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The hypothesis that growth surfaces of polymer crystals can be molecularly rough has been tested using 
models designed to predict lamellar thicknesses and crystal growth rates. Monte Carlo methods used for 
crystallization of atomic growth units have been adapted to take account of the connectedness along the 
chains by including two types of restrictions for adding units to the crystal. Firstly new units cannot be 
added to an established fold surface. Secondly the effect of loops created at the growth surface is 
simulated by 'pinning' points generated at random along the crystalline stem, corresponding to stems 
growing from chains which are attached elsewhere on the growing face. No interruptions are allowed 
along crystalline stems. The trends in the results do not depend on the precise nature of the restrictions, 
and agree with the experimental ones. Crystal thicknesses vary approximately inversely with supercool- 
ing at small supercooling, and then level off to an approximately constant 'plateau' (no 'catastrophic' 
increase). They are smaller in magnitude than experimental ones since high fold energies are not 
included. The growth rates obey equations derived for secondary nucleation, though nucleation is 
certainly not present. The explanation is related to the high free energy (low entropy) states that are 
required for overall advance of the crystal. The low entropy depends on the crystal thickness as does the 
high enthalpy states in secondary nucleation. These results resolve the problem that both the existence 
of lamellae and the growth rate curves were explained on the assumption of molecularly smooth growth 
surfaces, whereas polymer crystals are often curved. 

(Keywords: polymer; crystallization; rough growth surfaces; nucleation; growth rates; chain folding; 
lamellae) 

INTRODUCTION 
We develop here a model of polymer crystallization, 
which allows for the crystal growth surfaces being mole- 
cularly rough because of equilibrium effects1. We are then 
able to explain the existence of lamellae 2-4 and the form 
of the growth kinetics 5'6 without invoking surface 
nucleation. 

In the usual nucleation models 7-9 the free energy 
barrier for initiating a new layer of the crystal is minimized 
(and hence the growth rate maximized) if the length of the 
nucleus in the chain direction is only slightly greater than 
that required for stability of the final crystal. On the basis 
of a nucleation mechanism being the rate controlling step, 
one would anticipate faceted crystals is the limit of slow 
growth 10. Facets in the strict sense refer only to infinite 
'singular' surfaces which are in equilibrium with the 
medium 11. The angle of tilt of the surface with respect to a 
crystallographic direction is then strictly zero since steps 
then have a finite free-energy per unit length. The 
crystallographic direction usually involves a surface 
structure which is close packed. When the term 'facet' is 
applied to polymer crystals it must be understood in a less 
than strict sense since, appart from the lack of equilibrium, 
the growth faces are only 100A or so wide. On the 
nucleation model the nearest approach to strict facets is to 
be expected in the limit of low supercooling and slow 
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growth of the lamellae. Departures from faceting from the 
existence of surface steps (two are created during each 
nucleation event) should become increasingly apparent as 
the supercooling A T is increased. In fact tge observations 
show almost the inverse to be the case 1 : for polyethylene 
'facets' can be seen for low temperatures of crystallization 
Tx, but at high Tx (including conditions where growth is 
very slow) characteristic curvature is seen which is smooth 
on the scale of 100/~, and greater. Such curvature proves 
the existence of many surface steps crossing the lamellar 
edge, and suggests that initiation of new layers i not in fact 
an unlikely event. Gradients of temperature or concen- 
tration do not appear to be a general explanation of the 
curvature, since the curvature is not always associated 
with high growth rates. (Moreover, typical dimensions of 
polymer crystals are only 0.01 × 1.0 x 1.0 ~t which tends to 
minimize gradient effects). 

It has been proposed 1 that for many polymer crystals 
curvature indicate the absence of any singular surface 
orientations. In this case the introduction of individual 
steps on low-index orientations does not increase the 
system free energy. For  this reason, even an infinitely wide 
surface does not follow low index planes. A surface 
roughness (and hence entropy) has been associated with 
such surfaces. For a more detailed discussion of the 
roughening transition see, for example, references 13-15. 

Detailed arguments concerning the morphology of 
polyethylene have already been described 1. A further 
publication ~6 concentrates on some of these questions, in 
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particular the effects of re-entrant corners on twin mor- 
phology. Enhanced growth rates at such corners is 
important evidence of nucleation, and is seen at low T~. An 
observation probably specific to polyethylene is the high 
'intrinsic' growth rate along the b crystal axis, the origin of 
which is yet to be elucidated. 

The secondary nucleation theory for explaining the 
almost universal lamellar form for polymer crystals was 
conceived when all observations showed facets. At the 
present time as many instances of curved as faceted 
crystals have been reported 17 including polyethylene 18 
and it is clearly necessary to develop a more general 
approach which does not rely on facets. 

Principal requirements of a model 
1. Applicability for both rough and faceted growth 

faces. 
2. Explanation of lamellar thickness:an equation of the 

form 
l=a/AT +rl (1) 

(where a and 61 are constants and AT the supercooling) 
seems adequate to describe the experiments 17"19. 

3. Explanation of speed of advance of the growth front 
G of the form 

G = c e x p ( -  Kg/TxAT) (2) 

where c and Kg are quantities which are constant at least 
for some range(s) of Tx 5,6,s 

4. Generality. Since lamellae are so prevalent it is 
desirable to aim for a simple model which does not 
incorporate features which are specific only to some 
systems. 

Secondary nucleation is at least partly successful on 
requirements 2 and 3 but does not appear to be approp- 
riate for non-faceted crystals for the reasons outlined 
above. The model to be described below can be applied 
either to rough or faceted surfaces (requirement 1). It also 
differs from many previous models since it depends 
explicitly on the coiled conformations existing prior to 
crystallization. 

Outline of the model 
Method of analysis. The characteristic of our approach 

is to include in the model a large number of processes and 
possible configurations, and to use simulation methods to 
help identify those which are most frequent. In this way a 
model can be established which makes simplifications in 
quite a different manner from existing theories. In parti- 
cular, it has been found necessary to include many 
simultaneous events at different locations on the growth 
face. This is in contrast to the analytic models 7-9, which 
treat a single 'active' site which advances by the addition 
of stems 7.a or segments of stems 9'2 o. (A stem is that part of 
a chain that traverses the lamella.) Even for non-polymers 
the static and dynamic properties of the growthsurface 
(especially those involving rough surfaces) often require 
Monte Carlo simulation techniques 12 so this method is 
the basis of our initial work. 

Details of the techniques are given elsewhere 21. The 
crystal is set up as a simple rectangular lattice, and energy 
calculated according to nearest neighbour interaction. It 
is assumed that segments or 'flexibility units' of the 
molecule are the basic crystallizing units, and these consist 
of several monomers in consecutive positions along the 
chain 9.2 o. Random number generators are used to specify 
the coordinates of the surface sites where units are to be 
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added or subtracted. Rules restricting these events are 
described below. Once a site is selected, whether this event 
occurs depends on a comparison between a probability 
value and a random number. The probabilities are 
specified as follows: the probability of addition is inde- 
pendent of the nature of the site and of temperature. The 
probability of removal is calculated according to a 
Boltzmann weighting factor with the energy determined 
by the sum of bond energies with nearest neighbours. 
These bond energies el are proportional to the enthalpy of 
fusion or dissolution of the polymer. The subscript on el 
indicates the direction in the lattice. In this model the heat 
of fusion Ah is ~ei. It is convenient to imagine a surface 

i 

'kink site' (three nearest neighbours) for which addition 
and removal involves no change in the crystal surface 
area. In this special case the ratio of, on to off, events is 
unity at the melting point of the infinite crystal T,~. At 
lower temperatures T~(= T~-A T) ,  the ratio is: 

exp(-  Af /kTO 

where k is Boltzmann's constant. Afis the difference in the 
Gibbs free energy per unit in the two bulk phases, 
usually approximated by: 

Af= Ah(1 - TilT °) (3) 

= AhA T/ T g. 

The outcome of the simulation studies indicated that a 
simplified version of this model would exhibit some of the 
essential features. In this case analytic calculations are 
possible, and results of these will be reported elsewhere. 

Geometry. The crystallization of a stem is imagined as a 
sequence of units adding along the vertical direction as 
shown in Figure 1. No interruptions are allowed along the 
stem; i.e., partial stem attachment is allowed but two or 
more partial attachments at the same stem position are 
not permitted. This effectively introduces a 'solid on solid' 
(SOS) restriction in the chain direction (for a definition of 
this term see ref. 13) and simplifies the computations. For  
simplicity, no distinction is made between adjacent stems 
that belong to the same or different molecules. 

Previous SOS calculations refer only to one growing 
surface. The opposite parallel face is considered to be 
infinitely far away, and other surfaces are effectively 
removed by the use of cyclic boundary conditions in the 
two lateral directions (x,y). For  polymer crystals we 
include a second surface, similar to the first. A third face 
(perpendicular to the x-axis) consists of sides of stems, to 
which new stem units can be added or existing units 
subtracted. I n  the y-direction cyclic boundary conditions 
mimic the effect of an infinitely wide crystal. 

Restrictions. The aim is to extend the methods used for 
non-polymers in as simple a way as possible, but it is of 
course necessary to take account of the connectivity of 
different units in chains and the restrictions this will 
impose on crystallization. A description of the restric- 
tions, which involves the same molecule being incorpo- 
rated in different places in the crystal, will be followed by a 
more detailed description of the physical basis. The results 
of the simulations indicate that changing the precise form 
of the restrictions does not lead to essentially different 
results. 
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Figure I Schematic representations of polymer lamellae during 
crystallization. (a) The growth direction along the x-axis is 
indicated by the arrow. Stems add to the advancing face and 
expand along the z-axis, in both directions. (b) A cross-section 
through a lamella (perpendicular to the y-axis) illustrates 
restriction (i). Stems in the region to the left of the dotted line are 
frozen by the two active stems on the right. (c) Pinning of an 
active stem resulting from crystallization of a molecule in two 
locations (restriction (i i)). The type of folding 1'22 which may 
fo l low from (c) is not essential to restriction (ii) 

(i) The simplest restriction is to limit the values ofx  for 
which stems can be lengthened. For example, consider a 
row of stems in the x direction up to an x value of x0. The 
most severe form of this restriction is to allow adding and 
removal of units only at Xo, thus 'freezing' the underlying 
stems at their current length, but essentially similar results 
are given if the active region is expanded (e.g., including 
stems located at Xo and Xo-  1, where units of length are in 
lattice repeat distances). New stems are initiated by 
adding a single unit on the side of a pre-existing stem. 
When this happens the active regions change since x0 has 
increased by unity. For  a restriction to adding only at x0, 
the length of the underlying stem becomes frozen by the 
new addition, although it could become active again if the 
unit were removed. 

(ii) Pinning. When a new stem is initiated, a restriction is 
created in a random way such that that stem will have 
maximum and minimum z values to which it can grow in 
the future (z.  and z_). A Poisson distribution was chosen 
for the distribution. Typically, only a few of the z + and z_ 
occur within the region in which the lamella actually 
grows. If the stem is completely removed by fluctuations 
during growth, the values ofz ÷ and z_ are eliminated and 
new values are selected when another unit is deposited in 
that position. 

Both (i) and (ii) are conceived as the result of different 
parts of a molecule attaching independently to the crystal, 
the loop (fold) so formed making it impossible for both 
incipient stems to lengthen beyond a certain limit. These 
'freezing' processes have their counterpart in the previous 
(secondary nucleation) models: when a new stem was 
initiated alongside of the previous one, the two stems were 
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imagined as being from the same molecule. Clearly, in this 
model no further extensions of the stems beyond the fold 
so formed were possible without considerable reorgani- 
zation. One difference here is that the process is not 
strictly sequential since new units are being added in 
many places in a random way over the growth face. 

Restriction (ii) applies when a new section of chain 
approaches the growth surface and attaches at two or 
more places along its length. The average distance 
between z+ and z_ is related to the degree of coiling in the 
liquid. (For the less rough surfaces the attachments will 
tend to be in adjacent stem positions: for a discussion of 
this and its relevance to neutron scattering studies on 
types of folding see refs. 1 and 22.) Restriction (i) reflects 
the fact that the ends of stems are unlikely to continue as 
dangling chains from the top or bottom surface. Hence the 
stems there do not, in general, have units available for 
their extension. In the extreme case, it is not possible to 
add new units to a pre-existing fold surface. In a sense the 
folds 'poison' that crystal face and prevent further crystal 
growth. 

In previous models a stem is frozen only after the 
creation of a fold with the same free energy as in the final 
crystal. This (for polyethylene) involves energies of about 
8 kT s. Hence even when individual units (rather than 
stems) are treated 2° the freezing is intrinsically unlikely. 
Here by contrast the freezing occurs before the fold had a 
high free energy, when the molecule is in a state similar to 
an adsorbed chain (loops plus partly attached 
stems) s'23,z4. In fact, the simulations do not involve a high 
fold energy at all: the (fold) surface energy of the final 
crystal is only e/2 per stem site (about 1.0 kT). 

Restrictions (i) and (ii) appear to give qualitatively 
similar results when used either singly or in combination 
even though they are very different in their detailed 
mechanisms. Restriction (i) is simple enough from the 
computational point of view to permit an analytic 
approach (to be published). It is reasonable that these 
restrictions should limit crystal dimensions along z. It is 
not obvious a priori why they should be sufficient to give l 
and G values of the correct form (see requirements 2 and 3 
above). 

RESULTS 

Although the simulation has been discussed in terms of a 
lamellar structure (Figure 1), each run was in fact started 
using as a 'seed' crystal a large half-cylinder (Figure 2(a)). 
With the application of a sufficiently large supercooling 
AT, the seed spontaneously extended in the x direction to 
form a lamella (Figure 2(b) and (c)) with an approximately 
constant stem length. Figure 2 shows two configurations 
for the ratio e/kT~ of 1/0.55 and 1/0.7, where e was the 
same for all bond orientations x, y and z. For an infinite 
surface the transition from an atomically smooth struc- 
ture (with long range correlations in the plane of the 
surface) to a rough one (without these correlations) occurs 
at kT~,/e~0.6215. The difference in surface roughness is 
very apparent in the Figures. It is noticeable that, 
especially for the smaller value of e/kT~ there is no very 
clear demarcation between faces with normals along x 
and along z. This is to be expected 25 since a crystal corner 
or a crystal apex can never be entirely regular for T > 0 K. 
This 'rounding off' of corners seems to have a crucial 
influence on the growth process (see below). 
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Figure 2 Computer drawings of the 'seed' crystal (a), and the 
lamellar crystals generated by the simulation at two different e 
values. The lamellar crystal on the left (b) corresponds to 
kT°m/e=O.7, and that on the right (c) corresponds to kTm/e=O.55. 
Crystal width along y is 20 units 

Values of l and G 
The average value of the stem length I was computed 

over those regions of the crystal away from the original 
'seed' (to the left of the Figures) and from the growing edge 
(x = Xo). The growth rate G was measured as the linear rate 
of advance along x. The units impinge on the simulated 
surface at a constant arbitrary rate. This rate was used to 
measure 'time' during crystal growth and hence enables a 
growth rate to be calculated in arbitrary units. Figures 3 
and 4 show some simulation results which are in accord 
with the trends observed experimentally (equations (1) 
and (2)). The I values are rather small in comparison to 
those observed for polyethylene (see below). 

The minimum value of lamellar thickness 
The well known equation for the melting of polymer 

crystals 26 can be used to calculate the minimum value lm 
below which the lamella would have a higher free energy 
than the liquid (or solution) state for a given value of AT. 
We can be certain that this is a necessary condition for 
growth. This value of I can be written as: 

20" e 
lm= ~ -  (4) 

where tro is the (fold) surface free energy per surface site. 
For a completely smooth surface in the simulation tL is 
e3/2. In practice, of course, a¢ is less than this because of an 
entropy contribution which more than compensates for 
the increase in surface energy as a result of the roughness. 
From equations (3) and (4) we therefore have: 

lm < e3 T,~/~, %A T (5) 
i 

At this stage we do not address the question as to 
whether the 'melting' or 'no growth' condition could 
depart from equation (4) for kinetic reasons. The thermo- 
dynamic condition (equation (4)) can be considered a 
'mean field' result in the sense that the excess surface free 
energy is averaged over the whole crystal. It should also be 
stressed that l~ has been derived for the Monte Carlo 
model rather than from actual polymer crystals. In order 

for growth surface roughness to be possible, % must be 
about equal to kT and similar to e~ and/;2. Equation (5) for 
a A T of 30°C gives lm ~< 4 units. For polyethylene, a 'unit' is 
likely to be several monomers (for example six), in which 
case lm is calculated to be about a factor of five less than 
observed for experimentally measured melting points. In 
other words the model does not allow for relatively high 
fold energies in the final crystal (ae larger than the 'side' 
surface free energy a) s. This omission may be less severe 
for polymers such as nylon-6,6 than it is for polyethylene. 

Interpretation of crystal thickness values 
It can be seen that equation (5) contains the AT -~ 

dependence which is prominent in equation (1). We may 
anticipate that a successful model would be achieved, at 
low AT at least, if growth were such that I is only slightly 
greater than Ira. This appears to be the case for our 
simulation results shown in Figure 3. It may be noted that 
many theories could successfully give the AT -~ de- 
pendence, as long as some mechanism serves to minimize 
l; secondary nucleation is only one possibility. In the 
simulation, the restrictions (i) and/or (ii) are sufficient in 
minimizing 1. Growth proceeds in the x-direction at such a 
rate that the stem becomes immobilized before its length is 
extended much behond Im. The disfavouring of thick 
crystals is evidenced further by the steeply decreasing 
growth rate as I m is increased (see below). At large AT 
most models for secondary nucleation predict a 'catas- 
trophic' increase in 17 which is not observed in experi- 
ments 27. It is reasonable to associate this with a growth 
regime where it is assumed that there is no rise in free 
energy as a stem is added to a smooth face, and hence with 
there being no nucleation events. This has been avoided 
by the additional hypotheses of (a) supposing another 
high free energy step (adsorption) s or (b) increasing the 
probability of folding as l increases beyond l m, together 
with the basic unit for crystallization being small units 
rather than whole stems 2 o. In the simulation results of the 
present model (Figure 3) a 'plateau' in l is predicted at high 
AT which is well in line with experiment. A correlation 
between the plateau level of l (lp) and the random coil 
characteristics of the chain has been noted 2 s. The origin of 
the pinning mode of restriction (ii) can be taken to be the 
independent attachment of the same molecule to different 
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Figure ,3 A plot of the lamellar thickness versus supercooling 
for two different values of the equilibrium melting temperature. 
The dashed curve is a plot of equation (5), Crystal width is 
10 units 
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F i g u r e  4 The dimensionless growth rate is plotted on a logarithmic scale as a function of the reciprocal of the product of the 
supercooling and the temperature. (a) Growth rates without pinning at (I-1) kTm/~=0.7 and (O) kTm/~=0.55. (b) Growth rates with 
different values of the density of pinning sites, Po, for kT'm/S=0.90. (A)  Po=0, (O) Po=0.05, (O) Po=0.20. k + is the rate of arrival of units 
per surface site and a the repeat distance in the growth direction 

parts of the crystal face. Clearly the probability of this 
happening will depend on the coil characteristics. 

The trends in the l versus AT curve agree well with 
experiment, but detailed adjustment of parameters is 
required in order to achieve quantitative agreement for 
any one polymer. The most significant omission concerns 
the low absolute values for l, at least for polyethylene. 
These can be traced to the lack of an energy contribution 
from a fold in the final crystal as opposed to that from a 
partially attached chain. Analytic calculation and simu- 
lation studies on impurity trapping show that it is very 
important whether a mismatch energy is involved as soon 
as the impurity arrives at a site on the crystal surface 29, or  
whether it occurs later 3° (e.g. as a result of lattice 
distortion involving several unit cells). In an analogous 
manner, if the energy contributions from the fold (e.g. 
lattice distortion) occur well after the initial multiple 
attachment, folds will probably only be disfavoured to the 
extent that lm will be higher. 

Interpretation of the growth rate G 
The usual theories for crystal growth for globular 

molecules (see above) show that continuous growth 
occurs on rough surfaces (G~tAf), whereas secondary 
nucleation occurs on facets in the absence of dislocations 
(equation (2)). For the simulations on polymer crystalli- 
zation, equation (2) appears to hold when the surfaces are 
all rough (Figure 2) as well as when they are relatively 
smooth. It seems paradoxical that equation (2) is applic- 
able to simulation results where (surface) nucleation is 
certainly not occurring. It was surmised 1 that the growth 
of curved crystals might obey equation (2) if there was a 
free energy barrier (in particular low entropy) to growth. 
The height of the barrier would have to increase with I. 
This possibility was studied by running the simulation 
under a range of conditions as described below, so as to 
identify what the barriers could be; they were not obvious 
from Figure 2. The conclusion was that the absence of 
sharp comers demarcating the top and bottom (fold) 
surface from the growth face ('rounding off') imposes an 
entropy barrier for the attachment of long stems. This 
serves both to minimize 61 and make growth very slow at 
high Ira. 

Figure 5 shows stem lengths as a function of Xo-X,  

O I  I I I I 
a 8 6 4 

Xo-X 

2 O 

c d 

b 

e 

T 
Z 

A" 

F i g u r e  5 (a) Data for the average stern length •plotted for 
different positions relative to the end stem at x o. Here 
kTm/si=O.36, s2=0 and £4T/Tm=O.038. (b)-(e) Typical 
configurations of the stem during growth, with kTm/~i=0.36, 
52=0 and £iT/T*m=O.038 

averaged over a number of stem rows along x. The 
tapering is very pronounced. Rounding of crystal comers 
is to be expected. Figure 5(b) shows a typical individual 
arrangement. Consider now restriction (i). For stems to 
form a viable crystal they must average to about Im or 
more in length, yet at the positions where they are allowed 
to add units (e.g. x0 and Xo-  1) the stems are usually much 
shorter. These stems can only progress to become in- 
corporated into the body of the lamella if the crystal edge 
is momentarily square so that a relatively long stem can be 
added, as in Figure 5(d). If a very short stem is in- 
corporated (e.g. to X=Xo-3)  by addition of new stems 
further growth will be inhibited until a backwards 
fluctuation of the growth front enables it to grow. Figures 
5(b), (c) and (e) show configurations only a few time steps 
away from the configuration in Figure 5(d). 

This idea was tested by using the simulation program 
for simple two dimensional models by putting e2 = 0 (and 
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increasing e2 values). Each row along x then grows 
independently. It was found that the kinetics were of the 
exponential type (as in Figure 4) as long as e 1 was 
sufficiently large. For  51 = 1.4 kT,~ or less the kinetics were 
linear, but for 51 = 2.8 kT.~ or greater the exponential law 
(equation (2)) was obeyed. For  e 2 = 0  and small 5~ the 
stems have enough randomness in length that there is no 
longer an entropy barrier. A short stem at x 0 -  2 does not 
block further growth, since the small energy interaction 5~ 
permits a longer stem to be deposited in the next position. 
Histograms of stem lengths also illustrate the idea: Figure 
6 shows the number of times a stem at Xo has a given 
length during several short simulated growth 'experi- 
ments'. It can be seen that the probability of finding stems 
at Xo which are long enough to fit in the final crystal is 
indeed small (note the logarithmic scale). Even in those 
cases where a long stem is present, some will involve short 
stems at x < Xo, and others are likely to be removed by 
spontaneous fluctuations. (Hence the histogram of stem 
lengths for the final crystal, broken line, always lies below 
that for stems at Xo during growth). It can be seen that, 
especially at the low AT (a), very nearly all the stem 
lengths which are observed by sampling randomly at 
x = x o are too small to make viable stems. They serve to 
freeze stems at smaller values of x which are also not 
viable. Before the row os stems can progress, there must be 
a spontaneous fluctuation which allows 'bad' stems (l </m) 
to be lengthened and then refrozen before they shorten 
again. For  restriction (ii) the fluctuation may have to 
remove the 'bad' stem completely. 

Consider now the situations which will occur when 
roughness decreases and the number of steps crossing the 
growth front is diminished. The 'rounding off of the 
lamellar edge is then less pronounced (Figure 2(b)). Even 
so, there will be a compensating increase in free energy as 
a result of a requirement for squaring off to occur 
simultaneously for a number of adjacent stems on the 
growth face. In the limit of high enough e/kT~, one would 
anticipate a smooth surface and secondary nucleation. 
Direct morphological evidence shows that this is the 
case ~,16 for Tx < 60°C for polyethylene crystallized from 
solution: {110} twins show growth rates which are 
suppressed for the faces which do not adjoin a re-entrant 
comer,  which is a hallmark of nucleation control 31'32. 

The dependence of G on AT can be seen to arise very 
simply from the step of high free energy ~b during 
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F igure  6 The number of lamellae N in an ensemble in which 
the stem at x o has length/.  The dashed lines indicate the 
distribution of stem lengths in the bulk of the lamellae. Note the 
logarithmic scale for N. The arrow indicates the average stem 
length in the final crystal. Here kTm/e 1 =0.36, e2=0 and values of 
f~T/T°m are shown in the Figure 
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secondary nucleation a. To a first approximation: 

G ,,~ exp( - c~/k T) (6) 

For  a single stem on an ideally smooth surface, tk contains 
a term: 

5283Tm 
le2 "~ line2 "~ 3 (7) 

el AT 
i = 1  

e2e 3 corresponds to the quantityaae 8. This gives equation 
(2) directly. In order for ~b to affect the slope in Figure 4 it 
must be dependent on I. The entropy term for 'squaring 
otV a rounded crystal edge in two dimensions clearly 
satisfies this condition. Figure 4b shows other examples 
for kT~,/e = 0.9, with rougher surfaces, where there is very 
distinct rounding off. Three different pinning densities are 
shown. One plot even shows a passing resemblance to 
data which have previously been interpreted 33 in terms of 
a transition from Regime I to Regime II (i.e. two types of 
surface nucleation growth behaviour). More details of this 
effect will be published elsewhere. Evidently it is difficult 
to extract unique interpretations from such plots without 
direct morphological information on the growth surface 
structure. 

The slopes of the plots in Figure 4 can be used to derive 
the quantity Kg in equation (2). From the simulations in 
Figure 4(a) Kg is about 2.4 if Tx and AT are expressed as 
fractions of T ° . Higher or lower values than this are 
obtained in Figure 4(b) according to the degree of pinning. 
The experimental values are 1 .4-  0.7. No special attempt 
has been made to achieve even this degree of numerical 
agreement, since the model is schematic in many ways, but 
at least there is not a very large quantitative disagreement. 

The origin of folding 
Folding and hence lamellar growth follows if there are 

sufficient restrictions on crystal growth along the chain 
direction. The relatively simple model here shows that 
restrictions (i) and/or (ii) are sufficient for this, and in 
addition that they give very reasonable trends in l and G 
values versus AT for a wide range of roughness on the 
growth surface. The section on the interpretation of the 
restrictions (above) relates (i) and (ii) to multiple attach- 
ments of the same molecule. On the growth face one could 
imagine a multiple attached molecule as being in a kind of 
adsorbed state, such that the creation of an extended 
chain crystal would involve the unlikely process of 
detachment of all but one of the attached sequences before 
they were covered by stems from another molecule. High 
degrees of roughness are not essential for this process: for 
example several parts of the same molecule could parti- 
cipate in the formation of a secondary nucleus on a 
molecularly smooth surface. (However, the process is not 
sequential as in the secondary nucleation models 7-9. 
Because of this difference a high free energy fold is not 
required before the restrictions can operate, as in the 
previous models.) The implication is that multiple attach- 
ment (and hence folding) is related to coiled confor- 
mations. If coiling prior to crystallization could be 
avoided (e.g. by flow) partly extended chain crystals might 
be expected, as is observed. In our model the dimensions 
of the coils are not very directly related to the lamellar 
thicknesses, although the degree of pinning (related to 
flexibility) does appear to have some effect on l values. 
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