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Abstract Non-isothermal crystallization kinetics and
subsequent melting behavior for three kinds of ethylene-
acrylic acid copolymer (EAA) are investigated via differ-
ential scanning calorimetry (DSC). From the Jeziorny
method, the crystallization rate of the primary stage is
significantly influenced by the competitive mobility of
chains. While the crystallization rate in the secondary stage
decreases in order of acrylic acid (AA) content in
copolymers. Mo’s method can also provide a good fitting.
Difference between the Jeziorny method and Mo’s method
analysis is because of a higher effect of non-crystallizable
chain ends. The effective activation energy is also deter-
mined via Kissinger’s method.

Keywords Crystallization activation energy -
Differential scanning calorimetry - Ethylene—acrylic
acid copolymers - Non-isothermal crystallization kinetics

Introduction

Ethylene—acrylic acid copolymer (EAA) is a hydrophilic
and semi-crystallizable polymer which is widely applied in
fields of packing, powder coating, adhesive, hot melt glue,
water-based solvent, etc [1]. EAA is produced through
random copolymerization of ethylene and acrylic acid
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(AA) monomers. Introduction of polar carboxyl groups
lowers tacticity of main chains, resulting in various crys-
tallization behaviors. With the increase of AA content,
EAA is more hydrophilic and more hydrogen bonds are
formed [2]. Such special structure makes remarkable dis-
crepancy on inter-molecular interaction and chain’s
mobility between EAA and conventional polyethylene [3].

It is interesting to investigate the effect of AA content
on crystallization behavior of EAA because hydrogen
bonding of AA group plays significant role in EAA crys-
tallization. Kang et al. [4] examined the effect of AA
content on ethylene copolymer crystallization via Fourier
transform infrared spectroscopy (FTIR) and observed that
hydrogen bonding of AA acted as cross-linking points
which produced a lot of monoclinic crystal instead of
orthorhombic crystal and reduced crystallinity. In addition,
hydrogen bonding broken at high temperature would be
distorted during crystallization. Zhao et al. [5] investigated
the relation of amorphous region structure and molecular
motion with AA content. It was observed that hydrogen
bonding can be formed among carboxyl groups in amor-
phous region. The number of hydrogen bond would grow
with the increase of AA content. More fraction of amor-
phous region in EAA led to more inter-molecular hydrogen
bonding, thus chain segment’s mobility decreased. What is
more, the motion of ethylene chains in amorphous region
was also affected by hydrogen bonding; high temperature
would destroy the hydrogen bonding among carboxyl,
making chains more flexible in amorphous region. This
phenomenon is similar to the observation of Xu [6].
Somrang Supaphol et al. [7] did researches on the influence
of hydrogen bonding on non-isothermal crystallization and
concluded three important points: (1) the increase of AA
content would lower the crystallization rate of EAA; (2)
amorphous region content played more important role than
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molecular weight in crystallization at the same AA content;
(3) the lower the AA content, the higher the crystallinity,
the thicker the lamella, and the shorter the melt range.

In this study, a method of non-isothermal crystallization
which is closely related to manufacture progress is
employed to study the effect of AA content on the crys-
tallization kinetics of EAA. Differential scanning calo-
rimetry measurement (DSC) is used to characterize the
non-isothermal crystallization of EAA (at three different
AA content) which are analyzed and profiled by Jeriorny,
Ozawa and Mo’s methods. Kissinger method also is used to
calculate crystallization activation energy.

Experimental
Materials

Three grades of EAA with various amount of AA content
(Dow Chemical Company, USA) are given in Table 1 and
used without any further treatment. The AA co-monomer
can be considered to be randomly distributed along the
copolymer chains.

Differential scanning calorimetry measurements

The non-isothermal crystallization and the subsequent
melting of EAA samples with different AA content were
carried out with a differential scanning calorimeter
instrument (model Pyris 1, PerkinElmer, USA). Samples
weighing 8-10 mg were cut off for the DSC tests. Argon
purge gas with a flux of 20 mL min~" was used to prevent
thermal degradation of samples during the scanning. In
order to remove the volatile impurities and erase the former
thermal history, EAA samples were first heated up to
150 °C at a rapid heating rate of 40 °C min~' and kept at
150 °C for 5 min. Then they were cooled down from
150 °C to 0 °C at the rate of 2.5, 5, 10, 20 °C min~" to
obtain the non-isothermal crystallization curves, respec-
tively. Finally, the subsequent melting was performed after
each step of non-isothermal crystallization by heating run
from 0 °C to 150 °C at 10 °C min™".

The crystallinity (X,) of the samples was calculated with
the following expression:

Table 1 Compositions in weight fractions for EAA copolymers

AH;

Xe="+1
AF;

x 100% (1)

where AH; is the enthalpy of fusion of the perfect poly-
ethylene (PE) crystal and AHy is the enthalpy of fusion of
the EAA samples, respectively. The value of AH; for PE is
27717 g ' [8].

Results and discussion
Non-isothermal crystallization behavior

The characteristic data of non-isothermal crystallization
exotherm are listed in Table 2. When cooling rate increa-
ses, onset crystallization temperature of EAA (T7"), peak
crystallization temperature of EAA (7%), and final crystal-
lization temperature of EAA (T’;) shift towards lower
temperature. The trend showed that increasing of cooling
rate could delay crystallization process [6, 7]. During the
non-isothermal crystallization of the three EAA samples,
polymeric chains would have less time to be arranged into
crystal lattices when cooling rate increased. AH,. decreased

Table 2 Data from DSC curves of three EAA samples at various
cooling rates

Sample ¢ (°C " il T; AT, AH,
min~") 0 (O (O (O dgh
EAA 25 878 853 832 46 5293
1410 5 86.1 832 809 52 5391
10 842 807 777 65  54.89
20 81.7 781 736 81 5550
EAA 2.5 90.0 874 854 46 6222
3002 5 884 855 831 53  63.90
10 865 832 799 66  67.13
20 843 807 743 100  70.50
EAA 2.5 923 899 879 44  7LI2
3003 5 90.7 880 855 52 7444
10 888 856 821 67 7503
20 867 830 782 85  76.62

T?" Onset crystallization temperature of EAA; 77 Peak crystallization
temperature of EAA; 7. Final crystallization temperature of EAA;
AT, = T2" — T.; AH, Crystallization enthalpy of EAA

Grade Ethylene (wt%) Acrylic acid (wt%) Density (g cm ™) Melt flow rate (g 10 min~ ') Nomenclature
Primacor1410 90.3 9.7 0.938 1.5 EAA1410
Primacor3002 92.0 8.0 0.936 9.8 EAA3002
Primacor3003 93.5 6.5 0.935 7.8 EAA3003

@ Springer



Non-isothermal crystallization kinetics and melting behavior of EAA with different acrylic acid content

961

as the cooling rate increased, which can be regarded as the
evidence of insufficient crystallization as cooling rate
increased.

In Table 2, the values of 72", T%, T\, and AH, decrease
with the increase of AA content at a given cooling rate. For
example, at a cooling rate of 5 °C min~!, T? of EAA 1410
is 83.2 °C, T? of EAA 3002 is 85.5 °C, and 77 of EAA
3003 is 88.0 °C. This trend is analogous to earlier report
[7], in which the author explained that the existence of AA
is considered to be non-crystallizable and intra-molecular
defects. As a result, the increase in the amount of total co-
monomer defects resulted in the declining of the number
and length of the crystallizable ethylene segments.

Non-isothermal crystallization kinetics

The relative crystallinity (X,) can be determined by cal-
culating the variation in temperature and enthalpy with
initial and final temperature of crystallization based on the
following relation [9]:

Iy, (dH./dT)dT

. Sy ——_ (2)
fTU (dH./dT)dT

where T is the initial temperature of crystallization, T, is

the end temperature of crystallization, dH,. is the variation

of enthalpy, and dT is the change of temperature.
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The relative crystallinity (X;) as a function of crystalli-
zation temperature for EAA at various cooling rates are
plotted in Fig. 1. It is apparent that all curves in Fig. 1 show
reverse sigmoidal shape, indicating crystal nucleation occurs
from the melt and slows down during nucleation growth [10].
After transforming horizontal temperature axis into crystal-
lization time scale, Fig. 2 is plotted. According to Fig. 2, itis
found that the higher the cooling rate, the shorter the time of
crystallization completion which is similar with previous
non-isothermal crystallization studies [11].

(1) Jeziorny method

The classical isothermal crystallization behavior can be
described by the classical Avrami equation [12—14]. Based
on the assumption that the crystallization temperature is
constant, the function is:

log[—In(1 — X,)] = logZ, 4+ nlogt (3)

where X, represents the relative crystallinity, n is the Avrami
exponent, ¢ stands for the crystallization time and Z, refers to
the growth-rate constant of crystallization. Considering the
influence from cooling rate during the practical non-
isothermal crystallization, Z; should not be appropriate for
further kinetic evaluation. Jeziorny [9] modified Z, in Eq. 3
and obtained the following relationship:

logZ, = logZ;/ ¢ 4)
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Fig. 1 Plots of relative crystallinity versus crystallization temperature for three EAA samples during the non-isothermal crystallization process.
a EAA 1410 (AA = 9.7 wt%), b EAA 3002 (AA = 8.0 wt%), and ¢ EAA 3003 (AA = 6.5 wt%)
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Fig. 2 Plots of relative crystallinity versus crystallization time for three EAA samples during the non-isothermal crystallization process. a EAA

1410 (AA = 9.7 wt%), b EAA 3002 (AA = 8.0 wt%), and ¢ EAA 3003 (AA = 6.5 wt%)
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Fig. 3 Plots of log[—In(1 — X,)] versus log ¢ for three EAA samples during the non-isothermal crystallization process. a EAA 1410
(AA = 9.7 wt%), b EAA 3002 (AA = 8.0 wt%), and ¢ EAA 3003 (AA = 6.5 wt%)
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Table 3 Non-isothermal crystallization kinetic parameters from
Jeziorny equation

Sample ¢ (°C min~")  Kinetic parameters
Z.g n Zo np t1/2 (min)
EAA 1410 25 034 352 059 088 1.89
5 084 393 096 097 1.07
10 1.16 382 1.01 099 0.58
20 122 444 1.03 1.15 035
EAA 3002 2.5 038 385 070 1.01 1.70
5 091 332 094 086 0.89
10 1.19 372 1.04 093 0.54
20 123 378 1.06 1.18 0.31
EAA 3003 25 031 370 074 093 1.83
5 090 3.66 098 098 094
10 1.18 283 1.07 1.10 0.57
20 1.18 331 1.08 139 0.33

Z. herein corresponds to the practical rate constant under a
non-isothermal condition. ¢ stands for the cooling rate. In
Fig. 3, log[—In(1 — X,)] versus log ¢ for three EAA sam-
ples during the non-isothermal crystallization process at
various cooling rates is plotted, respectively. All curves are
divided into two stages: the primary crystallization stage
and the secondary crystallization stage. The linear part of
each curve is almost parallel, indicating analogous mech-
anism of crystal nucleation and nucleation growth among
different EAA.

Kinetic data from the Jeziorny method are listed in
Table 3. The value of half crystallization time (¢;,) rep-
resenting the time needed to reach 50% of entire crystal-
lization process is calculated from the DSC curves. It is
clear that Z.; increases with the rise of cooling rate, indi-
cating that crystallization rate was enhanced by the
increase of cooling rate. At a given cooling rate, the ¢;,, is
the highest for EAA1410 and lowest for EAA3002, indi-
cating EAA3002 is the fastest to crystallize; while
EAA1410 is the slowest. This trend can be explained by
combining two competing factors of AA content and melt
flow rate (MFR) value [7]. It is known that high MFR value
reflects that polymeric chains have excellent mobility at
melt, and can easier arrange into crystal lattices during
crystallization [15]. In addition, AA groups with intra-
molecular defects would prevent crystallization. AA con-
tent of EAA samples follow the order: EAA1410 >
EAA3002 > EAA3003; while MFR of EAA samples fol-
low the order: EAA3002 > EAA3003 > EAA1410. The
interaction of intra-molecular defects and chains mobility
are both contributed to the order of half crystallization
time. Obviously, the order of Z; is identical with that of 7,
2, showing this model is able to describe the primary stage

of crystallizing process. However, the value of Z., is the
highest for EAA3003 and slowest for EAA1410, indicating
that EAA3003 crystallized fastest at the secondary stage
while EAA1410 did the lowest. This could be explained by
the effect of hydrogen bonding which have not formed at
the primary stage of crystallization when temperature is
high, but is formed at the secondary stage when tempera-
ture is lower [16—19]. Moreover, it is known that hydrogen
bonding would prevent crystallizing. Therefore, the higher
the AA content, the lower ethylene chain segments for
EAA to crystallize; and that is why EAA1410 which pos-
sesses the highest AA content crystallizes slowest at the
secondary stage of crystallization.

The values of n; varied between 3 and 4, indicating
uniform nucleation and three dimension nucleation growth.
It is obviously that cooling rate has no effect on the
mechanism of crystal nucleation and nucleation growth.
The value of slope at the second stage is lower than that of
the primary stage, indicating the secondary crystallization
takes place during the process of crystallization [20]. It
verifies that the crystals may grow as small lamellae with
lower melting temperature during the secondary crystalli-
zation. And the range of n, is 1.01-1.68 for three samples
indicating the spherulites’ growth transformed into a mix-
ture mode of one-dimensional and two-dimensional space
extension due to the spherulites’ impingement and
crowding.

(2) Ozawa method

Ozawa also modified the Avrami equation into the fol-
lowing relation by dividing the whole crystallization into
countless micro isothermal parts [21]:

1 = X(T) = exp[-K(T)/¢"] (5)
log[—In(1 — X(T))] = log K(T) — mlog ¢ (6)

where X(T) is relative crystallinity integrated by tempera-
ture, ¢ is cooling rate, K(7) is function of 7, and m is index
of Ozawa.

Data point folded lines in Fig. 4 indicated the failure of
Ozawa’s model. AA units introduced in main chains led to
apparent secondary crystallization of EAA, which is lack of
sufficient consideration in Ozawa’s model. As is shown in
Table 2, the cooling rate influenced the crystallization
behavior apparently. The final temperature referring to the
secondary crystallization of the exotherm in trace (¢
=25°C min~") just accorded with the beginning of
crystallization in trace of ¢ = 20 °C min~'. Thus, the
deviation from the Ozawa equation for the non-isothermal
crystallization of EAA may be due to the crystallization
under the different cooling rates at a given temperature.
Such deviation was also been reported in other non-iso-
thermal crystallization studies [22, 23].
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Fig. 4 Plots of log[—In(1 — X(7))] versus log ¢ for three EAA samples during the non-isothermal crystallization process. a EAA 1410
(AA = 9.7 wt%), b EAA 3002 (AA = 8.0 wt%), and ¢ EAA 3003 (AA = 6.5 wt%)
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Fig. 5 Plots of log ¢ versus log 7 for three EAA samples during the non-isothermal crystallization process. a EAA 1410 (AA = 9.7 wt%), b
EAA 3002 (AA = 8.0 wt%), and ¢ EAA 3003 AA = 6.5 wt%)
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Table 4 Non-isothermal crystallization kinetic parameters from
Mo’s method

Sample X, (%) 20 40 60 80
EAA 1410 F(T) 3.88 5.16 6.58 10.79
a 1.32 1.26 1.25 0.95
EAA 3002 F(T) 4.15 5.30 6.73 11.01
a 1.10 1.14 111 0.93
EAA 3003 F(T) 3.61 4.61 572 8.67
a 2.44 2.32 225 1.85

(3) Mo’s method

In order to use a method to describe exactly the non-
isothermal crystallization process, Mo et al. [18, 24-27]
suggested a significant and practical kinetic approach by
combining the Avrami equation with the Ozawa equation
to conclude the following equations:

logZ, + nlogt =log K(T) — mlog ¢. (7)

Assuming that F(T) = [K(T)/Z]"" and a = n/m, the
parameter F(7) has a definite physical and practical
meaning and is the value of cooling rate which has to be
chosen at a unit crystallization time when the measured
system amounts to a certain degree of crystallinity, the
parameter a is the ratio of the Avrami exponent, n, to the
Ozawa exponent, m. The final form was obtained:

log ¢ =log F(T) — alogt. (8)

At the given relative crystallinity (20, 40, 60, and 80%) of
the three grades of EAA copolymers, the plots of log ¢
versus log ¢ are illustrated in Fig. 5. All these plots exhibit
a good linear relation. The values of a and F(T), summa-
rized in Table 4 were calculated from the slope and the
intercept of plots. As mentioned above, given the same
relative crystallinity, F(7) declines as the crystallization
rate increases. From Table 4, it is noted that F(7) for all
EAA copolymers increases with the increase of relative
degree of crystallinity, which means, in order to reach
higher relative crystallinity within a given time, stronger
cooling condition is needed. Besides, the crystallization
rate of the three grades of EAA is as the following order:
EAA3003 > EAA1410 > EAA3002. EAA3003 has the
highest crystallization rate indicating that this resin (having
the lowest amount of total co-monomer defects) should
have the highest tendency to crystallize, which is contrary
to others with higher amount of total co-monomer defects.
However, an interesting scenario can be observed on
EAA3002 and EAA1410 copolymers, since EAA3002 has
the fewer amounts of non-crystallizable co-monomers
which induce higher crystallization ability, while the
results from Mo’s method disobey this suppose. Two
competition effects occur in this situation: first, the high
MFR value means low molecular weight which makes a
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+ EAA 3003
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Fig. 6 Plots of ln(qﬁ/T,Za) versus 1/Tp for three EAA samples

high amount of non-crystallizable chain ends. On the other
hand, a low molecular weight also means high mobility.
EAA1410 crystallizes more readily, due to the higher
amount of non-crystallizable chain ends which affect the
crystallization of the polymer more predominantly than the
higher mobility [7].

Crystallization activation energy

There are many reports on calculation of crystallization
activation energy [28], such as Peggy [29], Augis [30], and
Kissinger [31-33]. In this study, Kissinger method is uti-
lized in the following equation:

d|In( ¢ Tl% —AE,
[d((l/ém)]: ¥ ®)

where T, is the peak crystallization temperature, ¢ is the
cooling rate, R is the universal gas constant, and AE, is the
activation energy of crystallization.

The activation energy AE calculated by Eq. 9 was plot-
ted in Fig. 6. The effective energy barrier for non-isother-
mal crystallization can be estimated from the slope of the
plot. The AE values of all samples follow the order:
EAA3002 < EAA3003 < EAA1410, suggesting  that
EAA3002 is the easiest to crystallize, while EAA1410 is the
most difficult one to do so. For EAA3003 and EAA3002,
the two competition factors AA content and chain mobility
are both responsible for this result which is similar to results
from Jeziorny, Ozawa, and Mo’s method equation.

Melting behavior
Table 5 summarizes subsequent endothermic data of EAA
after non-isothermal crystallization at various cooling rates.

All samples are heated at 10 °C min~' heating rate. EAA
begins to melt from a comparatively lower temperature.
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Table 5 Subsequent melting DSC results of three EAA samples after non-isothermal crystallization

Sample ¢ (°C min™") 2" (°C) 77, (°C) T, (°C) AT,, (°C) AH,, Jg™h X, (%)
EAA 1410 25 87.7 98.3 102.8 15.1 52.68 19.0
5 86.7 97.9 103.4 16.7 51.94 18.7
10 85.6 98.8 103.1 17.5 51.33 18.5
20 85.0 98.3 103.0 18.0 50.57 18.2
EAA 3002 25 91.6 100.3 104.4 12.8 63.00 22.7
5 90.8 99.9 104.8 14.0 62.40 225
10 90.0 99.6 104.6 14.6 61.87 22.3
20 89.2 99.4 104.6 154 61.16 22.1
EAA 3003 25 94.5 103.0 106.7 12.2 84.03 30.3
5 94.1 102.6 106.7 12.6 83.06 30.0
10 93.5 102.8 106.7 13.2 82.87 29.9
20 92.9 102.1 106.7 13.8 82.37 29.7

T2" Onset melting temperature of EAA, T%, Peak melting temperature of EAA, T, Final melting temperature of EAA, AT,, = T,, — T2, AH,,

Melting enthalpy of EAA, X, Crystallinity of EAA

33 -
EAA 3003 (AA content =6.5wt%)
30 - |
9_\";‘ 27 4
2
E
2 241 EAA 3002 (AA content = 8.0wt%)
[ —
[} - * °
21 -
EAA 1410 (AA content = 9.7wt%)
—
18 - = —a

. I ' I . I ' I
4 8 12 16 20
Cooling rate /°C min”

Fig. 7 Plots of cooling rate versus crystallinity for three EAA
samples

EAA 1410 whose AA content is the highest among the
others possesses the widest range of melting temperature.
72", T%,, and T}, are slightly affected by changes of cooling
rate. The melting enthalpy (AH,,) also slightly decreases as
the cooling rate rises, indicating time is not enough for all
chains to be arranged into crystal lattices. From Jeziorny
and Mo’s methods, EAA3003 crystallizes fastest at the
beginning of crystallization and has the highest crystallin-
ity and T%,. According to results of crystallization activation
energy, the crystallization of EAA has transformed from
nucleation controlled model at the beginning to overall
growth model gradually.

Figure 7 compares the crystallinity of three EAA at
different cooling rates. Comparing with influences from
cooling rate, the AA content in EAA affects the crystal-
linity of polymer decisively. AA units are introduced into

@ Springer

the backbone of copolymer, which act as intervals of
crystallizable ethylene chain segments. The crystallization
is hindered as the chain regularity is disturbed randomly.
Higher co-monomer content in copolymer leads to lower
crystallinity [34].

Conclusions

In this research, the non-isothermal crystallization kinetics
of three kinds of EAA samples with different AA content was
evaluated by DSC via the Jeziorny method, Ozawa method,
and Mo’s method. Both the Jeziorny and Mo’s method could
profile the non-isothermal crystallization behavior appro-
priately, while Ozawa model was not suitable. Results from
the Jeziorny method showed that at the primary crystalliza-
tion stage, the crystallization rate decreased in the following
order: EAA3002 > EAA3003 > EAA1410, which was due
to the more competitive mobility of chains. Avrami exponent
in this stage are between 3 and 4, indicating uniform nucle-
ation and three dimension nucleation growth. The crystalli-
zation of EAA has transformed from nucleation control
model at the beginning to overall growth model gradually.
While at the secondary crystallization stage, EAA3003 >
EAA3002 > EAA1410, which is mostly due to the effect of
hydrogen bonding interaction. Mo’s method investigated the
crystallization behaviors of EAA in a different perspective.
Three grades of EAA possess the following rate order:
EAA3003 > EAA1410 > EAA3002. Difference from two
approaches in relationship between the EAA1410 and
EAA3002 are mostly owing to the higher amount of non-
crystallizable chain ends. Both kinetics methods exhibit that
EAA3003 crystallizes the fastest at the beginning of crys-
tallization due to its low AA content.
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The activation energy for non-isothermal crystallization

of EAA3003, EAA3002, and EAA1410 were 326, 331, and
304 kJ mol™!, respectively. It was proposed that the
overall crystallization rate of EAA was affected by the
interaction between the AA content, the chain mobility,
and the quantity of non-crystallizable chain ends. Crystal-
lization enthalpy AH, declined with the increase of AA
content, which reduced the number and length of ethylene
chains. At the same cooling rate, the increase in AA con-
tent would lead to depression in the subsequent melting
temperature and melting enthalpy AH,,,.
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