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The annealing behaviour of solution-grown single crystals of ethylene-butadiene copolymers of differ- 
ing compositions is examined and compared with that of linear polyethylene. From the plot of melt- 
ing temperature against the reciprocal of the long spacing features such as the equilibrium melting point 
T ° and the free energy of folding o e have been calculated. Both o e and T ° increase with almost a linear 
trend with the percentage of butadiene along the chain. It is concluded that the surface of single 
crystals of ethylene-butadiene copolymers is rougher than that of linear polyethylene. 

INTRODUCTION the present work. The methods of synthesis and the charac- 
terization of the copolymers are reported elsewhere 1. The 

In previous papers ~'2 the morphology, structure, and bromi- chemical composition of the copolymers, the viscosity- 
nation of solution-grown single crystals of ethylene- average molecular weight and the conditions of crystalliza- 
butadiene copolymers were investigated together with the tion used to obtain single crystals by precipitation from 
effect of intrachain trans double bonds on the rate of crys- xylene solutions are reported in Table 1. 
tallization from the melt. The details of the morphological characterization of the 

Features such as dissolution temperature of the crystals, single crystals were reported in a previous paper ~. 
long spacing, external crystal habit and the free energy of 
formation of nuclei of critical dimensions were found to be Annealing experiments and measurements 

dependent upon the number of trans double bonds in the Annealing was carried out by using small pieces of dried 
polymer chain ~'2. The bromination, in suspension, of a single crystal aggregates. These pieces were wrapped in alu- 
sample of single crystals of ethylene-butadiene copolymers, minium foil and placed in thin walled test tubes previously 
showed that only part of double bonds are accessible to filled with nitrogen. The tubes were dipped into the oil 
bromine. This result indicated that during crystallization a bath, at constant temperature, for the annealing. A heat- 
certain number of double bonds are incorporated as defects treatment time of 24 h was used throughout. 
in the crystalline lattice of polyethylene 1. A Perkin-Elmer differential scanning calorimater DSC-2 

In the present paper the effect of thermal treatment on was used to obtain apparent heats of fusion AH*. Except 
solution-grown single crystal aggregates of ethylene- where indicated, all samples were heated at 20°C/min. The 
butadiene copolymers is investigated. We are mainly interes- area under the melting d.s.c, trace was integrated and expres- 
ted in studying the influence of a few trans double bonds, sed in cal/g using a calibration factor determined from melt- 
distributed along the macromolecule, on the values of the ing a known weight of indium for which a value of 6.8 cal/g 
surface free energy of folding and of the equilibrium melt- was taken for the heat of fusion. The melting temperatures 
ing point of polyethylene, of the samples were measured from the maxima of the d.s.c. 

Further we are also interested in the distribution of 
double bonds between crystalline and amorphous regions 
following the annealing process. Finally we compare the Table 1 Composition and crystallization conditions of ethylene-- 

butadiene copolymers. Tpc, T s and T c are the precrystallization, the 
annealing behaviour of single crystals of  defect free poly- seeding and the crystallization temperature respectively. Mrt is the 
ethylene with that of single crystals of polyethylene with viscosity-average molecular weight and C the concentration 
-CH2-CH=CH-CH 2-  units acting as chain defects along 
the macromolecule. Composition 

(mol % C (% Tpc "Is Tc 
Sample butadiene) /~'O w/w) (~C) (°C) (°C) 

EXPERIMENTAL Marlex 6009 0.0 128.000 0.08 60 101.5 80 
EB1 copolymer 0.7 75.000 0.08 60 97.0 80 

Materials EB2 copolymer 1.0 70.000 0.08 60 96.5 80 
EB3 copolymer 1.7 75.000 0.08 60 97.5 80 

Samples of unfractionated ethylene-butadiene copoly- EB4 copolymer 2 .85 75.000 0.08 60 97.0 80 
mers (1,4-1inked) and of linear polyethylene were used in 
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135 tal with comparatively large lateral dimensions may be rela- 
ted to the lamellar thickness L by the equation3'4: 

130 ? 

: it i 2Oe T ° 1 
125 Tm = T O -  A l l  " -L (2) 

120 
The application of equation (2) to the lines of Figure 3 

o 
~ 140 "~ provides the values of T ° and Oe for the samples of single 

crystals of polyethylene and ethylene-butadiene copolymers 
130 

120 a 
3O0 

IO 

o i 
Butadien¢ (molO/o) 

Figure 1 Lamellar thickness L (A) and melting temperature Trn 250 
of unannealed single crystals of ethylene-butadiene copolymers 
grown at 80°C as a function of the composition 

endotherms. The temperature scale was calibrated from the 2 0 0  
melting points of low molecular weight standard substances. 

The thickness of the crystals was determined by means of 
small-angle X-ray diffraction using a pinhole-collimated 
Rigaku-Denki apparatus. 

150 

RESULTS AND DISCUSSION 

The lamellar thickness of single crystals of ethylene- 
butadiene copolymers grown at 80°C increases with the 
percentage of butadiene in the macromolecules. The ,~ IOO - ~ a  ~ ± , ~ ~ 

- b 
trend is shown in Figure 1. In agreement with the kinetic "~ 
theory of polymer crystallization this behaviour is consistent / with a growth mechanism determined mainly by supercool- 
ing a as the fusion temperatures of unannealed single crystals 30£ 
of ethylene-butadiene copolymers decrease with the 
butadiene content (see Figure 1). According to this theory 
the most probable fold length is given by the following 

expressi°na'4:L - AHAT2°eT0m + ~L (1) 250 t 

where AT represents the supercooling (T ° - Tc), AH is the 2 0 0  
heat of fusion, T ° the melting temperature (or dissolution) 
of the infinitely extended chain crystal, 6L is an additional 
much smaller term, at least for the usual supercoolings, and 
o e is the end-surface free energy of folding of the crystal. 

As shown in Figure 2 the lameliar thickness of single 150 
crystal aggregates of polyethylene and ethylene-butadiene 
copolymers increases with annealing temperature according 
to the general behaviour of chain folded lamellar single 
crystals. 

In Figure 3 the melting temperatures of as-crystallized and IOO 
annealed single crystal aggregates of polyethylene and 
ethylene-butadiene copolymers are plotted against the reci- 
procal of the crystal thickness 1/L. 80 IOO 120 14© 

A straight line, with negative slope, is obtained for every ~ (°C) 
sample. By using the least square method, equations for the 
best straight lines which interpolate the experimental points Figure 2 Long spacing of single crystal aggregates of polyethylene 

and ethylene-butadiene copolymers as function of the annealing 
are obtained. These equations are reported for each sample temperature (TA): (a)A, Marlex; [:3, EB1 copolymer; (b) II, EB3 
in Table 2. The melt ing temperature Tm of  a lamellar crys- copolymer; o, EB4 copolymer 
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S o l u t i o n - g r o w n  single crystals o f  e t h y l e n e - b u t a d i e n e  copo lymers :  Ez io  Mar tusce l l i  e t  al. ~o a On the contrary Martuscelli and Pracella 6 found for 
ethylene-propylene and ethylene-butene-1 copolymers a 

140 decrease in the values of  T ° on increasing the number of con- 
stitutional chain defects. This different trend may be ex- 
plained in terms of  entropy if it is assumed that in the case 
of ethylene-butadiene copolymers the entropy of fusion of 

135 " ~ l , ~  " the crystals is comparatively lower as a consequence of  the 
inclusion of a certain amount of - C H 2 - C H = C H - C H  2 -  
units as defects in the crystalline lattice of polyethylene. 

130 D ~  - ' ~  , The number of chain defects incorporated in the lattice .%-- should also increase with the percentage of  butadiene 
units along the macromolecules. 

As shown in Figure 5 the apparent enthalpy of  fusion 
125 x]'~ z2~ r* of  melt recrystallized samples of  single crystal aggre- 

gates of  ethylene-butadiene copolymers decreases with the 
o ' ' ' ' ' percentage of butadiene. For linear polyethylene and for 
~ b sample EB4 we found for 2x/-/* values of 44 and 38 cal/g 

140 respectively with a percentage reduction of  about 14%. 
This lowering may be due to a relative larger amount of  

amorphous material that is not able to crystallize and/or to 
a larger amount of  - C H 2 - C H = C H - C H  2 -  incorporated as 

135 defects in the crystalline lattice. 

t30 145 

140 ~ 2 5 0  
125 o • 

135 ~- i i ~ i i ,  O 2 0  4 ' 0  6 'O 8'O O 2 0 0  u • 

tlL x 1 0 3 ( ~  -') o "~ 
Figure 3 Melting temperature T m against the reciprocal of the long LE~ 150 .~ 
spacing for single crystal aggregates of polyethylene and e thy lene-  t~ 
butadienecopolymers: (a) A, Marlex; El, EB4 copolymer; (b) O, EB1 IOO 
copolymer; II, EB3 copolymer 

Table 2 Equations of the best straight lines that interpolate the 
i t - -  

e x p e r i m e n t a l  points of Figure 3 0 I 2 3 

Sample ButGdiene (mol°/o) 

Marlex 6009 T m = 137.8 - 1.0417 X 1/L Figure 4 Dependence of (re and T ° upon the percentage of 
EB1 copotymer T m = 139.2 -- 1.5449 X 1/L butadiene 
EB3 copolymer T m = 137.4 -- 1.3256 X 1/L 
EB4 copolymer T m = 142.3 - 2.0854 X 1/L 

4 5  

investigated. For the calculation of Oe we assumed for all 
the samples the z3d-/value of  pure polyethylene (z3J/= 2.80 
x 109 erg/cm3) s. As shown in Figure 4 both o e and T ° in- -~ 4 
crease with an almost linear trend with the percentage of  
butadiene along the chain. For linear polyethylene we ~ 
found values for T ° and o e of 138°C and 106 erg/cm 2. | 
In the case of sample EB4 T ° and (r e are equal to 142.5°C '~ 
and 205 erg/cm 2, respectively. In a previous paper 2, using a 
different method based on the correlation of  Tm with Tc for 35 
bulk material, no significant difference was found in the value 
of  T ° with increasing the amount of  double bonds along the 
macromolecule. 

The increasing dependence of (re upon the number of  con- O i 2 3 
stitutional defects, i.e. the number o f - C H 2 - C H = C H - C H  2 -  Butadiene (mol°/o) 

uni ts  a long the chain ,  is in  agreement  w i t h  the f i nd ing  o f  Figure 5 Dependence of ~ *  of melt recrystallized samples of 
Mar tusce l l i  and Pracel la 6 in  the case o f  so lu t i on  g rown  crys- single crystal aggregates of ethylene--butadiene copolymers upon 
tals o f  e t h y l e n e - p r o p y ] e n e  copo l ymers ,  the percentage of butadiene 
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Table 3 Comparison between the values of o e found by analysis of ma of the van der Waals energy of a single chain of ethylene- 
the dependence of the rate of crystallization from the melt upon the butadiene copolymers correspond to folded chains with the 
undercooling 2 and that reported in the present paper - C H ~ C H -  group lying on the folded part o f  the 

Sample ae a (erg/cm 2) ae b (erg/cm 2) macromolecule. 
From this the authors assert that trans double bonds, 

Marlex 6009 23 106 placed along a polyethylene chain, may act as fold support- 
EB1 copolymer 30 155 ing. As a consequence the enthalpy of folding qe correspon- 
EB3 copolymer 43 135 
EB4 copolymer 38 205 ding to a crystallographic tight fold of linear polyethylene 

and ethylene-butadiene copolymer will be of the same 
a From Amelino and Martuscelli data2; b Present paper magnitude. Then the increasing trend we observed in the 

value of the free energy of folding o e of solution-grown 
single crystals of ethylene-butadiene copolymers as a func- 

However, the value of the thermodynamic enthalpy of tion of the butadiene content can only be explained by a 
fusion should not be too much affected by unsaturation at relatively increasing tendency of ethylene-butadiene co- 
least for the range of composition under examination, polymers to form loose loops on the surface of the single 

The values of the surface free energy of folding Oe of crystals with increasing the number of - C H = C H -  groups 
samples of polyethylene-butadiene copolymers calculated along the macromolecule. This would also account for the 
by analysis of the dependence of the rate of the crystalliza- large amount of trans-double bonds accessible to bromine 
tion from the melt upon the undercooling 2 are systematical- on the surface of solution grown crystals of EB4 copolymer. 
ly lower than that reported in the present paper. The values In conclusion there is experimental evidence that the sur- 
are compared in Table 3. The rather large difference in the face of single crystals of.ethylene-butadiene copolymers is 
values of o e of Table 3 may be due to the different method rougher than that of linear polyethylene. 
of determination used and/or to a different nature of the sur- 
face of folding of the crystals grown from the melt and from 
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