystallization kinetics, is

given as

1� Xt ¼ expð�Ztt
nÞ; ð4Þ

where Zt represents the crystallization rate constant, involving

composition of both nucleation and growth rate parameters.

Parameter n stands for Avrami exponent, which refers to the

mechanism of crystalline growth. The equation could be

transformed into the double logarithm style as follows:
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Fig. 1 Non-isothermal crystallization DSC curves for three EAA/

diluent mixtures at various cooling rates. a Peanut oil, b DOP, and

c DPE

Table 2 Non-isothermal crystallization DSC results for three EAA/

diluent mixtures

Sample D/K min-1 Tc
on/K Tc

p/K Tc
f/K DTc/K DHc/

J g-1

EAA/peanut oil 2.5 358.4 354.6 351.7 6.7 12.20

5 356.7 352.6 349.6 7.1 12.51

10 354.8 350.0 346.7 8.1 13.57

20 352.2 346.8 343.2 9.0 14.10

EAA/DOP 2.5 356.0 352.2 348.5 7.5 13.62

5 354.5 350.3 346.3 8.2 14.25

10 352.7 348.1 344.3 8.4 14.31

20 350.8 345.2 341.3 9.5 14.80

EAA/DPE 2.5 349.8 346.7 344.8 5.0 13.10

5 348.0 344.7 342.7 5.3 15.47

10 345.9 342.2 339.6 6.3 17.20

20 343.3 339.0 336.0 7.3 18.18

D cool rate, Tc
on onset crystallization temperature of EAA, Tc

p peak

crystallization temperature of EAA, Tc
f final crystallization tempera-

ture of EAA; DTc = Tc
on - Tc

f , DHc crystallization enthalpy of EAA
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log½� lnð1� XtÞ� ¼ log Zt þ n log t: ð5Þ

Drawing the straight line given by Eq. 4 enables one to

obtain the Avrami exponent n and the crystallization rate

constant Zt from the slope and the intercept, respectively.

Considering the non-isothermal crystallization character

investigated in this study, the value of Zt should not be
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Fig. 2 Plots of relative crystallinity versus crystallization tempera-

ture for three EAA/diluent mixtures during non-isothermal crystalli-

zation processes. a Peanut oil, b DOP, and c DPE
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Fig. 3 Plots of relative crystallinity versus crystallization time for

three EAA/diluent mixtures during the non-isothermal crystallization

processes. a Peanut oil, b DOP, and c DPE
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appropriate to describe the dynamic non-isothermal

situation. Considering the influence of cooling rate D on

gradually decreasing temperature condition, the rate

parameter should be modified as follows:

ln Zc ¼ ln Zt=D ð6Þ

Zc, which characterizes non-isothermal process, is

modified by Jeziorny [29]. Utilizing modified Avrami

equation, it would be easy to characterize non-isothermal

crystallization kinetics details of these binary mixtures.

Based on the experiment information from Fig. 3, plots of

log[-ln(1 - Xt)] versus log(t) of the linear data segments

for EAA/diluent samples are given in Figs. 4 and 5. Two

stages of crystallization in these curves are perceptible. The

first part shows approximate linear relationship. Whereas

the later stage of all traces deviates from the former linear

direction. Phenomenon above was observed prevalently in

literatures [30–32]. The secondary crystallization stage

processed after the spherulites impingement, which was

apparently slower than the primary stage. In the diluted

mixture, the crystals of EAA grow freely in a space of

amorphous phase prior to impingement of crystals, until

they reach the maximum of crystallization rate

corresponding to Tc
p. The further secondary stage may

take place in inter-molecular regions and proceed at a

much slower rate after the impingement of adjacent

spherulites.

Discrete data points were fitted to linear style and

approximate straight lines are obtained (with iteration fit-

ting Adjust r2 [ 0.987). Even the initial stage of plots,

slight data deviation can be observed in Fig. 4. This

implies the crystallization rate constant Zc depends upon

crystallization temperature to some extent. The final eval-

uation results are listed in Table 3. The acrylic acid units

introduced into copolymer texture would hinder chain

folding during crystallization. When mixed with diluents,

crystallization behavior of EAA takes place together with

the solid–liquid phase separation process. Liquid phase

diluent molecules placed in this binary mixture results in an

insulation of polymer chains with each other. Spherulites

could grow in a larger degree of freedom. Avrami exponent

n arranges between 3.5 and 4.5 in all EAA/diluents sys-

tems, higher than that in the neat polymer [17] (n grew

from 3.3 to 3.8), which indicates the crystal could be

approximation of homogenous nucleation with three-

dimensional (spherulitic) growth. The values of n [ 4 at

various cooling rates may be due to the spherulites’

impingement and crowding, or a more complicated

nucleation type and growth form of spherulite [33]. As

reported in the literature, cooling condition affects the

crystal growth geometry mode [34]. In this experiment, the

increase in cooling rate leads to a higher n value, indicating

the crystal grows in more dimensions.

The non-isothermal crystallization rate constant Zc grows

along with the increasing cooling rate. Considering the

influence from different diluents, Zc of EAA in mixtures all
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Fig. 4 Plots of log(-ln(1 - Xt)) versus log(t) for three EAA/diluent

mixtures during the non-isothermal crystallization process. a Peanut

oil, b DOP, and c DPE

248 J. Zhang et al.

123



keeps slightly lower than the case of neat copolymer.

Similar variation in t1/2 is also observed; the values of

polymer in mixtures stay steadily higher than that in the

single component case [17]. Inter-molecular interaction

between the liquid diluents and EAA results in some kind

of tangling effect, diluent molecule with complex structure

would slow down the folding back, and arranging of EAA

chain segments. Comparing with other two diluents,

components of peanut oil have the largest molecular

weight, the longest chain-like structure, and the polar

carboxyl on the diluent molecules. It could also impose

stronger interaction with acrylic acid groups on EAA’s

chain segments. In accordance with the system’s largest

half crystallization time t1/2, Zc of EAA in EAA/peanut oil

system is smallest (Table 3). Therefore, peanut oil hinders

EAA chain’s arranging ability apparently, leading to the

slowest crystallization rate in EAA/peanut oil binary

mixture.

Ozawa theory

Ozawa equation is also frequently used in non-isothermal

crystallization kinetic researches. By assuming that the

non-isothermal crystallization process may be composed of

infinitesimally small isothermal crystallization steps,

Ozawa [35] applied the Avrami equation into the process

of non-isothermal crystallization, as follows:

1� XðTÞ ¼ exp �KðTÞ
jDjm

� �

ð7Þ

log½� lnð1� XðTÞÞ� ¼ log KðTÞ � m log D; ð8Þ

where D is the cooling rate as former, K(T) is the function

related to the crystallization rate that indicates how fast

crystallization proceeds, and m is the Ozawa index which

depends on the dimension of crystal growth, which is another

variation of Avrami index. According to Ozawa’s theory, the

relative crystallinity X(T) at given temperature can be cal-

culated from equation above. If Ozawa equation is able to
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Fig. 5 Plots of log(-ln(1 - X(T))) versus log(D) for three EAA/

diluent mixtures during the non-isothermal crystallization process.

a Peanut oil, b DOP, and c DPE

Table 3 Non-isothermal crystallization kinetic parameters from

Jeziorny theory

Sample D/K min-1 Zc/min-1 n Adj. r2 t1/2/min

EAA/peanut oil 2.5 0.139 3.87 0.99315 3.12

5 0.592 4.18 0.99199 1.69

10 0.953 4.43 0.99232 0.99

20 1.107 4.08 0.99057 0.54

EAA/DOP 2.5 0.221 3.58 0.99883 2.57

5 0.731 3.83 0.99814 1.35

10 1.078 4.16 0.99926 0.77

20 1.176 3.96 0.99944 0.40

EAA/DPE 2.5 0.229 3.49 0.99240 2.47

5 0.678 3.74 0.98698 1.42

10 1.049 4.08 0.99172 0.80

20 1.168 4.36 0.98711 0.45
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describe this polymer/diluent mixture system, a linear rela-

tionship should be yield when log[-ln(1 - X(T))] is plotted

against log(D).

However, analysis in this theory is based on the exper-

imental data which represents widely varying physical

exothermal process of binary mixture. The difference

between various states of progress was neglected in Oza-

wa’s model. As shown in Table 2, the various cooling rates

affect the crystallization behavior apparently in the mix-

tures. Heat flow data of EAA/peanut oil at 354.6 K in

exotherm of D = 2.5 K min-1 corresponds to the peak

position of thermal trace, whereas in the curve of

D = 20 K min-1, the corresponding crystallization pro-

cess has not begun at this time. The given temperature

points of four thermal traces refer to different non-iso-

thermal crystallization progress. Ozawa [35] and some

other researchers [36] have clarified that this model lacked

enough consideration of the influence from secondary

crystallization in the overall crystallization process. This

could explain the failure of Ozawa’s model.

Mo’s method

As the Ozawa analysis is not suitable to describe the non-

isothermal crystallization kinetics of EAA/diluent mixture

system. Attempts were made by Mo [37, 38] via combining

the Avrami equation (Eq. 5) with the Ozawa model

(Eq. 8).

log Zt þ n log t ¼ log KðTÞ � m log D ð9Þ

log D ¼ 1

m
log

KðTÞ
Zt

� �

� n

m

� �
log t; ð10Þ

where assuming the F(T) = [K(T) � Zt
-1]1/m and a = n/m.

Parameter F(T) is denoted as the value of cooling rate,

which has to be chosen at a unit crystallization time when

the measured sample amounts to a certain degree of

crystallinity. Parameter a represents the ratio of Avrami
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Fig. 6 Plots of log(D) versus log(t) for three EAA/diluent mixtures

during the non-isothermal crystallization process. a Peanut oil,

b DOP, and c DPE

Table 4 Non-isothermal crystallization kinetic parameters from

Mo’s method

Sample Xt/% F (T) a Adj. r2

EAA/peanut oil 20 7.263 1.187 0.99840

40 8.924 1.188 0.99830

60 10.267 1.196 0.99934

80 11.750 1.192 0.9999

EAA/DOP 20 5.206 1.132 0.99880

40 6.597 1.144 0.99957

60 7.798 1.125 0.99908

80 9.184 1.115 0.99954

EAA/DPE 20 5.667 1.215 0.99871

40 7.026 1.214 0.99973

60 8.021 1.210 0.99991

80 9.165 1.228 1.00000
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exponent n to the Ozawa exponent m. Thus, the final form

of Mo’s approach is obtained as

log D ¼ log½FðTÞ� � a log t: ð11Þ

Data corresponding to relative crystallinity Xt at 20, 40,

60, and 80% are chosen for calculation; the iterative

interpolation gives good linear fits results. Figure 6

presents plots of log(D) against log(t) as indicated.

Evaluated results of F(T) and a are listed in Table 4. It

is clear that F(T) grows systematically along with the

increased relative crystallinity. This implies that at a

given unit crystallization time, a higher cooling rate is

needed to obtain higher crystallinity. The EAA/peanut oil

system has the highest F(T) value at a fixed value of Xt

(Table 4). The highest F(T) value in each point implies

EAA/peanut oil system has the slowest crystallization

rate. And, the dimension index ratio (a) fluctuates slightly

between 1.1 and 1.2. In our previous study of neat

EAA3002, F(T) of Xt = 20% was 4.15, lower than the

corresponding value in each diluted systems. This

suggests that to obtain the specific relative crystallinity

in a unit time, EAA in diluent needs a larger cooling

condition.

Crystallization activation energy

In our previous study of the non-isothermal crystallization

kinetics of EAA with various AA content [17], the crys-

tallization activation energy (DE) was estimated via Kis-

singer’s model [39]. However, recent studies by Vyazovkin

[15, 40–42] proposed that dropping the negative sign of

cooling process in such mathematic approach resulted in

physical definition errors of DE. In this study, the differ-

ential iso-conversional method of Friedman is appreciated

to estimate the energy thresholds. For a more objective

comparison, the DE of neat EAA3002 was also re-calcu-

lated based on data from our previous studies [17]. The

Friedman equation is given as
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ln
dXt

dt

� �

Xt

¼ A� DE

R � T ð12Þ

where the R is the universal gas constant

(8.314 J mol-1 K-1)). A is an arbitrary pre-exponential

parameter, and dXt/dt and T represent the crystallization

rate and the corresponding temperature at a given relative

crystallinity (Xt), respectively. The effective activation

energy barrier at a given Xt can been derived from the slope

of the plot of ln(dXt/dt) against 1/T. Finally, the depen-

dence of DE on the variation in Xt of was drawn in Fig. 7.

DE increased gradually with the growth in Xt in all

samples. Within the extent of Xt = 10–90%, DE varied

from -287.70 to -147.27 kJ mol-1 in neat EAA, from

-282.61 to -154.86 kJ mol-1 in EAA/peanut oil system,

from -313.85 to -283.90 kJ mol-1 in EAA/DOP system

and from -267.43 to -174.33 kJ mol-1 in EAA/DPE

system, respectively. It was easier for polymer to initialize

crystallization at the beginning of cooling, while it became

more difficult as the progress proceeded. Comparing with

EAA in diluents mixtures, such growth tendencies in DE

was more remarkable. This might be explained by the

isolation effect from diluents, which insulated polymer

chain sequences from tanglement. EAA/DOP system pos-

sessed the lowest DE values through the entire crystalli-

zation process, indicating that the DOP molecules

restrained the energy threshold increasing effectively.

Melting behavior

Endotherms of all EAA/diluent systems are plotted in

Fig. 8. Each melting endothermal peak corresponds to a

specific lamellae thickness in crystalline texture [43–45].

The higher melting temperature refers to the thicker

lamellae of EAA.

Table 5 summarizes the detailed melting results in

Fig. 8. It reveals that the melting peak temperature Tm
p of

EAA/diluent system decreases in the order of EAA/peanut

oil, EAA/DOP, and the EAA/DPE. Increasing of cooling

rate gives rise to a wider melting endothermal temperature

region, which indicates a wider distribution of lamellae

thickness. Crystallinity of EAA in EAA/DPE system has the

highest level, around 27.3–28.7%. EAA/DOP system has a

lower value around 25.4–26.0%. The lowest crystallinity is

obtained in the EAA/peanut oil mixture range between 22.8

and 23.7%. Comparing with neat EAA, EAA mixed with

DPS and DOP obtain a slightly higher crystallinity, while a

lower extent was obtained in EAA/peanut oil. This is also

mostly due to the difference in interaction between polymer

and diluents molecules. The explanation to the influence of

diluent addition on the crystallinity of EAA in mixture

could be summarized as follows: (1) Molecular weight of

diluent. The molecular weight of three diluents decreases in

peanut oil [ DOP [ DPE. The one having a higher

molecular weight hinders the EAA’s chain segments

arranging into lattice. (2) Inter-molecular interaction

between diluent and the EAA. Peanut oil is a complex

mixture of oleic oil, linoleic oil, and their glyceride. Polar

groups on their molecules would have intense tanglement

with EAA’s acrylic acid groups, which results in a hin-

drance to the crystallization of EAA. (3) Viscosity of

homogeneous liquid mixture at melt state. High viscosity

has negative effect on the movability of polymer chains.

Although the EAA/peanut oil mixture has the lowest crys-

tallization rate and crystallinity, the highest Tm
p indicates a

more perfect spherulites structure in this mixture. Results

discussed above in accordance with the highest Avrami

exponent determined from Jeziorny’s model analysis.

Based on our previous study on EAA/diluent micropo-

rous membrane study via TIPS process [46], it is suggested

that non-isothermal crystallization starts right after the

liquid–liquid phase separation process [8]. EAA/peanut oil

mixture has the smallest pore size during the TIPS

approach, while the EAA/DPE system has the largest scale

at the same given EAA fraction.

Avrami index revealed that all crystallization of polymer

in diluent environment derived from homogeneous nucle-

ation. Nucleation process of EAA starts at the end of the

liquid–liquid phase separation. The peanut oil has the largest

molecular weight, as the diluent molecules are penetrated

well into the matrix of EAA, it could insulate polymer chains

with each other better, and this facilitates the homogeneous

nucleation of EAA chain segments, which could explain the

highest onset crystallization temperature of EAA in this

mixture. Crystallization of EAA in EAA/peanut oil system

Table 5 Subsequent melting DSC results of three EAA/diluent

mixtures after non-isothermal crystallization

Sample D/K min-1 Tm
on/K Tm

p /K Tm
f /K DTm/K Xc/%

EAA/peanut oil 2.5 359.0 367.4 372.1 13.1 22.8

5 358.5 367.1 371.9 13.3 23.0

10 357.7 366.6 372.0 14.3 23.4

20 356.7 366.8 372.3 15.6 23.7

EAA/DOP 2.5 355.3 363.3 368.1 12.8 25.4

5 356.0 362.9 367.9 12.0 25.7

10 355.8 362.2 368.2 12.4 26.1

20 355.0 361.9 368.1 13.0 26.0

EAA/DPE 2.5 351.8 358.9 362.8 11.0 27.3

5 351.3 358.0 363.3 12.0 27.7

10 350.5 357.5 362.9 12.5 28.5

20 349.4 357.0 363.1 13.7 28.7

D cooling rate, Tm
on onset melting temperature of EAA, Tm

p peak

melting temperature of EAA, Tm
f : final melting temperature of EAA,

DTm = Tm
f - Tm

on, Xc crystallinity of EAA
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started at a comparative higher ambient temperature. This

also results in a crystal structure with larger lamellar thick-

ness, higher completion degree. The highest melting peak

temperature of the corresponding subsequent melting

endotherm is obtained. In conclusion, Avrami index value in

this system from Jeziorny theory was highest.

The crystallization consists of the nucleation and the

growth parts, and the overall crystallization rate depends on

the competition relation between these two. As long as the

temperature decreases to the onset crystallization tempera-

ture, relaxed chain segments starts to arrange onto the surface

of existing nuclei. The nucleation of EAA in EAA/peanut oil

system was faster than other two diluted systems. The most

complex molecular structure, intense inter-molecular inter-

action derived from polar groups containing in polymer, and

diluents would exist during EAA’s crystallization.

It has been proposed that [47], as the non-isothermal

crystallization behavior goes on, the solid–liquid phase

separation proceeds at the same time. Diluent molecule

could mostly exist in the liquid diluent rich phase outside

the crystalline region. Besides, they could also be tangled

within the polymer rich solid phase and fail to be repelled

outside during the liquid–liquid phase separation period,

and they would have apparent baffling effect on the chain

segments’ crystallizability. The non-isothermal crystalli-

zation rate parameters calculated from Jeziorny theory and

Mo’s approach show the EAA in EAA/peanut oil has the

lowest value. As a result, the corresponding crystallinity

integrated from subsequent melting thermal traces is the

lowest. It can be suggested that the overall crystallization

rate in EAA/diluent system is diffusion controlled.

Conclusions

In this article, non-isothermal crystallization kinetics of

EAA during TIPS process in mixtures with peanut oil, DPE,

and DOP diluents are investigated. The Jeziorny theory and

the Mo’s approach can obtain good linear fitting results of

major primary crystallization. The Ozawa theory is not

appropriate to describe this polymer/diluent system for its

deficient consideration in secondary crystallization process.

The effective activation energy of the EAA in mixture was

estimated via Frieman’s approach. Results revealed that it

was easier for EAA to initialize crystallization at the

beginning of cooling, while it became more difficult as the

crystallization progress proceeded. Comparing with EAA in

diluents mixtures, such growth tendencies in DE was more

remarkable. The isolation effect from diluents insulated

polymer chain sequences from tanglement with each other.

In the homogeneous liquid mixture above melt temperature

of EAA, molecules of diluent with smaller steric hindrance

could more easily penetrate into the matrix of EAA, and

disperse randomly. They insulate the polymer’s chains from

each other. Results of Avrami index n show that EAA

crystallizes in homogeneous nucleation mechanism and

grows through three-dimensional growth geometry. The

peanut oil diluted system has the highest Avrami index value,

indicating a comparative higher insulation effect of EAA and

a higher nucleation degree of freedom than other two dilu-

ents. The values of n in mixtures are all slightly higher than

that in neat EAA case.

During the non-isothermal process, the molecular weight,

polar groups, and complex molecular conformation play an

important role in the crystallization kinetics of EAA. Peanut

oil has the most complex molecular structure and the highest

molecular weight. Carboxyl group on the oleic acid, linoleic

acid, and their glycerides could have interaction with the

acrylic acid units in EAA. Thus, the peanut diluted system

has a stronger interaction between EAA and diluent mole-

cules, and this would hinder the folding back movement of

chain segments into the crystal lattices. Both non-isothermal

crystallization rate parameters obtained from Jeziorny the-

ory and Mo’s method accord well with each other. Com-

paring with the crystallization of neat polymer, EAA

crystallized slower in three diluted conditions. The EAA/

peanut oil system has the slowest crystallization rate. The

crystallization process in EAA/DPE system is faster than the

other two systems, which is due to the simplest molecular

structure and low molecular weight of DPE.

The subsequent melting behavior reveals that the peanut

oil diluted EAA has the highest melt peak temperature,

which is about 5 and 10 K above that of EAA/DOP and

EAA/DPE systems, respectively. This indicates that the

introducing of peanut oil facilitates the nucleation of EAA

at higher temperature. More perfect crystals with bigger

lamellar thickness are obtained. On the other hand, the

lowest crystallinity is also obtained in EAA/peanut oil

system, which should also be attributed to the influence of

diluent molecule size.
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