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Abstract. Non-isothermal crystallization and subsequent melting of three grades of ethylene-vinyl acetate copolymer were
investigated by differential scanning calorimetry (DSC) technique. The DSC crystallization curves show that vinyl acetate
(VAc) content has the same effect on the onset, peak and final crystallization temperatures, and these copolymers have
almost the same spacing of thermal windows under identical crystallization condition. Subsequent melting DSC results
suggest that EVA14 (14 wt% VAc) has the narrowest distribution of lamellar thickness and the most perfect crystals.
Though the instantaneous nucleation was preferred, non-isothermal crystallization kinetics shows that EVA14 could form
tridimensional crystallites, whereas EVA18 (18 wt% VAc) and EVA28 (28 wt% VAc) are prone to crystallize two-dimen-
sionally, as a result of more noncrystallizable VAc co-monomers introduced in the crystallizable ethylene segments. The
growth rate falls on the following sequence: EVA14>EVA18>EVA28. Moreover, the kinetic crystallizability G also well
characterizes the variation of the non-isothermal crystallization of these EVA materials, in the view of structural impedi-
ment caused by the VAc content.
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1. Introduction

The crystallization and melting behavior of semi-
crystalline polymers has been studied for many
years, but there is still much work to be done due to
the differences in the molecular structure for differ-
ent polymers. The reaction rate constant does not
depend on temperature in case of isothermal meas-
urement, while during non-isothermal experiment
the value of rate constant depends on temperature.
In these cases the results are less reliable, but the
non-isothermal crystallization behavior is of more
practical interest than isothermal behavior. This is
because polymers are usually processed under non-
isothermal cycles rather than under isothermal con-
dition.
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Ethylene-vinyl acetate copolymer (EVA) is a ran-
dom copolymer synthesized from ethylene
monomer and vinyl acetate (VAc) co-monomer.
The copolymer is often produced by continuous
bulk polymerization under high pressure similarly
to low density polyethylene (LDPE) [1]. Its proper-
ties are easily variable by the adjustment of the co-
monomer ratio. When the VAc content is low, the
copolymer is more akin to polyethylene and has
enough ability to crystal, but for high VAc content
the pendent acetoxy is excessive enough and pre-
vents adjacent polyethylene chains packing into the
crystal lattice [2], then totally amorphous and rub-
ber-like EVA is expected when the VAc content is
more than 43% by weight as indicated by Kamath
and Wakefield [3]. It should be noticed that Varga
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and his coworkers revealed that the crystallization
and melting characteristics of PE are very sensitive
to the VAc content [4].

In the present discussion, the non-isothermal crys-
tallization kinetics for three different grades of
EVA was investigated by differential scanning
calorimetry (DSC) technique. The main objective
for this work is to study the effect of VAc co-
monomer content on the crystallization behavior of
these copolymers. The non-isothermal DSC crys-
tallization and melting curves of these copolymers
were considered and the derived kinetic parameters
were analyzed based on Avrami equation and its
modified formulation. The kinetic crystallizability
was also employed to evaluate the crystallization
differences arising from the influence of VAc con-
tent on the EVA structure.

2. Experimental
2.1. Materials

Three grades of ethylene-co-vinyl acetate copoly-
mer (EVA) with varying amounts of vinyl acetate
(VAc) content are given in Table 1. EVA14 and
EVAI18 were supplied by Beijing Organic Chemi-
cal Plant, China; while EVA28 was supplied by
Sumitomo Chemical Company, Japan. Generally,
the VAc co-monomer can be considered to be ran-
domly distributed along the copolymer chains.

2.2. Differential scanning calorimetry
measurements

The non-isothermal crystallization and the follow-
ing melting experiments of EVA samples with dif-
ferent VAc contents were carried out with a
differential scanning calorimeter (DSC) instrument
(model Pyris 1, PerkinElmer, USA). Details of
samples as received were listed in Table 1. Samples
weighing about 10 mg were cut off for the DSC.
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 impu-

Table 1. Details of EVA materials used

rities and erase the former thermal history, EVA
samples were first heated up to150°C at a rapid
heating rate of 20°C/min and kept at 150°C for
5 minutes. Then they were cooled down from 150
to 0°C at the rate of 5°C/min to obtain the non-
isothermal crystallization curves. Finally, the
remelting was finished by second heating run from
0 to 150°C at 10°C/min.

The crystallinity (X.) of the samples was calculated
according to Equation (1):

AH
f
X, =——-100% (1)
AH

where AH, is the enthalpy of fusion of the perfect
polyethylene (PE) crystal and AHyis the enthalpy of
fusion of the EVA samples, respectively. The value
of AH; for PE is 277.1 J/g [5].

3. Results and discussion

3.1. Non-isothermal crystallization behavior

Figure 1 shows the non-isothermal crystallization
DSC curves of the three grades of EVA. The corre-
sponding values from the curves are collected in
Table 2. As expected, DSC curves exhibit only one
crystallization peak, and the crystallization peak
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Figure 1. DSC curves of non-isothermal crystallization for
the three EVA materials

Grade Nominal VAc [wt %] Density [g/cm3] Melt flow rate [g/10 min] Nomenclature
14-2 14 0.940 2a EVAIl4
18-3 18 0.935 3a EVAI1S8
KA-31 28 0.960 7° EVA28
aASTM D1238

bJIS K6924-2 1997
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Table 2. DSC results of non-isothermal crystallization

EVA sample T [°C] TP [°C] Tf[°C] AT [°C] AH [J/g]
EVAl4 80.4 76.1 73.4 7.0 36.5
EVAI8 74.6 69.4 66.2 8.4 28.7
EVA28 57.1 522 49.5 7.6 17.0

T2 onset crystallization temperature; T : peak crystallization temperature; T/: final crystallization temperature; AT, = T2 = T/ ;

AH,: enthalpy of crystallization
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Figure 2. The relationships of crystallization temperatures
and VAc content

shifts to lower temperature as the VAc content
increases. This suggests that the VAc co-monomer
reduces the stereoregularity of polyethylene macro-
molecular chain and the crystallization is restricted
to certain degree. The same tendency of 7.7, T/
and T/ is observed in Figure 2. It is interesting to
notice that there are good linear relationships
between these crystallization temperatures and the
VAc content. The slopes of the onset, peak and
final crystallization temperature against VAc con-
tent are parallel well with each other, indicating the
same effect of VAc content on these crystallization
temperatures. However, AT, difference of these
EV A materials is not so large as expected. All these
EVA materials have a close AT. value around 8°C.
It could be inferred that these polymers have the
same spacing of thermal windows under the same
non-isothermal crystallization condition, independ-
ent of difference in VAc contents.

3.2. Subsequent melting behavior

To investigate the subsequent melting behavior of
these EVA materials after the same non-isothermal
crystallization condition, the melting curves were
recorded in Figure 3. The characteristic data from
the DSC curves are summarized in Table 3. Like
the crystallization temperatures above, melting
peak and final temperatures decrease accordingly
with the increase in VAc content, indicating the
lamellar thickness decrease since the melting tem-
perature of a given sample decreases with decrease
of lamellar thickness [6]. There is almost 20°C in
peak melting temperature difference between
EVA14 and EVAZ2S. It is also apparent from the
melting curves that the melting peak of EVA14
which has the lowest VAc content is the sharpest
among the three EVA materials. It has been consid-
ered that the width of melting peak can reflect the
distribution of the lamellar thickness [7]. There-
fore, EVA14 has a narrower distribution of lamellar
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Figure 3. DSC curves of subsequent melting for the three

EVA materials
Table 3. DSC results of subsequent melting
EVA sample TR [°C] Tf [°C] AH¢ [J/g] X [%]
EVAl4 90.2 95.2 63.9 23.1
EVAI18 86.0 92.5 50.6 18.3
EVA28 70.5 81.6 21.8 79

T? : peak melting temperature; 7%, final melting temperature; AHy: enthalpy of melting; X.: crystallinity
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thickness than that of EVA18 and EVA28. Simi-
larly, the crystallinity confirms the difference of the
crystal perfection of these copolymers. The crys-
tallinity of EVA28 is only 7.9% which is no more
than 45% of EVAI18 or no more than 35% of
EVA14. It is worth noting that the onset melting
temperatures of these copolymers are difficult to
discern because of broad melting range, indicating
all of these EVA materials have a wide size distri-
bution of the crystallites. All the results above can
be explained based on the amount of total non-crys-
tallizable, intra-molecular defects [7] (i.e. VAc
defects). The EVA material with high VAc content
should have high amount of the VAc defects, and
tend to crystallize imperfectly.

3.3. Non-isothermal crystallization kinetics

Crystallization kinetics of a material can be ana-
lyzed by evaluating the extent or degree of phase
transformation which is often denoted as X;. The
relative crystallinity X; as a function of time or tem-
perature by recording the heat flow during crystal-
lization process and is defined as Equation (2)
[8, 9]:

T
.[H(T)dT
)

t:T

j:H(T)dT

Ty

X -100 %

2

where Ty and T. are the initial and end crystalliza-
tion temperature, respectively, and H(T) is the heat
flow at temperature 7. X; is determined from the
crystallization curve by integral method.

The relative crystallinity is plotted versus different
crystallization temperatures and time as is shown in
Figures 4 and 5. At the same cooling rate of
5°C/min, development curves for the relative crys-
tallinity of these EVA materials display the same
reversed S type as the crystallization temperature
goes down, whereas the curves display the similar §
type as the crystallization time elapses. Though the
three grades of EVA possess different VAc content,
the whole crystallization process of these polymers
is a similar packing work of the crystallizable ethyl-
ene segments between uncrystallizable vinyl
acetate segments. So these EVA materials undoubt-
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Figure 4. Plots of relative crystallinity vs. crystallization
temperature for the three EVA materials
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Figure 5. Plots of relative crystallinity vs. crystallization
time for the three EVA materials

edly display similar development curves with crys-
tallization temperature or time.

Majority of the proposed formulations for predict-
ing non-isothermal crystallization kinetics are
based on the modification of Avrami equation.
Avrami equation for non-isothermal crystallization
is expressed by Equation (3) [10-12]:

1-X, =exp(—Zt") 3)

where the exponent n is a mechanism constant
which value depends on the type of nucleation and
the growth dimension, and the parameter Z is a
growth rate constant involving both nucleation and
growth rate parameters [13].

The kinetics parameters of non-isothermal crystal-
lization were determined, based on the assumptions
that non-isothermal crystallization may be treated
as a sequence of isothermal crystallization steps
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Figure 6. Plots of 1g[-In(1-X;)] vs. 1gt for the three EVA
materials

[14, 15]. In this case, Equation (3) can be trans-
formed into Equation (4):

lg[-In(1-X,)]=1gZ +nlgt 4)

Figure 6 gives the plots of 1g[-In(1-X;)] versus lgt,
they show relatively good linear relationship (the
correlation coefficient for linear regression, R>0.98
for all these curves). However, all the three straight
lines terminate with an upward tail, which is con-
sidered as the secondary crystallization as observed
in other polymers [16—18]. The Avrami exponent n
and constant Z can be obtained from the slope and

EVA14 could form coexistent tridimensional crys-
tallites from instantaneous and sporadic nucleation
(n=3.33). In the case of EVA18 and EVA28, the
Avrami exponents imply two possibilities: the two
EVA materials may form tridimensional crystal-
lites from sporadic nucleation; or they probably
form two-dimensionally growing crystallites from
instantaneous nucleation [19, 20]. Since no other
heterogeneous material was introduced, the instan-
taneous nucleation was preferred for the crystal-
lization of the three EVA materials. Consequently,
EVAL14 is prone to form tridimensional crystallites
as polyethylene material often does, whereas
EVA18 and EVA2S are forced to crystallize in two-
dimensional caused by the impediment of more
acetoxy side chains. In addition, the lowest half
crystallization time (#9.5) of EVA14 indicate the rel-
ative fast crystallization compared with EVA18
and EVA28. The same conclusion can also be
drawn from the comparison of the growth rate con-
stant Z..

To characterize the kinetics of non-isothermal crys-
tallization of PET, Jeziorny [14] used a parameter
G, known as ‘the kinetic crystallizability’. It char-
acterizes the degree of transformation obtained
over the entire crystallization range (T, Ty) with
unit cooling rate. The calculation of the parameter
is done by Equation (6):

Tmax

the intercept of the plot of 1g[-In(1-X,)] against 1gt.

Considering the non-isothermal character of the 1 J H.dr

process investigated, the growth rate constant is G :( T )2 fo I D (6)
corrected by the cooling rate ¢, then the final form n2) ' Frax 2

of growth rate constant Z. is obtained from Equa- JH (dt

tion (5) [14]:
gz, =12Z )
o

where n and Z. values are listed in Table 4. It is
found that the Avrami exponent of EVA14 is
between 3 and 4, whereas the Avrami exponents of
EVAI1S8 and EVA28 are around 3. It seems that
there may be differences in the nucleation and
growth mechanisms of these EVA materials.

t

max

where o, tnax, tr are the time corresponding to 7.7,
T/ and T/, respectively; D is the half width of the
crystallization curve.

This parameter, like the growth rate constant Z
above, requires proper correction. The final form of
this parameter is shown in Equation (7):

G.=— (7)

Table 4. Parameters for the non-isothermal crystallization of the three EVA materials

EVA sample n to.s [min] Z.[min—"] Ge
EVAl4 3.33 1.20 0.80 1.697
EVAI8 2.96 1.35 0.77 1.659
EVA28 2.96 1.53 0.72 1.559
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G. values of these EVA materials are listed in
Table 4. It is quite evident that the G, value
decreases with an increase in VAc content.
Jeziorny [14] recommended G. for characterizing
the kinetics of non-isothermal crystallization,
because this parameter aims at the determination of
quantitative relations between the kinetics of poly-
mer crystallization and the structural features. From
the data in Table 4, it is found that the G, value of
EVAIS is very close to that of EVA14, and the G.
value of EVA28 is relatively low due to the high
V Ac content compared with the other two grades of
EVA. It has been reported that the increase in the
amount of total co-monomer in EAA or E-MA-AA
will enhance the energy barrier for crystallizable
segments to crystallize [7]. Since the increase in the
amount of the randomly distributed VAc co-
monomer will result in a decrease in both the num-
ber and length of the crystallizable ethylene
segment, the EVA28 material which has the most
V Ac content should have the biggest energy barrier
for the ethylene segments to overcome. This is also
consistent with the fact that bulky nature of the ace-
toxy side chain will reduce the ability of the poly-
mer chains to pack closely together to form
crystallites [1]. It can be thought from the results
above that the VAc content undoubtedly has a neg-
ative effect on the crystal growth of EVA material
as a result of the strong dependence of the copoly-
mer structure on the VAc co-monomer.

4. Conclusions

The non-isothermal crystallization for the three
grades of EVA materials indicates that the crystal-
lization tendency of EVA decreases with increasing
of VAc content. VAc content has the same effect
on the onset, peak and final crystallization tempera-
tures. And with increasing of VAc content, perfec-
tion of EVA crystals decreases.

In addition, the results of non-thermal crystalliza-
tion kinetics show that the simplified assumption of
a sequence of isothermal crystallization is suitable
for characterizing the non-isothermal crystalliza-
tion of these EVA materials. Though the instanta-
neous nucleation was preferred, there is difference
for the growth of these EVA materials. EVA14
could form tridimensional crystallites whereas
EVAI18 and EVA28 are prone to crystallize in two-
dimensional as a result of more noncrystallizable

VAc co-monomers introduced in the crystallizable
ethylene segments. The growth rate falls on the fol-
lowing sequence: EVAI4>EVAI18>EVA28. The
kinetic crystallizability G also well characterizes
the difference of the non-isothermal crystallization
of these EVA materials, in the view of structural
impediment caused by the VAc content.
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