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ABSTRACT

The non-isothermal melt crystallization kinetics and subsequent melting
behavior for four different grades of ethylene-acrylic acid copolymer and three
different grades of ethylene-methyl acrylate-acrylic acid terpolymer was investigated
by the differential scanning calorimetry technique. The non-isothermal melt
crystallization data were analyzed based on the Ozawa and Ziabicki macrokinetic
models. The effective energy barriers describing non-isothermal melt crystallization
process for these resins were determined based on the differential iso-conversional
method of Friedman. The amount of non-crystallizable, intra-molecular defects had
substantial effects on the non-isothermal melt crystallization kinetics and subsequent
melting behavior.
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1. INTRODUCTION

For any material, its physical and mechanical properties are related directly to
its structure and morphology. The structure and morphology of a semi-crystalline
polymer are influenced by the conditions set forth during processing and control its
ultimate physical and mechanical properties. Crystallization of a semi-crystalline
polymer is still an on-going scientific pursuit, due largely to the important links
crystallization has to processing conditions and the final properties of a product.

Ethylene-acrylic-acid copolymer (EAA) is a random copolymer made from
ethylene monomer and acrylic acid co-monomer.  The usefulness of EAA
commercially arises from its combination of toughness, clarity, gloss, and adhesive
ability to polar substrates [1]. Ethylene-methyl acrylate-acrylic acid terpolymer (E-
MA-AA) is a random terpolymer consisting of ethylene monomer and methyl
acrylate and acrylic acid co-monomers.  E-MA-AA is commercialized by
ExxonMobil Chemical under the tradename ESCOR™. Due to the presence of the
co-monomers, E-MA-AA P rovides excellent adhesion tovariety of both polar and
non-polar substrates [2].

In the present contribution, the non-isothermal melt crystallization kinetics
for four different grades of EAA and three different grades of E-MA-AA was
investigated using differential scanning calorimetry (DSC) technique. The main
objective for this work is to study the effect of co-monomer content on the
crystallization behavior of these resins. The experimental data were analyzed based
on the Ozawa and Ziabicki macrokinetic models. The effective energy barrier for
non-isothermal m elt ¢ rystallization process of these resins was estimated based on
the differential iso-conversional method of Friedman.
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2. THEORITICAL BACKGROUND

Ozawa [3] extended the well-known Avrami model [4-6] to describe the non-
isothermal crystallization data of a semi-crystalline polymer. Mathematically, the
relative crystallinity function of temperature 6{T) can be represented as a function of
cooling rate () as

=l-ex'p™j (1)

where ko and 0 are the Ozawa crystallization rate constant and the Ozawa exponent,
respectively.  Both ko and o are parameters specific to a given crystalline
morphology and type of nucléation for a particular crystallization condition [7),
similar to the kinetic parameters of the Avrami model. By plotting In[-In( 1-6(7))]
versus In(") for a fixed temperature, both ko and n0 parameters can be respectively
determined from the anti-logarithmic value of the y-intercept (i.e., k0 - eyirtyet) and
the negative value of the slope (i.e, o= -slope) of a least-squared ling drawn
through the bulk of the data. Since the units of ko are a function of «o, use 0fKo (i.e.,
Ko = k0Vr) is more favorable.

Instead of describing the crystallization ~process with  complicated
mathematical models, Ziabicki [8-10] proposed that the kinetics of polymeric phase
transformation can be described by a first-order kinetic equation of the form:

d
90 - kDl -e) 2

where KZT) is a temperature-dependent crystallization rate function. In the case of
non-isothermal crystallization, both 6{t) and Kz(7) functions vary and are dependent
on the cooling rate used.

For a given cooling condition, Ziabicki [8-10] showed that the crystallization
rate function KZT) can be described by a Gaussian function of the following form:

Kz(T) = Kzmexp -4 2 -LmlL (3)

where Tnax is the temperature at which the crystallization rate is maximum, Kz,mex is
the crystallization rate at Thax and D is the half-width of the crystallization rate-
temperature function. With use of the isokinetic approximation, integration of
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Equation (3) over the whole crystallizable range of temperatures (79 < T < Tm), for a
given cooling condition, leads to an important characteristic value describing the
crystallization ability of a semi-crystalline polymer, namely, the kinetic
crystalllizability Gz:

1= jk(7-)dr» 1.064K A D (4)

In case of non-isothermal crystallization studies using DSC where cooling
rate is a variable, Equation (4) can be applied when the crystallization rate function
KZT) is replaced with a derivative function of the relative crystallinity function of
temperature ido/dT)™ specific for each cooling rate studied (i.e., crystallization rate
function at different cooling rates). Therefore, Equation (4) is replaced by

=R, dr * 1.064(d</dnw, 0, 5

where (defdT"max and )* are the maximum crystallization rate and the half-width of
the derivative relative crystallinity as a function of temperature (d0/dT)* According
to Equation (5), Gz" is the kinetic crystallizability at an arbitrary cooling rate 4 The
kinetic crystallizability at unit cooling rate Gz can therefore be obtained by
normalizing Gzjj, with ()(i.e., Gz= Gzy$). It should be noted that this procedure was
first realized by Jeziorny [11],

For a process that occurs on cooling such as non-isothermal crystallization of
polymer melts, reliable values of the effective energy barrier can be obtained, for
examples, by the differential iso-conversional method of Friedman [12] or by the
integral iso-conversional method of Vyazovkin [13,14], In this work, the Friedman
method will be used, due mainly to the reliability and simplicity of the method
[14,15], The Friedman equation is expressed as

AF,

In(6,(8))= A~

(6)
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where (@t ) is the instantaneous crystallization rate as a function of time for a given

relative melt conversion 0, A is an arbitrary pre-exponential parameter, and AEq is
the effective energy barrier of the process for a given relative melt conversion 9. By
plotting the instantaneous crystallization rate data measured from non-isothermal
experiments conducted at various cooling rates against the corresponding inverse
absolute temperature for a given conversion, the effective energy barrier for non-
isothermal crystallization process can be determined.

3. EXPERIMENTAL DETAILS
3.1. Materials

Four grades of ethylene-acrylic acid copolymer (i.e., EAAL, EAAZ, EAA4,
and EAADS) and five grades of ethylene-methyl acrylate-acrylic acid terpolymer (i.e.,
E-MA-AA310, E-MA-AA320, and E-MA-AA325) with varying amount of the co-
monomer content were graciously supplied by ExxonMobil Chemical. Table 1
summarizes the compositions in-mole fractions for EAA copolymers and E-MA-AA
terpolymers. It should be noted that the melt-flow index of EAA4 is approximately
twice that of EAAZ.

3.2. Sample Preparation

All EAA and E-MA-AA resins were dried under vacuum at 50°c for 24
hours and kept in sealed plastic bags with silica gel prior to compression molding in
order to minimize moisture absorption. Films of approximately 200 pm in thickness
were prepared by melt-pressing the resins in a Wabash V50H compression molding
machine using the plate temperature of 160°c and the applied force of 15 tons for 5
min.  The compression molded films were then cooled to 40°c at a cooling rate
which was fitted well by an exponential decay with a time constant of 3 min by
running cold water though channels in the press plates. The thickness of film was
-200



ol

3.3. Differential Scanning Calorimetry Measurements

A Perkin-Elmer Series 7 DSC was used to record non-isothermal melt
crystallization exotherms and subsequent melting endotherms for these resins.
Calibration for the temperature scale was carried out using a pure indium standard
(7n° = 156.6°c and A//f* =285 Jg') on every other run to ensure accuracy and
reliability of the data obtained. To minimize thermal lag between the polymer
sample and the DSC furnace, each sample holder was loaded with a disc-shape
sample weighing around 9.0 £0.1 mg which was cut from the as-prepared films. It
is worth noting that each sample was used only once and all the runs were carried out
under nitrogen atmosphere to minimize extensive thermal degradation.

The experiment started with heating each sample from 30°c at a heating rate
of 80°C-min'Lto 160°c. This procedure was aimed at nullifying previous thermal
histories of the sample and at setting a standard thermal history to all of the samples
studied. To ensure complete melting, the sample was kept at 160°c for 5 min, after
which it was cooled at a desired cooling rate ), ranging from 5 to 50°C-mm1 for
EAA and from 5 to 30°C min'l for E-MA-AA, to 30°c. The sample was then
subjected to heating to observe the subsequent melting behavior (recorded using a
heating rate of IC*C-min’). Both the non-isothermal melt crystallization exotherms
and subsequent melting endotherms were recorded for further analysis. The non-
isothermal melt crystallization exotherms were analyzed according to the models
aforementioned.

4. RESULTS AND DISCUSSION
4.1, Non-isothermal Melt Crystallization and Subsequent Melting Behavior.
The typical non-isothermal melt crystallization exotherms for EAA4 and E-
MA-AA310 for indicated cooling rates are shown, for examples, in Figures la and
b, respectively. It is obvious that, when the cooling rate increased, the exothermic
trace became wider and shifted towards lower temperatures. The observation is
universal for all of the EAA and E-MA-AA samples studied. Figure 2 illustrates, for
examples, the non-isothermal crystallization exotherms recorded at a cooling rate of
10°c-min1 for all of the EAA and E-MA-AA samples studied. Tables 2 and 3
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summarize characteristic data for non-isothermal crystallization of all of the EAA
and E-MA-AA samples studied. For each resin, the temperature at 1% relative
crystallinity Tool, the temperature at the maximum crystallization rate (i.e., the peak
temperature) 7p, and the temperature at 99% relative crystallinity 7099 were all
shifted towards lower temperatures with increase cooling rate. The values of Tool
and To.so Will be hereafter used to as a measure of the heginning and the ending,
respectively, of the non-isothermal crystallization process [7], The fact that all of the
Tod, Tn and Taw values decreased with increasing cooling rate suggests that the
higher the cooling rate, the later the crystallization process began and ended (based
on the temperature domain).

For a given cooling rate, the 70.0i, Tp, and To.e values for all of the EAA and
E-MA-AA samples studied fell on the following order: EAAL > EAA2 > EAA4 >
EAAS > E-MA-AA310 > E-MA-AA320 > E-MA-AA325. The results suggest that
EAAL was the fastest to crystallize, while E-MA-AA325 was the slowest. This can
be explained based on the amount of total non-crystallizable, intra-molecular defects
(hereafter, co-monomer defects) that these resins exhibit. ~ According to Table 1,
EAAL EAA2, EAA4, EAA5 E-MA-AA310, E-MA-AA320, and E-MA-AA325
resins show an increase in the amount of total co-monomer defects (in mole
percentage) as 12, 2.6, 2.6, 3.9, 5.1, 9.8 and 10.7%, respectively. Since, these resins
are random copolymers and terpolymers respectively, the increase in the amount of
total co-monomer defects should result in a decrease in both the number and length
of the crystallizable ethylene segments. As a consequence, for a given cooling
condition, the resin having the lowest amount of total co-monomer defects (i.e.,
EAAL) should have the highest tendency for the crystallizable ethylene segments to
overcome the energy barrier for crystallization to crystallize, as opposed to those
with higher amount of total co-monomer defects. EAAZ2 and EAA4 have the same
amount of non-crystallizable comonomers; the difference between these two
materials is that the latter has a significantly lower molecular weight. Two
competing effects occur in this situation, a lower molecular weight means a higher
fraction of non-crystallizable chain ends, while a lower molecular weight also means
higher mobility. ~ Since the EAA2 crystallizes more readily, the former is more
important than the latter for this material.



The subsequent melting endotherms for EAA4 and E-MA-AA310 after non-
isothermally crystallized during cooling at various cooling rates are shown, for
examples, in Figures 3a and 3b, respectively. It is apparent that, when the cooling
rate increased, the melting endotherm became wider, while its peak position seems to
be unchanged. The observation is similar to all of the EAA and E-MA-AA samples
studied. Tables 3 and 4 summarize the enthalpy of crystallization AHc (taken from
the non-isothermal melt crystallization exotherms), the enthalpy of fusion A/ff, and
the apparent melting temperature Tm (taken from the subsequent melting endotherms)
for all of the EAA and E-MA-AA samples studied. Apparently for each resin,
changes in the cooling rate used did not seem to affect the Tm value, while an
increase in the cooling rate used resulted in a decrease in both AHc and Allf values.
The latter observation suggests that the apparent degree of crystallinity was a
decreasing function of the cooling rate.

For a given cooling rate, the AHe, A/ff, and Tm values for all of the EAA and
E-MA-AA samples studied followed the following sequence: EAAL > EAA2 >
EAA4 > EAAS > E-MA-AA310 > E-MA-AA320 > E-MA-AA325. The results
suggest that EAAL exhibited the highest apparent degree of crystallinity and the
thickest lamellae, while E-MA-AA325 showed the opposite. The explanation for
such observation should lie, again, on the amount of total co-monomer defects or, in
other words, the number and length of the crystallizable ethylene segments that these
resing exhibit. For a given cooling condition, the resin with low amount of total co-
monomer defects should have a better tendency to crystallize more perfectly, hence
higher apparent degree of crystallinity and higher apparent melting temperature, than
those with high amount of total co-monomer defects. The resin with high amount of
total co-monomer defects (viz. the number and length of the crystallizable ethylene
segments is respectively small and short) should show a broad melting endothem, a
direct result of a broad distribution of the lamellar thicknesses.
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4.2, Non-Isothermal Melt Crystallization Kinetics

4.2.1 Ozawa Analysis

To obtain relavant non-isothermal melt crystallization kinetic information
according to the Ozawa model, the experimental data such as those shown in Figure
1need to be presented as the relative crystallinity function of temperature (9(7).

The conversion from the raw data, such as those shown in Figure 1, into the 9{T) can
be carried out using the following equation:

i)

o(T) =~ £ (7)

where To represents the temperature corresponding to the onset of crystallization, d77c
is the enthalpy of crystallization released during an infinitesimal temperature range
dr, and AHe is the overall enthalpy of crystallization for a specific cooling condition.

Typical relative crystallinity functions of temperature 9(T) are shown in
Figure 4. The fact that the 6{T) function for a given resin shifted towards lower
temperatures with cooling rate confirms our earlier observation that the higher the
cooling rate, the later the crystallization process began and ended. It was mentioned
previously that analysis of the raw 6(T) data could be carried out by performed
though a double logarithmic plot of In[-In(I-$(7))] versus In(0) for a fixed
temperature.  Figures 5a and 5b illustrate plots of In[-In( 1-6(7))] versus In(0) for a
fixed temperature based on data shown in Figures 4a and 4b. Tables 6 and 7
summarize the no and K0 values as well as the corresponding correlation coefficient
r2 of the fit for all of the EAA and E-MA-AA samples studied. It should be noted
that the results were only taken from least-squared lines drawn through plots of at
least three points was the main reason for the variation in the temperature range used
for different resins.
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The values of the correlation coefficients r2 listed in Tables 6 and 7 which
were found to range from 0.8496 to 0.9954 suggesting that the Ozawa model
provided a satisfactory description to the non-isothermal melt crystallization for
these resins. In all cases, the Ozawa exponent «o was found to range from ca. 2.1 to
5.3. More specifically, it ranged from ca. 3.4 to 4.4 for EAAL within the temperature
range of 77 to 85°c, from ca. 3.2 to 4.3 for EAA2 within the temperature range of 73
to 81°c, from ca. 3.5 to 4.6 for EAA4 within the temperature range of 73 to 81°c,
from ca. 3.3 to 3.6 for EAAS within the temperature range of 67 to 75°c, from ca
3.3 10 3.5 for E-MA-AA310 within the temperature range of 63 to 71°c, from ca. 4.2
to 5.3 for E-MA-AA320 within the temperature range of 45 to 53°c, and from ca. 2.1
to 3.8 for E-MA-AA325 within the temperature range of 39 to 47°c. For all of the
EAA and E-MA-AA samples studied, the Ozawa crystallization rate constant Ko was
found to decrease with increasing temperature (within the temperature range
investigated), suggesting that these resins crystallized slower with increasing
temperature.

4.2.2. Ziabickis Kinetic Crystallizability Analysis

Analysis according to the modified first order Ziabicki’s kinetic equation
(ie., Equation 5) can be carried out by differentiating the relative crystallinity
function of temperature 6(T), i.e. the data in Figure 4, in order to obtain the
derivative relative crystallinity as a function of temperature {doldTjift. Once the
(do/dT)™ function is obtained, various Kinetic parameters (i.e., the maximum
crystallization rate (do/dT)*max and the half-width of the (doldT)t; function A}) can
then be obtained and the cooling rate-dependent kinetic crystallizability Gz$ can be
calculated according to Equation (5).

Tables 8 and 9 ummarize the Values of T4max(i.e., the temperature allhe
maximum crystallization rate as determined from the {do/idT)* functions),
(cdn<e>max, Af. and Gz for all of the EAA and E-MA-AA samples studied. It should
be noted that the values of rmax listed in Tables 8 and 9 and Tp (i.e., the temperature
at the maximum crystallization rate as determined from the raw non-isothermal melt
crystallization exotherms) listed in Tables 2 and 3 are almost identical for all of the
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resing studied. For a given resin, the  max value was found to decrease, while the
(d0/d7)"max and Aj, values were also found to increase, with increasing cooling rate.
Based on these values, the resulting Gz] value (not listed) was therefore an
increasing function of the cooling rate. After normalizing the effect of the cooling
rate from the resulting Gz~ value, the value of the kinetic crystallizability at unit
cooling rate Gz can therefore be determined and the results shown in Tables 8 and 9
confirmed that the normalized Gz values for each resin at different cooling rates were
almost identical.  However, The kinetic crystallizability at unit cooling rate Gz
slightly decreased when the amount of total defect was increased.

Since the physical meaning of the Kinetic crystallizability Gz is to
characterize the ability for a semi-crystalline polymer in crystallizing when it is
cooled from its equilibrium melting temperature to the glass transition temperature at
a unit cooling rate, the higher the Gz value, the more readily the polymer crystallizes.
Based on the average Gz values summarized in Tables 8 and 9, the crystallization
ability for all of the EAA and E-MA-AA samples studied followed the following
order: EAAL > EAA4 > EAA2 > EAAS « E-MA-AA310 > E-MA-AA320 > E-MA-
AA325, which is slightly different from previous observation.

4.2.3. Effective Energy Barrierfor Non-Isothermal Melt Crystallization Process

In order to estimate the effective energy barrier for non-isothermal melt
crystallization process Ae for these polymers according to the differential iso-
conversional method of Friedman [12], the relative crystallinity function of
temperature 0(7), such as those shown in Figure 4, needs to be converted to the
relative crystallinity function of time 6(t) by transforming the horizontal temperature
axis into the time axis, using the relationship between the crystallization time t and
the sample temperature T according to the following equation:

(8)
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Once the 9ft) function is obtained, it is differentiated to obtain the instantaneous
crystallization rate as a function of time derivative relative crystallinity as a function
oftime 9(t). Finally, a plot according to Equation (6) can be performed for various
values of relative melt conversion (i.e., relative crystallinity) using the data obtained
fromthe 9(t) and 6(7) functions and, finally, the effective energy barrier of the non-
isothermal melt crystallization process for a given relative melt conversion 9 (i.e.,
AEe) can be estimated from the slope of the plot (i.e., AEe = -(slope)(7?).

Tables 10 and 11 summarize the AEe values determined for 5 different values
of Pranging from 0.1 to 0.9 for all of the EAA and E-MA-AA samples  died.
According to Tables 10 and 11, the AE value for each resin was found to
monotonically increased with increasing relative melt conversion, suggesting that, as
the crystallization progressed, it was more difficult for the polymer to crystallize. As
crystallization proceeds, diffusion of the crystallizing molecular segments from the
melt to the growth front will be deterred by the rejected molecular segments. For a
given value of 9, the AE values for all of the EAA and E-MA-AA samples studied
were found to lie in the following order: EAAL < EAA2 < EAA4 < EAAS < E-MA-
AA310 < E-MA-AA320 < E-MA-AA325. The results suggest that EAAL was the
easiest resin to crystallize, while E-MA-AA325 was the most difficult one to do so.
The different amounts of total co-monomer defects that these resins exhibited was,
again, responsible for such behavior.

5. CONCLUSIONS

The non-isothermal melt crystallization exotherms for four grades of
ethylene-acrylic acid copolymer (EAA) and three grades of ethylene-methyl acrylate-
acrylic acid terpolymers (E-MA-AA) showed that the temperate at 1% relative
crystallinity, the temperature at the maximum crystallization rate, and the
temperature at 99% relative crystallinity were all shifted towards lower temperatures
with an increase in cooling rate used, indicating that these resins took a shorter time
to crystallize when the cooling rate increased. The Ozawa model was found to
provide a satisfactorily good fit to the experimental data. For all of the resins
studied, the Ozawa exponent was found to range from ca. 2.1 to 5.3 and the Ozawa



crystallization rate constant was found to decrease with increasing temperature
(within the temperature range investigated), suggesting that these resins crystallized
slower with increasing temperature.

The comparative ability for these resins to crystallize from the molten state
under a unit cooling rate can be evaluated from the values of the Ziabicki’s kinetic
crystallizability, which suggested that the ability for these resins to crystallize fell on
the following Order: EAAL > EAA4 > EAA2 > EAAS » E-MA-AA310 > E-MA-
AA320 > E-MA-AA325. However, when judging from the observation of the raw
non-isothermal melt crystallization exotherms and the values of the effective energy
barrier governing the non-isothermal melt crystallization for these resins, the ability
for these resins to crystallize was in the following sequence: EAAL > EAA2 > EAA4
> EAAS > E-MA-AA310 > E-MA-AA320 > E-MA-AA325. It was postulated that
the amount of co-monomer defects was responsible for such behavior.
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CAPTIONS OF FIGURES

Figure 1 Non-isothermal crystallization exotherms for (a) EAA4 and (b) E-MA-
AA310 at various cooling rates.

Figure 2. Non-isothermal crystallization exotherms for (a) four grades of EAA and
(b) three grades of E-MA-AA at the cooling rate of 10°C-min".

Figure 3. Subsequent melting endotherms of EAA4 for (a) EAA4 and (b) E-MA-
AA310 after non-isothermally crystallized at various cooling rates.

Figure 4. The relative crystallinity function of temperature for (a) EAA4 and (b) E-
MA-AA310 at various cooling rates.

Figure 5. Typical Ozawa analysis based on the non-isothermal crystallization data
of (a) EAA4 and (b) E-MA-AA310.



Table 1 Compositions in mole fractions for EAA copolymers and E-MA-AA
terpolymers studied

Sample code  Ethylene  Acrylic acid  Methyl acrylate

EAAL 0.988 0.012

EAA2 0.974 0.026

EAA4* 0.974 0.026

EAAS 0.961 0.039 -
E-MA-AA310  0.949 0.028 0.023
E-MA-AA320  0.902 0.028 0.070
E-MA-AA325  0.893 0.028 0.079

* EAA4 has lower molecular weight averages than EAA2
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Table 2 Characteristic data of non-isothermal melt crystallization exotherms for EAA copolymers studied
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Table 3 Characteristic data of non-isothermal melt crystallization exotherms for E-MA-AA terpolymers studied

E-MA-AA310 E-MA-AA320 E-MA-AA325

P Tom To%9 Tom To% Tom To%
(Cmin") (°C)  TO (°C) (’C)  TO (°C) ( T0 (

) 75.8 13.2 69.7 59.0 55.2 49.5 53.0 49.6 453

10 74.0 71.0 65.1 55.5 51.9 455 50.6 46.5 415

15 12,5 69.3 62.8 2.8 49.6 43.7 415 43.9 37.6

20 70.7 67.1 60.9 51.9 479 40.2 46.0 414 35.7



Table 4 Enthalpy of crystallization and characteristic data of subsequent melting endotherms for EAA copolymers studied

EAAL EAA2 EAA4 EAAS

0 Aic  AHf AHo  AHf Tm  AHa  AHf Alic  AHf
(Cming) (Jg) (g9 ra (g9 Qod (- (Jgd (Jg) TO  (Jg) (Jg) TO
5 676 868 1012 536 808 982 499 678 970 518 642 934

10 652 854 1014 538 683 980 528 584 96.9 510 529 940
15 687 8.2 1007 657 677 913 621 442 967 501 480 943
20 579 687 999 759 792 974 782 370 967 523 601 940
30 581 695 999 619 658 973 557 561 968 511 462 943
40 583 741 999 564 596 972 612 539 972 504 46.0 94.2
50 596 59.7 1006 514 526 971 633 540 974 471 480 947



Table 5 Enthalpy of crystallization and characteristic data of subsequent melting endotherms for E-MA-AA terpolymers

studied.
E-MA-AA310
® A ¢ AHT
(Cmin)  (Jg') (g9
5 38.9 46.4
10 37.6 39.3
15 33.0 36.4

20 335 21.1

1'C1
86.2
89.5
89.7
81.2

AHC

!

20.6
193
30.3
20.9

E-MA-AA320

AHT
!
2.1
131
165
137

m

13.5
10.3
2.0
73.0

AHC
(393
182
210
172
179

E-MA-AA325

AHf
(399
16.4
150
9.0
9.6

m

68.5
69.2
68.9
68.6



Table 6 Non-isothermal crystallization kinetics for EAA copolymers based on Ozawa analysis

EAA4
Temperature 0

Temperature
(C)
1
19
81
83
8

EAAL

0

3.74
439
3.10
343
349

( Cmin™)

31.82
23.41
16.88
12.90
1.14

r2

0.9928
0.9335
0.9078
0.9038
0.8496

(9
7

15
1
19
81

EAA2
Temperature 0

432
392
422
3.61
3.16

( c-min™}
28.39
19.66
16.19
13.00
8.11

r2

0.9894
0.8678
0.8711
0.9818
0.9801

(9
7
7
7
19
81

3.69
3.53
3.57
4,07
4.63

Ko
(*Cmin™}
20.92
17.34
1341
8.37
5.87

r2

0.8551
0.9222
0.9346
0.8992
0.9640

('C)
67
69
it
7
7

EAAS
Temperature «

3.32
331
340
3.31
3.61

(*Cmin™})

23.56
17.07
10.97
8.90
590

0.9430
0.9329
0.8702
0.9481
0.9954



Table 7 Non-isothermal crystallization kinetics for E-MA-AA terpolymers based on Ozawa analysis

(°C)
63
65
67
69
/1

E-MA-AA310
Temperature  «o

3.48
3.34
3.32
331
340

KO0
(“C-min™Q)
34.26
21.24
23.56
17.07
10.97

?

0.8567
0.8667
0.9928
0.9335
0.9078

(
3

iy
49
Sl
53

E-MA-AA320
Temperature H

4.23
519
498
4.25
5.26

K0
(°Cmin')
21.24
17.99
1321
10.08
6.20

?

0.8667
0.9928
0.9335
0.9078
0.9038

(
39

41
43
45
a7

E-MA-AA325
Temperature H

2.12
2.59
2.26
3.16
3.79

KO0
("Cmin")
32.57
15.30
13.61
11.32
6.32

r2

09741
0.8567
0.8667
0.9928
0.9335



Table 8 Non-isothermal crystallization kinetics for EAA copolymers based on Ziahicki analysis

(> mex
(Cmin ()
5 814
10 848
15 830
20 819
30 789
40 765
50 673

EAAL
(de/dTlAmax

2.85x1072
4.67x102
6.31x10?2
8.82x10%2
9.32x1 02
10.76x10%2
11.38x1 02

Average

DIS)
('C)
10.03
12.52
13.41
14.68
19.61
22.43
24.35

Gz

3.65
3.73
3.60
4.13
3.89
3.85

3.54
3.17

(C)
B3.5
1.0
79.0
7756
739
71.2
67.3

EAA2
(di?/d 7)™ nia

2.714x1 02
4.49x1 02
5.88x10"2
1.42x1 02
8.36x1 02
9.27x1 02
10.77x102

Average

pij G
<°C)
749 2.62
10.06 2.88
1245 3.11
15.08 3.57
19.15 3.40
21.40 3.17
22.30 3.07
3.12

Ima (0<9Ml7)<t, rrex

(C)
1.9
79.0
775
753
72.4
69.2
83.3

EAA4

1
2.86x1 02
3.91x102
5.70x1 02
6.94x1 02
8.31x102
9.00x1 02
9.81x102

Average

pif Gz
(C)
10.02 3.66
10.71 2.67
12.92 3.13
15.72 3.48
17,57 3.10
21.38 3.07
21.31 3.42
3.22

Titimax (d#/d 7\mex

(

76.2
12.5
10.7
69.3
65.9
61.9
53.3

EAAS

2.10x1 02
3.67x1 02
4.61x102
6.38x1 02
7.84x1 02
8.43x1 02
8.68x10%2

Average

Gz
(C)
10.03 2.69
12.52 2.93
14.53 2.85
15.59 3.18
19.64 3.28
24.67 3.32
25.90 2.87

3.02



Table 9 Non-isothermal crystallization kinetics for E-MA-AA terpolymers based on Ziabicki analysis

E-MA-AA310

&  Tyjex fd@d7)mx D) Gz
it oo

5 73.2  2.35x10"2 753 2.26
10 709  4.02x102 1243 3.19
15 69.3 554x102 13.26 3.13
20 67.1 6.12x102 1441 2.83
30 641 9.44x102 18.28 3.67

Average

3.02

(
55.2

51.8
49.5
47.8
42.1

E-MA-AA320

'l
1.62x1 02
3.22x1 02
4.99x1 02
5.62x1 02
6.18x1 02

Average

Twex (d0/d7\mx Din Gz

(C)
11.62 2.40
14.08 2.90
16.85 3.58
15.29 2.74
17.17 2.26
2.78

(
49.5

46.4
43.8
41.3

E-MA-AA325

Tyymex (d*/dr*max

1
1.87x1 02
3.20x1 02
4.90x1 02
5.68x1 02

Average

Dil Gz
(C)

753 179
10.22 2.09
1155 2.41
12.30 2.23

2.13



Table 10 Effective energy barrier describing the overall non-isothermal melt
crystallization of EAA copolymers hased on Friedman method

Effective energy barrier AE (kJ mol'])
0=0.1 0=03 B==— B==rt 0=0.9
EAAL  -258.0 -226.7 -209.0 -205.6 -157.0
EAA2 -208.7 -198.1 -166.2 -153.2 -141.2
EAA4 -1621 -1458 -1281 -1254  -1123
EAA5 -146.8 -138.0 -1274 -1128  -86.8

Polymer -



Table 11 Effective energy barrier describing the overall non-isothermal melt
crystallization of E-MA-AA terpolymers based on Friedman method

Poll/mer __________ Effective energy barrier AE (kj mof})
0=01 003 V=0 Q=0 B>
E-MA-AA310 -132.2 -1142 -1049 -1036  -96.7
E-MA-AA320 -1002 -934  -888  -814  -828

E-MA-AA325 -976  -906  -88.7  -713.0  -62.7
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Relative Crystallinity, 0(t)

Relative Crystallinity, O(t)
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