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Summary 

The long periods of semi-crystalline polymers depend on the rigidi- 

ty of the chain in the liquid state just before crystallization. 
We show that by changing the temperature of annealing of the li- 

quid, the long period of quenched materials is changed. The varia- 

tions of the long periods, correlated to the variations of the 

unperturbated dimensions of the coils in the liquid state, are 
found to depend on the annealing time of the melt. This memory ef- 

fect of the liquid whose experimental study is reported in this pa- 

per is dependent on the molecular weight, its distribution, and 

the nature of the chain. 

Introduction 

We have shown (RAULT 1978) that the long period observed ~n semi- 

crystalline polymers is proportional to the rigidity C = ~ of the 

chain ; r and n being respectively the unperturbated dimension 

and the n~mber of chains units of length a. The limiting value of 

the long period L measured in material crystallized from the 

melt is a characteristic of the nature of the chains. Extended 
chains in the liquid state (rigid chains) give extended chain crys- 

tals, and coiled chains (flexible chains) gives folded chain crys- 
tals. By quenching the polymer melt, the folded chains in the cry~ 

talline state can be considered as the image of the coiled chains 

in the liquid state. The interest of melt crystallization studies 

is that the coils in the initial liquid state have in general the 

unperturbated dimension r o. It is well known that in the ideal li- 
quid state the dimension rQ is temperature dependent (FLORY 1968). 

A temperature coefficient D of the liquid is defined : 

~r 
= ~Lo~C _ 2 o 

3T. r ~T. (I) 
1 0 1 

in a similar way we have defined the temperature coefficient ~ of 

the solid phase 

i ~L 
.... (2) 

L ~T. 
1 
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The long period L of quenched melt polymers is dependent on the 

temperature T i of the melt. We have experimentally established 

(RAULT and al. 1979, ROBELIN et al. 1979) the relationship between 

these two characteristics of the solid and liquid phases for poly- 

dispersed and monodispersed polymers. It is evidentthat this memo- 
ry effect depends on the previous thermal treatment of the liquid. 

When rapidly changing the temperature of the melt, the coils reach 
their unperturbated dimensions in a finite time, which defines a 

relaxation time T , that is dependent on the nature of the chain 
and its length. By quenching the liquid in the non-equilibrium 
state, the measure of the long period gives a measure of the non- 

equilibrium dimensions of the coils in the liquid state, if the 

exact relationship between the long period and the coils dimen- 

sions is known. 

The purpose of this paper is to show the importance of the thermal 

cycles in the melt on the properties of the solid obtained by 

quenching. We discuss the influence of the nature of the polyole- 
fine chains on the relaxation time, and the time of annealing 

the liquid for erasing the memory of the liquid. 

Experimental 

The commercial polymers studied are low density polyethylene 

(LDPE), polypropylene (PP) and polybutene (PB). The number molecu- 

lar weight MN and the weight molecular weight M w are given in Ta- 
ble i. The polymers melt (2n~n x 10mm x i0 mm) sandwiched between 

copper plates were annealed ina Mettler oven. The quenching was 

obtained by throwing the sample in liquid nitrogen or water. The 

cooling rate is about 10 ~ to 20~ The results obtained indica- 
te that the long period is independent of the cooling rate. It is 
well known that for a slow cooling rate, this is no longer true : 

thickening appearing during crystallization is time and crystalli- 

zation temperature dependent. In some cases, the melt was annealed 

without copper plates for analysing the effects of the degradatio~ 

oxydation and chains scissions. 

The small angle X-ray scattering recording was made on the experi- 
mental set-up of the synchrotron of LURE-Orsay, using a proportio- 

nal counter, a distance between sample and counter of = 1 m, and 

synchrotron radiation having ~ = 1,9 A. The maximum of the inten- 

sity curve was determined according to the procedure given by 

RAULT et ai.(1979). The straightforward application of Bragg's 
equation gives the long period L. The accuracy on L is about 
AL/L = 10 -2 . It is well known that the values of L do not agree 

exactly with those inferred from other techniques and that a more 
complicated analysis of the SAXS pattern is necessary. The simple 
analysis using Bragg's law is however adequate for determining the 
variation of the long periods and the relaxation time. 

a) Measure of the temperature coefficient ~ of the solid phase 

The melt is annealed at a temperature T i for a time, that is much 
greater than the relaxation time defined hereafter, and then quen- 
ched. The long period L (independent of the annealing time in this 
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Fig.l :Long period of quenched polyethylene and polybute- 

ne as a function of the melt temperature. P.E and P.B ha- 
ve respectively a negative and positive temperature coef- 
ficient B of the liquid phase 

case) is reported in figures i and 2 as a function of the tempera- 
ture of the melt. In these samples no variation of the crystalli- 
nity x is measured, accuracy on the measurements ~x = 0,02. 
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Fig.2 - Long period of two polypropylene samples of dif- 

ferent molecular weight as a function of the melt tempe- 
rature. 

P.P. i ~MW = 500 000 ~ = IiI 000 
P.P. 2 320 000 71 000 
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Fig.3 : Thermal cycles of the polymer melts. The long period in 

quenched semi-crystalline material depend on the melt temperature 
and on the annealing time t of the melt. In the liquid the unper- 

turbated dimensions depend on the temperature and on the annealing 

time. 

b) Measure of the relaxation time 

Figure 3 gives the experimental procedure. The melt is annealed at 

a temperature T i for a long time (2 hours) for LDPE and PB and i0 

hours for PP) quenched to Tf and annealed at that temperature for 

a time tf, and then quenched at a low temperature, LDPE and PP 
crystallize during quenching, PB crystallizes from the g2a~sy 
state or can crystallize during quenching if the cooling rate is 

very low. 

Figures 4 and 5 give the long period as a function of the annealing 

time. For PB we have given the two cases T i > Tf and T i < Tf, for 

pp T i < Tf and for LDPE T i > Tf Ccorresponding to fig.3). 
A relaxation time T can be defined, it is the time of annealing of 
the mel~ at temperature T , for which the long period of the quen- 

f 
ched material has the value L(Ti)+L(Tf) 

2 
It is the time where the curve L = f(t.)presents an inflection 

1 

point. 

The time 2T is about the annealing time of the liquid for erasing 
the memory of the melt. It is obvious that this time depends on 

both temperatures T~ and T=. For experimental conveniences we ha- 
o ' ' ' ve chosen AT =IT.-Tfl = 10b C. In lndustrlal polyoleflnes trans- 

formation the difference between the temperature 
of processing and the temperature of melting is somewhat less 

than I00 ~ . 
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F i g .  4 : Long p e r i o d  i n  quenched  p o l y m e r s  as a f u n c t i o n  o f  t h e  
annealing time of the melt at temperature Tf, 
The thernal treatment of the liauid is described in fig.3. 

P.P T. = 280 ~ Tf = 180~ 
1 = 

P,B curve i, T.1 150 ~ Tf 230 ~ , curve 2, T.l = 230~ = 15~ 
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Fig.5 : Long period of 

quenched LDPE. The melt 

has been annealed at 

T. = 230~ for 2 hours 

a~d at Tf = 180~ for a 
time t. 

TABLE 1 

I03.~ I03.M N aL(AK -I) ~L(AK -1) L(T m) (A) T 

LDPE 
(Lacquetene, MNPE) 

Polypropylene 
(Napryl, Naphta- 
chimie) 

PPI 

PP2 

Polybutene 1- PB 
(CDF-Chimie) 

65. 11 -0.24 -0.20 162 30' 

500 111 -0.23 -0.38 158 6 h 

320 71 -0.20 -0.26 150 2h30 

394 80 +0.03 +0.25 210 18' 
+0.11 

Discussion 

The linear relationship found to describe the dependence of the long 

period on the temperature of annealing of the melt is : 

L(T.) = L(T ) 1 + ~(T.-T ) (3) 
1 O 1 O 

where T is a temperature of reference, for example 5 ~ or 10~ abo- 
o 

ve the melting temperature of the polymer. 

Because of the weak variation of L, ~ given by (3) or (2) is con- 

sidered as a constant which is a characteristic of the nature of 
the chain. Figure 2 shows that ~ does not vary conspicuously with 

the molecular weight. This is a result that we have found for mono- 
dispersed polyethylene (ROBELIN et al. 1979). That is the reason 
why the two independent molecular parameters ~ and 8, characteris- 
tic of the solid and liquid phase must be compared. In table i, 
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the comparison between dL(T~ and 8L(T m) is given. These two para- 

meters give the linear variation of the long period and the unper- 

turbated dimensions of the coils with the temperature of the melt. 

The value of L(Tm) is the long period extrapolated to the melting 
temperature T in figures I and 2. For LDPE the temperature coef- 
ficients ~ an~ 8 are of the same order of magnitude ~ -10 -3 K -I. 

The same value is found for linear polyethylene (RAULT et al. 

1979). It should be pointed out that the crystalline lamella thick- 

ness s measured by Raman spectroscopy shows the same variations 
with the temperature of the melt (HENDRA and MARSDEN 1977). The 

1 8s 
temperature coefficient ~ ~-~ is equal to ~. 

c 1 

An important result is the difference in behavior of polybutene 

compared to the other polyolefine, polypropylene or low density 
and high density polyethylene. For PP and PE the coils expand when 

the temperature of the melt is decreased that correspond to the 

schema of figure 3 8 < 0. For polybutene, the opposite behavior 

is observed (MARK and FLORY 1963). The values of 8 are 0.I 10 -3 

and 0.5 10 -3 respectively for isotactic and atactic chains. The 

presence of tacticity defects in isotactic chain would increase 

the value of ~ and would explain the difference between the two 
temperature coefficients ~ and ~ reported in Table I. 

Concerning the relaxation time, we emphasize the great difference 

between linear and branched PE chains which amounts to one order 
of magnitude for the same molecular weight distribution. Long 

branches are expected (DE GENNES 1978) to hinder the reptation 

process of the chains, one branch longer than the distance between 
two entanglements is able to produce a drastic effect, including 

an important increase of the viscosity and of the relaxation time. 

Molecular weight dependence 

The two samples PP 1 and PP 2 have same polydispersity Mw/M N. The 
molecular weight ratio r m is r = M(PP 1)/M(PP 2) = 1.56. In the 
case where the relaxation timemis proportional to the reptation 

time, the de Gennes law applies T ~ M 3, and the relaxation ratio 

would be : T(PP I)/T(PP 2) = r 3= 4. The experimental ratio is 

about 3. This small discrepancy probably arises because of the 

polydispersity of the materials. In monodispersed polyethylene, 

the law r ~ M (z with ~ = 3 { 0.5, similar to the viscosity law,has 
been found (ROBELIN and RAULT 1979). 

Nature of the chain 

The measured relaxation time depends on the chain length and on 

the nature of the chain, therefore it is difficult to compare two 

different commercial polymers. However in our case, polybutene and 

polypropylene 2 can be compared, for they have nearly the same 

chain length distribution. The difference in T values arises only 

from the nature of the chains. It should be interesting to compare 
these 2 values with the melt viscosities. 

Processing temperature 

Before extrusion, blow moulding, injection moulding ... the poly- 

mer is molten in a reservoir at a certain temperature T i for a ra- 
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ther long time. If the deformation and the temperature gradients 

are not too important, the long period of the final product after 

crystallization will be a function of the temperature T i of the 
reservoir, and on the time t of melt annealing. Curve 2 of figure 

4 shows this memory effect. The commercial product polybutene, 

for which the processing temperature was unknown, was heated at 
150~ during a time t and then quenched to liquid nitrogen. The 

variation of the long period defines a relaxation time somewhat 
different from that given by curve I. For short times, the long 

period is equal to the long period measured on material annealed 

at 230~ for a long time. Therefore, it is concluded that the com- 

mercial product before crystallization has been heated to a tempe- 
rature of about 230~ for a time greater than 2T. It is obvious 

that the existence of high temperature gradients, and high shear 

rates during processing would modify this conclusion. Nevertheless 

the knowledge of the variation laws L = f(t) and L = g(T i) allow 
to have some idea of the temperature of processing of semi-crys- 

talline polymers. 

Effect of oxydation 

The described effects are reversible, and therefore cannot be at- 

tributed to the degradation of the polymers during annealing. If 

the polymer melt is annealed in the presence of oxygene without 
metal covers, oxydation occurs and the long period of quenched 

materials is not equal to that of the unoxyded materials and sub- 

mitted to the same thermal treatments. Curve 3 of figure 4 shows 

the oxydation of polybutene. For long annealing time the maximum 

of intensity in the S.A.X.S. pattern tends to disappear. In this 
sample, the crystallinity x decreases with the annealing time, 

whereas x was constant in materials not oxyded. This points out 

the non-reversibility of the phenomenon. It is well-known that 
oxydation has two consequences, oxydation of the ~ carbon in the 

branches, and chain scissions. Chain scissions would imply a de- 

crease of the long period, and oxydation of the branches could 

change the visocisty of the melt and then the relaxation time. 

These two effects can explain the form of curve 3 compared to cur- 
ve i in figure 4. However more work is needed (G.P.C. and I.R. 
spectroscopy) for analysing the importance of these two effects. 

Conclusion 

It is well known that the kinetics of crystallization depends on 

the annealing time of the polymer melt, and on the temperature of 

annealing. In the liquid, seeds are still present and act as nu- 

cleation centers when the sample is cooled below the crystalliza- 
tion temperature. The enhanced nucleation could be shown to per- 
sist through several meltings. This effect is called crystalline 
memory of liquid (C.M.L.)(WUNDERLICH 1976, TURSKA and GOGOLEWSKI 
1975) and is based upon the fact that the annealing of the melt 
is not long enough for the coils to attain the equilibrium state. 

Although in this paper we have not treated the crystallization ki- 
netics in relation to the thermal treatment of the liquid, we ha- 
ve analysed the correlation between the long period in quenched 
materials and the unperturbated dimension of the coils in the li- 
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quid state just before crystallization. This effect is called the 

liquid memory of the solid, L.M.S., and is fundamentally different 
from the opposite effect C.M.L. 

We emphasize that S.A.X.S. is a valuable method for polymer cha- 
racterization. The variations of the long period in quenched mate- 
rials with the melt temperature and with the time of melt annea- 
ling are characteristic of the chains, and of the molecular weight 
These experiments point out the correlations existing between the 
solid and liquid state (RAULT 1978), and show that the study of 
quenched semi-crystalline polymer gives important information on 
the chain dynamics in the liquid state. 
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