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ABSTRACT: Thermal characteristics of ethylene–vinylacetate (EVA) copolymers having
vinylacetate contents ranging from 5 to 40 w/w % are studied by differential scanning
calorimetry. It is first shown that EVA copolymers having a vinylacetate content lower
than 30 w/w % obey the Flory and Burfield theories of copolymer crystallisation. The
minimum sequence length of CH2 ethylenic entities required to participate in a crystal-
line lamella is also deduced. One can conclude that EVA copolymers represent cases
of ‘‘total exclusion’’ of the noncrystallizable comonomer. Moreover, it is observed that
when the vinylacetate content is increased, the relative quantity of polyethylene amor-
phous phase increases and the degree of crystallinity decreases; whereas the b transi-
tion temperature of a characteristic-oriented amorphous phase is kept constant. A
phase model of ethylene-vinylacetate copolymers, based on an enrichment process of
the interlamellar amorphous phase by polyethylene segments originating from the
crystalline phase, at increasing vinylacetate content, is proposed. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 64: 1903–1912, 1997

Key words: ethylene–vinylacetate copolymer; glass transition; b transition; crystallin-
ity; differential scanning calorimetry

INTRODUCTION established at the present time. In this article,
EVA copolymers (in the range of 5–40 w/w % VA)
are systematically studied by differential scan-Poly (ethylene–vinylacetate) copolymers (EVA),
ning calorimetry (DSC). Second-order thermalhaving vinylacetate (VA) content ranging from 5
transitions are measured and related to non-clas-to 40 w/w %, are the basic components of hot-melt
sical thermal behavior of amorphous phases inand pressure-sensitive adhesives. They represent
such copolymers. Comparisons between experi-up to 80% of the total ethylene-vinylacetate copol-
mental and theoretical values of the magnitudeymer market in Europe, and the hot-melt adhe-
of the transition enable us to discuss results insives world market is one of the most rapidly
terms of a b transition. The melting temperaturegrowing in the domain of adhesives. Such a situa-
and the associated melting enthalpy are mea-tion results from major thermodynamic and rheo-
sured in order to determine the relevance of thelogical advantages of EVA copolymers allowing
classical copolymer theories to EVA copolymers.compatibility, fast processing, and automation.
These results will allow us to highlight the de-However, EVA copolymers are multiphase mate-
pendance between crystallinity and b transition.rials; and relationships between their structural,

physical, and thermal properties are not clearly
EXPERIMENTAL

Six EVA copolymers (Elf-Atochem, France), hav-Correspondence to: M. Brogly.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101903-10 ing VA contents of 5, 9, 14, 18, 28, and 40 w/w
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1904 BROGLY, NARDIN, AND SCHULTZ

Table I Structural Characteristics of EVA Copolymers

%VA %VA Mw Mn Ip Branching
(w/w) (mol) (g/mol) (g/mol) (polydispersity) Content

5 1.7 64770 18140 3.6 1.4%
10 3.5 60340 16440 3.7 1.2%
14 5 58900 17380 3.4 1.0%
18.5 6.9 56600 17360 3.3 0.7%
27.2 10.8 43810 13700 3.2 0.75%
41.7 18.9 44720 15500 2.9 0.45%

% were studied. The structural characteristics of to total exclusion of VA comonomer units) , it is
assumed that the degree of crystallinity x can bethese copolymers, i.e., weight and number-aver-

age molecular weights (Mw and Mn ) and polydis- calculated according to Flory’s theory of copoly-
mer crystallization.1 Flory proposed the followingpersity (Ip ) were determined by gel permeation

chromatography (GPC). The aliphatic branching equilibrium melting temperature evolution law
for copolymers, adapted to ethylene copolymers:content was determined by 13C nuclear magnetic

resonance (NMR) relative to one hundred carbon
atoms of the hydrocarbon backbone. All these 1

Tf
0 1

T0
f
Å 0 R

DHPE
ln FPE (1)structural characteristics are gathered in Table

I. Moreover, the copolymers studied here strictly
follow Bernouilli’s statistical model of copolymer where Tf is the EVA melting temperature at ther-
sequences distribution. Theoretical values of eth- modynamic equilibrium; T0

f , the pure polyethyl-
ylene–vinylacetate–ethylene (EVE) and vinylac- ene melting temperature at thermodynamic equi-
etate–vinylacetate–ethylene (VVE) sequence librium; R , the ideal gas constant; DHPE , the pure
distributions fit experimental values (2% error). polyethylene crystal melting enthalpy; and FPE ,
As an example, for the EVA copolymer having a the crystallizable ethylene molar fraction, given
vinylacetate content of 28 w/w %, the EVE statis- by
tical distributions are equal to 0.79 and 0.78 for
the theoretical and experimental values, respec- FPE Å 1 0 FAV 0 FBr (2)
tively. Therefore, we can consider that the poly-
mers studied here are purely statistical. One can

where FAV is the VA molar fraction in the EVAalso notice that the aliphatic branching content
copolymer, and FBr is the branching molar frac-logically decreases as the vinylacetate content in-
tion in the EVA copolymer.creases. The thermal characteristics, i.e., glass

When eq. (1) is experimentally verified, Florytransition temperature Tg , b transition tempera-
expressed the degree of crystallinity x asture Tb , melting temperature Tf , and degree of

crystallinity x were determined by DSC on a Met-
x Å (FPE)L

r[1 / c1rFNC / c2rF2
NC ] (3)tler TA 3000 apparatus. Each sample was first

heated up rapidly to 423 K and then isothermally
where L is the minimum crystallizable ethylenekept at this temperature for 10 min in order to
sequence length, FNC is the molar fraction of non-conceal its thermal history. Thus, each sample
crystallizable entities in EVA, and c1 and c2 arewas cooled down from 423 to 123 K at a cooling
experimental constants.rate of 0.1 K min01 . After a 10 minute isotherm

Burfield2 proposed for low-density linear poly-at 123 K, a second heating thermogram was re-
ethylene-based copolymers a particular case ofcorded at a heating rate of 10 K min01 , revealing
Flory’s equilibrium generalized theory, as follows:the b transition temperature, the glass transition

temperature, the melting temperature, and the
x Å k * (FPE)L with 0.47 õ k * õ 1 (4)melting enthalpy.

Considering, at equilibrium, that VA como-
nomer units are not able to participate in crystal- Assuming k *Å 1, Burfield’s law suited Flory’s law

to a first approximation. One must be aware ofline lattice (i.e., the crystalline phase in the copol-
ymers results from pure polyethylene co-units due the fact that eq. (3) represents the maximum
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EFFECT OF VINYLACETATE CONTENT 1905

whatever the VA content. To a first approxima-
tion, we would consider as an assumption that
these two peaks are related to the existence of
two predominent crystal morphologies. Further
calculations would or would not validate such an
assumption. Concerning the second-order transi-
tions, the first one, T1 , is attributed to an amor-
phous phase A1 of pure polyethylene4 and will be
named Tg1 from now on. The second transition,
T2 , which is intermediate between the glass tran-
sition temperatures5 of polyethylene homopoly-
mer (Ç 168 K) and the glass transition of polyvi-
nylacetate (Ç 303 K) homopolymer, has often
been identified as a glass transition temperature.6

Popli7 has suggested that this transition should
be attributed to a b transition relative to a seg-

Figure 1 DSC thermograms of the EVA copolymers mental motion that occurs within the interfacial
for VA contents equal to 9 (a) and 28 (b) w/w %, respec- regions associated with the crystallites (in the
tively. case of linear polyethylene). Of course, the molec-

ular interpretation of such a b transition will be
complicated by the rather complex crystallinity of

crystalline fraction that can be isothermally ob- EVA copolymers. This transition temperature will
tained in a copolymer having one non-crystalliz- thus be named Tb . We shall prove further in the
able comonomer, like VA in the EVA copolymers. study that this b transition depends strongly on

Nevertheless, in order to deduce experimental the existence of crystalline structures and is prob-
values of k * and L , the degree of crystallinity of ably due to segmental motion in the EVA amor-
EVA copolymers was calculated from the follow- phous phase A2.
ing expression: It clearly appears in Table II that both glass

transition temperature Tg1 and b transition tem-
perature Tb are roughly constant whatever thex Å DH

DH0
(5)

VA content of the copolymer, at least in the range
of 5–40 w/w %. This is a priori a surprising result,

where DH is the measured melting enthalpy of especially for the EVA amorphous phase A2 since
the polyethylene-enriched phase in EVA copoly- the actual VA content of the studied copolymers
mers, and DH0 is the equilibrium melting en- is a large range (5–40 w/w %) On the contrary,
thalpy of a pure crystal of linear polyethylene and it has been observed that the magnitude of heat
taken equal3 to 293 J/g. variation, defined in terms of specific heat DCp ,

Finally, optical microscopical observations of which represents the amount of matter affected
the EVA crystalline entities were performed on by the transitions, depends on the vinylacetate
thin layers (50 mm) at room temperature under content. Figure 2 shows the variation of DCpg and
polarized light by means of a Leitz microscope. DCpb , associated to Tg1 and Tb , respectively, ver-

sus the VA content in semilogarithmic scales. A
straight line is obtained for the DCpg–VA como-

RESULTS AND DISCUSSION nomer units’ relationship of the pure polyethylene
amorphous phase A1, indicating that the relative
quantity of pure polyethylene amorphous phaseFigure 1 presents a typical DSC thermogram of

EVA copolymers (28 w/w % VA). It shows that in EVA copolymers increases with the VA content.
This result is consistent and indicates that in-such copolymers exhibit two second-order transi-

tion temperatures, T1 and T2 , for which the onset creasing the VA comonomer content favors the
amorphization of the copolymer. On the contrary,is located at 166 and 235 K, respectively. The

melting process appears rather complex in all DCpb linearly decreases in semilogarithmic scales
with VA content. Such evolution of the amountcases, indicating that a large continuum of crystal

morphologies is involved. Two peaks of unequal of amorphous phases reflects the consequence of
crystalline structure growth, which is expected tobroadness are observed on DSC thermogramms
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Table II Glass Transition Temperature Tg1 and b Transition Temperature Tb and Their Association
Variation of Specific Heat as a Function of VA Content

VA Content Tg1 DCpg Tb DCpb

(w/w %) (K) (Jg01K01) (K) (Jg01K01)

5 172 0.18 238 0.36
10 167 0.27 237 0.30
14 166 0.31 237 0.28
18.5 166 0.34 237 0.26
27.2 166 0.40 235 0.23
41.7 166 0.44 239 0.20

Average values 0167 { 3 — 237 { 2 —

decrease as the VA content increases; but the ex- ing behaviour and exhibit different degrees of per-
fection of crystalline lamellae and morphologies.planation of the DCpb behavior implies the analy-

sis of the crystalline structures of EVA copoly- Once more, it is evident that these phases are
composed of a rather wide distribution of crystals,mers. It may be anticipated that this non-classical

amorphous phase would be greatly affected by the both in size and morphologies. The lower tempera-
ture phase C1 corresponds to a poorly organizeddevelopment of crystallinity.

Concerning the crystallinity of EVA copoly- structure, whereas the higher temperature phase
C2 is closer to that of pure polyethylene. In ordermers, it appears, according to Fig. 1, that this is

rather complex, including two major components to highlight the nature of this latter, the evolution
of the reciprocal melting temperature (T01

f ) ver-of different broadness: the first one is called C1
near 319 K (for 28 w/w % VA); the second one is sus the crystallizable ethylene molar fraction FPE

in EVA copolymers is represented in Figure 3.called C2 near approximately 380 K (for 28 w/w
% VA). As an assumption, it can be assumed to Corresponding data, i.e., FAV, FBr , FPE , and Tf for

crystalline phases C1 and C2 are gathered in Ta-a first approximation that two types of crystalline
structures are involved in EVA copolymers melt- ble III. Figure 3 clearly evidences that the high

Figure 2 Specific heat DCpg and DCpb , corresponding to the glass transition of poly-
ethylene A1 and EVA A2 amorphous phases versus VA content.
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EFFECT OF VINYLACETATE CONTENT 1907

Figure 3 Crystallizable ethylene molar fraction FPE versus the reciprocal melting
temperature (T01

f ) for the highly crystalline C2 phase.

temperature phase C2 for 5 to 28 w/w % VA C2 phase could be associated with values expected
for a pure polyethylene crystal, homostructuralranged copolymers follows, to a first approxima-

tion, Flory’s generalized theory of copolymer crys- in the branching state to ethylene crystallizable
sequence length of the EVA copolymers.tallization. Nevertheless, it is important to note

that we consider that a cooling rate of 0.1 K/min01 On the contrary, the low melting temperature
crystalline phase C1 does not follow the theory ofreflects, to a first approximation, isothermal be-

haviour. Calculation of both intercept and slope copolymer crystallization when VA is increased.
The resulting T0

f value, equal to 370 K, availableof straight line in Figure 3 leads to the determina-
tion of the melting temperature of pure polyethyl- only for low VA content copolymers (õ9 w/w %)

corresponds to the melting temperature of highlyene crystal at thermodynamic equilibrium, T0
f Å

403 K, and DHPE Å 6.98 J/mol (i.e., 249.3 J/g), branched polyethylene.9 As a consequence, the
crystalline structure appears to be greatly disor-the corresponding melting enthalpy. T0

f and DHPE

are in good agreement with the data of Sirota8 ganized. To a first approximation, it is reasonable
to assume that both crystalline phases, C1 andand Aggarval9 for low branched polyethylene.

Then, according to these results, it can be as- C2, could stem from the cumulative effects of dif-
ferent degrees of branching of polyethylene seg-sumed that T0

f and DHPE values obtained for the

Table III Structural and Experimental Data Corresponding to Flory’s1 Generalized Theory
of Copolymer Crystallization

%VA Tf1 Tf2

(w/w) FAV FBr FPE (7C) (K)

5 0.0168 0.028 0.955 346 395
10 0.0349 0.024 0.941 338 392
14 0.0503 0.020 0.930 335 389
18.5 0.0688 0.014 0.917 331 387
27.2 0.1082 0.015 0.877 319 380
41.7 0.1889 0.009 0.802 315 358
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Figure 4 Crystallizable ethylene molar fraction FPE versus the crystallinity x2 of the
crystalline phase C2.

ments and of various lengths of chain folding in morphologies, or to the difficulty in separating the
respective contributions of first- and second-ordercrystals. Moreover, kinetic effects could also be

involved: the first crystals formed at high temper- transition for high VA content copolymers. The
results described previously (Fig. 3; Flory’s law)ature during cooling correspond to the adsorption

of low branched polyethylene segments on crystal tend to confirm the second hypothesis. The
straight line obtained in logarithmic scales for thenuclei. Thus, segments with high branching de-

grees would be excluded and could only crystallize phase C2 of copolymers having VA contents rang-
ing from 5–30 w/w % clearly confirms thatin a less-organized form (the C1 phase) at the end

of the crystallization process. branched olefinic chains are excluded from the
crystalline lamellae.The degree of crystallinity x1 and x2 of both

crystalline phases in EVA copolymers are deter- Thus, this well-organized polyethylene crystal-
line structure is very sensitive to the presence ofmined by curve deconvolution of the complex

melting peak. At low VA contents, i.e., 5, 9, 14, VA and disappears when the VA content is higher
than 45 w/w % (20 mol %) in Figure 5. This ex-and 18 w/w %, a straight base line can be drawn

on the DSC thermogram, allowing the determina- trapolated vanishing of the phase C2 can be at-
tributed to steric hindrance phenomena and istion of the melting enthalpies [Fig. 1(a)] . For VA

contents in the range of 28–40 w/w %, the b tran- strongly associated with the increase of the amor-
phous and probably oriented EVA amorphoussition zone and the melting process are partly

overlapping. Therefore, it is necessary to use a phase responsible for the b transition (Fig. 2).
Equation (4) allows us to calculate k * and Lspline function as a base line for the melting peak.

In Figure 4, x2 is plotted versus the molar frac- from the intercept and the slope of the straight
line, respectively, in Figure 4. k * is found equaltion of crystallizable ethylene co-units in EVA,

FPE , in logarithmic scales, according to Burfield’s to 1.08. This value is not far from the 0.47–1 in-
terval proposed by Burfield for low-density linearlaw that only the C2 phase would obey. One can

note that EVA copolymers having a VA content polyethylene and reflects the VA comonomer ef-
fect. A k * value greater than unity implies [eq.higher than about 30 w/w % do not obey Burfield’s

crystallinity prediction. This effect can be attrib- (3)] that Flory’s theory is obeyed and that the
molar fraction of non-crystallizable entities hasuted either to the high vinyl branching content,

which induces the exclusion of the resulting ethyl- an influence on crystallinity. L represents the
minimum segmental sequence length of ethyleneene segments from highly organized crystalline
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Figure 5 Degrees of crystallinity x1 and x2 of the less-organized C1 and the well-
organized C2 crystalline phases, respectively, versus VA content.

entities that can participate in crystalline lamel- where FPE represents the molar fraction of ethyl-
ene comonomers in EVA. We show in Figure 6 thelae and is found equal to 18.2. This value is

fully consistent with the statistical sequence comparison of experimental and calculated spe-
cific heat DCp values versus VA comonomer unitslength of seventeen CH2 entities between two vi-

nyl branches for a 28 w/w % VA copolymer. This content. Both curves exhibit similar evolution in
semilogarithmic scales. However, experimentalresult is of major importance and explains why

copolymers having a VA content higher than 30 values are always greater than calculated ones.
This difference means that the thermal responsew/w % do not obey Burfield’s prediction. Nielsen10

confirms our results, proposing a L value of 25 for of the amorphous phases in EVA copolymers does
not follow a classical additive law as proposed in30 w/w % VA EVA copolymers. On the contrary,

the crystalline phase C1 remains low but constant eq. (6). In other words, this tends to prove that
the amorphous phase A2 behaves as an original(Fig. 5) at a high VA content. This less-organized

and degenerated crystalline structure (high amorphous phase associated with a characteristic
specific heat variation. This hypothesis is fullybranching and folding content) should be re-

garded as a continuum displayed on a large tem- supported by the fact that the DCpg and DCpb

depend clearly on the crystallizable ethylene mo-perature scale.
These results on the crystalline behavior of lar fraction. Moreover, it is well known that a

significant proportion of the flux of chains thatEVA copolymer allow us to propose the following
hypothesis to explain the non-classical behaviour emanate from the basal plane of crystalline lamel-

lae are highly constrained. At the transition tem-of the specific heats observed in Figure 2. The
knowledge of both the degree of crystallinity of perature Tb , severe conformational differences be-

tween the crystalline and the amorphous liquid-EVA copolymers and the specific heat variation
at the second order transition temperature for like states exist. Therefore, these macromolecular

segments relaxations are associated with high en-polyvinylacetate [DCp (PVAc ) Å 34.5 J/mol01 /
K01] and polyethylene [DCp (PE ) Å 20 J/mol01 / ergy absorption, i.e., a high DCp value. We pro-

pose to attribute the difference in Figure 6 to anK01] homopolymers allows us to calculate the
EVA theoretical DCp value according to interlamellar interphasial amorphous phase. This

phase is revealed through the b transition tem-
DCp Å (1 0 x )rFPErDCP (PE ) perature.

Finally, Figure 7 presents two optical micro-/ (1 0 FPE )rDCP (PVAc ) (6)
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Figure 6 Comparison of experimental and calculated specific heat DCp versus VA
comonomer units content.

graphs in polarized light of EVA copolymers at 5 copolymers. The main fact observed during this
study is that the b transition temperature Tb ofw/w % [Fig. 7(a)] and 28 w/w % [Fig. 7(b)] of

VA. It is clear that the size of the crystallites de- the amorphous copolymer phase is kept constant,
whatever the VA content, ranging from 5 to 40 w/creases, whereas their number increases, with in-

creasing content of VA. As a consequence, both w %. Taking into account the two other major
results previously obtained when the VA contentthe amount of interphasial amorphous phase and

the crystalline entities decrease with VA content. increases, i.e., the content decrease of the well-
organized crystalline phase C2 and the content
increase of the amorphous polyethylene phase A1,

Tentative Model of EVA Phase Morphology it can be assumed that a dilution process of the
amorphous copolymer phase A2 by polyethyleneFrom all these results, it is possible to propose a

general scheme for the phase morphology of EVA segments originating from pure polyethylene la-

Figure 7 Optical micrographs of EVA copolymers in polarized light for VA contents
equal to 5 (a) and 28 (b) w/w %, respectively.
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Figure 8 b transition temperature Tb of EVA A2 oriented amorphous phase versus
VA content: (1) our results; (2) the results of Illers11 ; (3) molecular modeling results.

mellae occurs within the copolymer interfacial re- of the glass transition temperature in the EVA
copolymer for the VA range of 0–100 w/w % (Fig.gions associated with crystallites when the VA

content is increased so that the apparent concen- 8). These calculations suit well the experimental
values of the glass transition temperature. Fi-tration of VA segments into the amorphous phase

A2 and then its b transition temperature Tb are nally, the original phase model proposed in this
study clearly explains the nonclassical behaviouralmost kept constant. Therefore, both polyethyl-

ene and copolymer amorphous phases should be of EVA copolymers (5–40 w/w % VA) amorphous
phases and confirms that in the range of 5–40 w/enriched by polyethylene chains arising from the

crystalline phase C2 essentially. w % VA, the well-known theoretical relationships
of Gordon and Taylor13 and Fox14 do not apply toHowever, it has been shown that the crystalline

phase C2, which fits copolymer crystallization EVA copolymers.
Moreover, it is important to focus now on thetheories, disappears when the VA content reaches

45 w/w %. Beyond this value, the dilution process two important assumptions made at the begin-
ning of the study. The first assumption concernsshould no longer be involved; thus, the b transi-

tion temperature Tb disappears because of the ab- the eventual distribution of compositions in the
VA content of the copolymers studied here. Wesence of amorphous phase A2. A classical glass

transition temperature Tg2 is recorded and in- can conclude that even if a composition distribu-
tion really exists locally, experimental results con-creases continuously with the VA content to reach

about 303 K for the pure polyvinylacetate poly- cerning amorphous phases, i.e., constancy of Tg

values (Table II) and variations of DCp versusmer. Taking into account the results obtained by
Illers11 for VA contents ranging from about 60 to average values of VA contents (Fig. 2), remain

totally valid. Then, only the idea we have and100 w/w %, the increase of the glass transition
temperature corresponding to the amorphous co- propose concerning the crystallization behaviour

of EVAs could be potentially affected; but it is ofpolymer phase of EVA copolymers is actually ob-
served (Fig. 8). Such a variation is consistent major importance to see that either the ap-

proaches of Flory (Fig. 3) or Burfield (Fig. 4) fitwith our model. Moreover, we have performed a
molecular modeling calculation, based on a con- our experimental results on crystallinity well (the

C2 phase, in particular), and that the compositionnectivity indices algorithm12 (Biosym software),
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distribution of EVAs is not a critical parameter. polyethylene segments, originating from the well-
organized crystalline phase. For VA contentsOn the other hand, the good agreement observed

between the variations of experimental and theo- higher than 45 w/w %, when the latter crystalline
phase has totally disappeared, no b transition oc-retical curves DCp versus mol % VA (Fig. 6), with

this theoretical curve being based on average mo- curs, but a glass transition temperature of the
EVA phase is recorded. This latter exhibits classi-lar fraction of VA comonomers in EVAs, strongly

supports our assumption. Concerning the second cal behaviour and evolution.
Clearly, it is of both fundamental and indus-assumption, i.e., the existence of two predominant

crystal morphologies, it is evident that our inter- trial interest to know, and therefore to control,
the nonclassical morphological characteristics ofpretation of the crystallization behaviour of EVAs

allows us to estimate values of melting tempera- the EVA copolymers in order to adapt their use
as adhesive materials. Furthermore, it is expectedture T0

f and melting enthalpy DHPE for pure poly-
ethylene crystals, as well as of the minimum seg- that relationships between the phase morphology,

in particular, in the vicinity of substrate surfacesmental sequence L of ethylene entities participat-
ing in a crystalline lamellae, which are in very and the adhesive properties of EVA copolymers,

could be established in future work.good agreement with data available in the litera-
ture. As a conclusion the experimental results ob-

The authors wish to thank the Elf-Atochem Companytained strongly confirm our assumptions.
and, particularly, Messrs. R. Panaras, J. C. Robinet, M.
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