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Atomic force microscopy (AFM) has been used to observe, in real time, the growth of two-dimensional 
poly(hydroxybutyrate-co-valerate) (PHB/V) 'spherulites' in thin films. The AFM permits us to image the growth 
over a wide range of magnifications, from the macroscopic spherulitic growth down to observations of growth of 
individual lamellae. The lamellar growth images are obtained using a special, high resolution, phase-imaging 
technique. Low magnification images show, in common with optical microscope techniques, sharp circular 
growth fronts which move at a constant growth rate. At higher magnifications the rough nature of the growth front 
on a lamellar scale is clearly revealed with dominant lamellae leading the growth. The most remarkable 
observation is that these dominant lamellae do not grow at a fixed, constant rate, as predicted by most growth 
theories, but rather they initially spurt forwards at a rate substantially faster than the macroscopic growth rate, and 
then slow down or stop. A new theory, in which the spherulite growth rate is controlled not by the growth rate of 
the individual lamellae, but rather by the rate at which new lamellae nucleate on existing, dormant lamellae, is 
suggested. It is believed that these observations, although only made on one system, may be more widely 
applicable. © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Spherulites are an ubiquitous form of crystalline aggregate, 
occurring in a wide range of  substances from minerals to 
polymers. The overall texture of  spherulites has been much 
studied over the last century I ~6, initially through the use of 
optical microscopy 1"3-9 and, during the last 40 years, using 
the various electron microscopes as they have been 
developed 1°'~1. More recently, several workers have 
examined spherulitic structures using the scanning probe 

12 13 microscopes ' . All the early studies of  spherulites were 
performed on inorganic minerals 9, later studies took into 
account some organic systems 1, but most of  the recent 
studies have used polymeric materials as paradigms for the 
spherulitic state. 

The initial optical microscopy studies revealed the 
approximately spherical symmetry of  these aggregates. 
Further, it was deduced that they consisted of  radiating 
fibrous crystals which branched to fill space 5. It was also 
possible to identify, in some systems, a regular helicoidal 
twist of  these radiating fibrous crystals 3'6-8. In experiments 
where the growth of  spherulites was observed directly in the 
optical microscope, it was noted that spherulites grew with a 
constant radial growth rate. Further, it was found that the 
temperature dependence of  this constant radial growth rate 
was precisely that expected for a secondary nucleation 
process. 

Once electron microscopes became available, the detailed 
internal morphology of  spherulites could be investigated. A 

* To whom correspondence should be addressed 

central sheaf-like structure was identified and, in many 
systems--especial ly the polymeric sys tems-- i t  could be 
seen that the underlying crystals were not fibrous, but rather 

10 lamellar or ribbon-like . More detailed studies of  poly- 
meric systems showed that there were two distinct types of 
lamellar crystals present in the spherulites ~4- m6. Dominant, 
or leading, lamellae could be characterized by a thicker 
appearance and were identified as growing first to provide a 
skeleton for the spherulite. Secondary, or in-filling, lamellae 
were seen as being rather thinner and having a less well 
defined orientation within the spherulite. These secondary 
lamellae were taken to have grown behind the main growth 
front, after the dominant lamellae, and served to fill in the 
spaces between the primary, leading lamellae. 

In recent years, experimental work on spherulites has 
concentrated in two areas. First, many authors have been 
concerned to measure the growth rates of spherulites as a 
function of  growth temperature, etc. J 7.1s. Secondly, a good 
deal of effort has been put into mapping out the detailed 
internal architecture of  spherulites. Especially to attempt to 
explain the underlying cause of  the regular twist that occurs 
in so many different systems ~9-2t't2. 

Parallel to all this experimental work there has been a 
good deal of  theoretical work attempting to elucidate all 
aspects of the spherulitic state. At the most fundamental 
level, many authors have addressed the problem of what 
causes the branching within the aggregates and leads to the 
final spherical symmetry. Most of these studies are based on 
solutions to the diffusion problem with moving boundary 
conditions (e.g.22). Such models lead to 'densely branched' 
structures and can be compared with experiments with 
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highly idealized model systems such as Hele-Shaw cells, 
where the diffusion aspects of the problem can be separated 
from the crystallization aspects 23. 

On a more pragmatic level, many workers have 
concerned themselves with diffusion and crystallographic 
models to explain the local branching and splaying apart of 
lamellae and the twist of growing lamella (e.g.21). In these 
models the authors normally rely on observations in a 
particular system (usually polymeric) and attempt to 
generalize to all spherulitic structures. In particular, authors 
often take a specifically polymeric effect (such as cilia 
pressure) to explain a more general effect (such as the 
splaying apart of growing crystals). Nevertheless, a good 
deal of progress has been made and the present under- 
standing of the internal architecture of spherulites seems to 
be relatively complete. 

Another area where a great deal of modelling and 
theoretical effort has been applied is in the understanding 
of the growth mechanism of the lamellar crystals that make 
up the spherulites and in the prediction of the overall growth 
rates of spherulites 24-26. The observation that the growth of 
spherulites followed the general pattern of secondary 
nucleation has led to the development (and generally 
widespread acceptance) of a model where the growth of 
the underlying, dominant, lamellar crystals is itself 
through a secondary nucleation process at the crystal 
growth front 27-29. 

While there are some differences of opinion concerning 
the details of the growth of spherulites, it is commonly 
accepted at present that a spherulite begins with a stack of 
lamellar crystals that splay apart and start to branch out, 
until all evidence of the initial orientation is lost. These 
dominant lamellae then continue to grow at a constant 
growth rate, branching occasionally to provide for space 
filling, and in some systems also twisting, to form the 
spherulite skeleton. A short distance behind the growth front 
defined by these dominant lamellae, secondary lamellae 
nucleate on the dominant lamellae, and grow until they are 
stopped by meeting with another lamellae, in such a way as 
to fill up the spaces between the dominant lamellae. 

Although it is possible to reconstruct the detailed internal 
architecture of a spherulite by careful sectioning and 
microscopy 16, the actual mechanisms by which the 
structures are formed remain open to question unless they 
can be observed directly at a lamellar resolution during the 
growth of a spherulite. This is the objective of the present 
work. One of the strengths of atomic force microscopy 
(AFM) is that it allows real-time imaging of dynamic 

30 31 processes . The commonly used tapping mode- minimizes 
lateral forces, so that in all but the softest of systems the 
process under examination is unaffected by the imaging 
technique. 

To date, work using the new family of scanning probe 
microscopes has largely been limited to confirming the 
observations made previously using both optical and 
electron microscopes. The principal advantages are that 
the spherulites can be observed over the whole magnifica- 
tion range in a single instrument, thus allowing direct 
comparison of structure at all observable levels, and that it is 
not necessary to treat the sample in any way before 
observation. In melt crystallized samples, a number of 
studies have used these capabilities to study spherulite 
morphology. Polycarbonate films have been imaged 32 after 
annealing at high temperatures and spherulitic structures 
resolved. Spherulites of isotactic polypropylene have been 
imaged after crystallization at various temperatures 13 and 

good agreement with the literature values for lamellar 
thickness obtained. Atomic force microscopy has been used 
to image spherulites of optically active polyetherst2; in this 
study the AFM allowed the dependence of the inclination of 
the lamellae on molecular chirality to be determined, adding 
support to their theory on the source of the banding structure 
in spherulites. In a series of papers 33 35, the real time 
degradation of poly(seboic anhydride) poly(DL-lactic acid) 
blends has been observed using AFM. The closest in 
approach to our work is that in 36, in which thin films 
( - 1 0  nm) of polycarbonate were progressively crystallized 
by the action of a plasticizer and imaged using both contact 
and tapping mode AFM. A spherulitic morphology was 
observed. In this study, high resolution images were 
obtained after the sample had been dried and the amorphous 
material had become glassy. However, real-time imaging of 
spherulite growth was not obtained. 

In the work reported here we have been able to obtain 
real-time images of spherulitic growth. These images raise 
many questions concerning the mechanism of spherulite 
growth that will be addrressed later. To be able to image the 
crystallization on a lamellar scale directly in real time, we 
have applied a modification of the normal tapping mode 
AFM imaging, namely phase imaging 37. To provide a 
suitable slow growing system for AFM investigation we 
chose to use a poly(hydroxybutyrate-co-valerate) (PHB/V) 
copolymer growing at a temperature well below its melting 
point. As we shall show, the observations we have made do 
not agree with the commonly accepted model as described 
above. Rather than individual lamellae growing with 
constant growth rates, we can see separate lamellae spurting 
forward at the growth front and stopping growing--an 
observation which may have serious implications for the 
derivation of crystal surface energies from optically 
observed spherulite growth rates. Nevertheless, we do 
observe that the overall growth rate of the growth front as 
a whole remains constant. 

Spherulites of the bacterial thermoplastic poly(hydroxy- 
butyrate) (PHB), and its copolymers with hydroxyvalerate 
(PHB/V), have been extensively studied using standard 
techniques 17'38. They provide ideal systems for the study of 
spherulites as the polymer's bacterial origin makes it very 
pure. The lack of heterogeneous nuclei leads to very large 
spherulites (sometimes several millimetres in diameter) 
with a clearly defined optical banding structure over a 
crystallization temperature range of -100°C, down to the 
glass transition temperature of approximately 0 °. The radial 
spherulite growth rate is relatively slow, becoming slower 
with increasing copolymer content, allowing the growth 
rates and nucleation behaviour to be studied over a very 
wide range of temperatures 17"38 41. The behaviour observed 
is closely similar to that seen in most other spherulite 
forming polymer systems, the only unusual feature being 
the uncommon ease with which morphologies and growth 
kinetics can be studied. 

In this paper, we first describe the techniques used to 
image the growing spherulites and the individual lamellae at 
the growth fronts. We are able to observe for the first time 
the existence of dominant lamellae in front of the main 
crystal-amorphous interface as they grow. Their exact 
length and the magnification at which they become visible 
can be seen. Secondly, we present details of our findings, 
illustrating that while the overall gross growth front does 
have a constant growth rate, the individual lamellae do not. 
Thirdly, we will present a simple model that lays the basis 
for understanding how such a situation can arise. Finally, we 
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discuss some implications of our observations for the 
existing models of spherulite growth and morphology. 

In a companion paper 4z, the details of the new techniques, 
and the way in which this work can give an insight into the 
nature of the tapping mode phase-imaging process used, 
will be reported in more detail. In the present paper the 
emphasis will be upon the implications of this work to 
spherulite growth in PHB/V, and in polymer spherulite 
systems in general. 

EXPERIMENTAL DETAILS 

A Nanoscope III multimode AFM (Digital Instruments, 
Santa Barbara, U.S.A.) was used in tapping mode. 
Integrated silicon tips and cantilevers with a nominal 
spring constant of 30 N m -1 were used without further 
modification. A phase extender unit incorporating a lock-in 
amplifier (Digital Instruments) was used to record the phase 
lag between the cantilever oscillation in free space and that 
when the cantilever was tapping the surface. Two types of 
data were recorded: constant force data in which the 
feedback control circuit is used to maintain a constant 
cantilever tapping amplitude, and phase data. The former 
data type is the same as that commonly used in 
topographical imaging. Both types of data were recorded 
on the same trace or retrace line to eliminate the effects of 
piezo drift, and because the surface was expected to be 
changing during the imaging process. 

Two different methods of phase imaging were adopted. 
Slow speed, feedback-controlled imaging was carried out to 
image the macroscopic growth of spherulite. This is the 
method used in Figures 1 and 2. In these images, the slow 
scan direction was always from top to bottom. In order to 
investigate the spherulite growth at higher resolution, it was 
necessary to scan substantially faster if multiple scans of the 
same area were to be obtained before growth had completed. 
In this case the feedback gains were adjusted to minimize 
oscillation and optimize the phase image, as the phase 
image was found to give more detail at these high 
resolutions. Scan speeds of at least 10 Hz were typically 
used for this high-speed imaging, giving a time between 
successive scans of the same area of 25 s or less. In this 
high-speed imaging, the sample was scanned continuously, 
so the slow scan direction alternated between successive 
images. The cantilever was driven at its resonant frequency, 
at which the slope of the relationship of phase angle with 
frequency is greatest. 

A random hydroxyvalerate poly(hydroxybutyrate-co- 
valerate) copolymer containing 24% hydroxyvalerate 
units, with a Mw of 297 000 from batch P05, supplied by 
Zeneca Bioproducts Business was used. The polymer was 
placed on a glass slide and melted on a hot bench for 2 min 
at 200°C. The thickness of the sample was controlled by 
scraping with a razor blade. The surface of the resultant film 
was optically fiat over areas of several hundred microns. 
After removal from the hot bench, the thin film was 
quenched to room temperature by placing on a metal block, 
and then inserted into the AFM for scanning. The quenching 
process was sufficiently fast that no optically visible 
crystallization had occurred. 

RESULTS 

We show in Figures 1-6 several series of AFM images 
taken during the growth of PHB/HV spherulites. Figure 1 is 
a low magnification view where the growth of the whole 

Figure 1 A series of AFM images showing a single growing spherulite. 
The left-hand images are height images in which the black-to-white colour 
scale represents 0-300 nm. The right-hand image shows phase data: (a) 
collected at 0 s; (b) collected at 338 s; (c) collected at 742 s; (d) collected at 
1084 s 

spherulite can clearly be seen. The successive images 
closely resemble optical micrographs as they display a 
sharply defined growth front. It is a simple matter to 
measure a growth rate from the advance of the growth front 
in successive images, although care must be taken to ensure 
the correct time interval between the moments the probe 
passed over the relevant reference points is used. We find 
that the growth rate for this particular spherulite is (5.1 _+ 
0.8) nms  -~. This value corresponds to the growth rate at a 
temperature of 29°C, measured by optical microscopy. It has 
been observed that the temperature within the AFM sample 
space increases by about 3°C relative to the ambient 
temperature during use. This has been ascribed primarily to 
energy dissipation in the piezo-electric transducer with the 
laser optical system also contributing. The ambient 
temperature in the room was 25°C, so the spherulite 
growth rate can be used as a reasonably accurate measure 
of the sample temperature, and therefore of the heating 
effect of the AFM. The band spacing can be clearly 
discerned from both height and phase images and is in 
agreement with that expected from optical observation of 
spherulites crystallized at this temperature. 

Figure 2 shows a higher magnification set of images of a 
different spherulite in both height and phase mode. The 
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Figure 2 A series of AFM images showing part of a growing spherulite. The left-hand images are height images in which the black-to-white colour scale 
represents 0-40 nm. The right-hand image shows phase data. Successive images are collected at 170 s intervals. The slow scan direction is down the image in 
all cases 

Figure 3 
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A height profile taken across the height image in Figure 2a showing how the amorphous material dips down in front of the growth front 

height mode images still maintain a banded structure. From 
the height profile shown in Figure 3 it is clear that in front of 
the growth front the melt dips down to a level below that of 
the subsequent crystal, indicating a surprising rate of 
material transport in such a rubbery liquid. This phenom- 
enon has been seen in a number of separate spherulites, 
although in many others, such as those shown in Figure 1, 
the crystalline region was consistently lower than the 
amorphous region, as would be expected considering 
the volume reduction that occurs during crystallization. 

The band structure is much less clear in the phase image 
which now has a fine texture that closely resembles the 
lamellar texture seen in TEM replicas. At this magnification 
the growth front is still relatively smooth. From this set of 
images, taken on a cooler day, the growth rate can be 
measured as (4.0 ___ 0.5) nms  -I. 

At higher magnification the height image no longer gives 
useful information, as the feedback gains had been adjusted 
to minimize oscillation and optimize the phase image, so 
only the phase image will be shown for these images. 
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Figure 4 A series of high magnification phase images of part of a growing spherulite. The slow scan direction is up the page in image (a) and alternates in 
successive images. Images have been captured continuously. Images collected at 25.2 s intervals. The scan area has been moved between image (d) and (e), and 
a common feature is indicated by the white box 

Figure 4 shows a sequence of higher magnification phase 
images of growth of the same spherulite as that shown in 
Figure 2 above. Between Figure 4e and 4fthe scan region 
has been shifted to keep the growth front in the field of view. 
A feature present in both images is marked. On reducing the 
magnification after taking these images, no change in the 
growth in the area imaged at high magnification was 
apparent. The scanning tip does not appear to interfere with 
the growth process in any way. 

From the thickness of the linear features in Figure 4 it is 
reasonable to associate them with the edges of individual 

lamellae. The rough nature of the spherulite growth front on 
a microscopic scale is clearly visible. Individual lamellae 
can be seen protruding in front of the main growth front. It 
can be seen that the protruding dominant lamellae do not 
grow forwards at a constant rate, maintaining dominance 
until for some reason they are no longer primarily forward 
facing, but rather continuously swap their furthest forward 
situation with neighbouring lamellae. The coarse texture of 
the growth front is continuously changing, with small 
sections of the growth front speeding up to overtake their 
neighbours before slowing down and themselves being 
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Figure 5 A series of high magnification phase images of part of a growing spherulite. The slow scan direction is down the page in image (a) and alternates in 
successive images. Images have been captured continuously. Images collected at 25.2 s intervals 

overtaken. In Figure 4b there is a particularly clear example 
of a set of lamellae that have grown extensively between 
successive scans. However, in the subsequent image the rest 
of the growth front has 'caught up' with this faster growing 
region. 

The set of images in Figure 4 covers a distance of slightly 
more than one band spacing. There does appear to be a 
periodic bending away of the lamellae from the mean, 
forward facing, direction. This is clear in Figure 4a and 

Figure 4h, in which some of the newly grown lamellae are 
almost perpendicular to the growth direction. 

Figures 5 and 6 show more sequences of images taken at 
the spherulite growth front. These figures provide further 
evidence that the individual lamellae do not grow at a 
constant rate, but rather spurt forwards and reduce their 
growth rate as they become longer. There are a number of 
instances where an individual lamella can be seen which has 
not noticeably grown in successive images, although 
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Figure 6 A series of high magnification phase images of part of a growing spherulite. The slow scan direction is up the page in image (a) and alternates in 
successive images. Images have been captured continuously. Images collected at 31.4 s intervals 

nothing else appears to have grown across in front of it. An 
example of this behaviour is arrowed in Figure 6a-b. 

In the high magnification images, some evidence of a 
change in orientation between successive dominant lamel- 
lae can be seen. It is possible that the overall twist in 
orientation is not a continuous change with each lamella 
twisting in itself, but it could arise from small differences in 
the orientation in successive lamellae as they grow outward. 

We can make some very rough estimates of the speeds at 
which individual lamellae grow from images such as those 
in Figures 4-6. In many sequences of images, lamellae that 
have grown from behind the growth front in one image do 
not appear to have grown any further in subsequent images. 
In these cases we can only note that they grew some 
measurable distance (and then stopped) within the time 
between the probe reaching that part of the image for the 
second time. Such cases provide a minimum average growth 
rate for the lamellae, since the lamellae have stopped 
growing their actual average growth rates should be 
significantly higher. Typically we find this minimum 
average growth rate to be in the region 5 - 1 2 n m s  -~, 
depending on the individual lamella measured. This value 
should be compared to a bulk spherulite growth rate 
measured on the same day of (4.0 _+ 0.5)nm s -t. It is 
clear that the individual lamellae are growing considerably 
faster than the macroscopic spherulite growth rate. 

DISCUSSION 

In this report we have shown for the first time images of a 
growing spherulite with an optically smooth growth front 
showing individual dominant lamellae protruding in front of 
the bulk of the crystal. We have been able to map out the 
distance which these lamellae protrude and to show, on the 
same growing spherulite, images which closely resemble 

those taken optically as well as confirming the inferences 
previously made by those taken using TEM. 

Using the ability of the AFM to give the surface profile of 
the growing spherulite, we have obtained evidence that in 
some instances the crystalline region is actually higher than 
the surrounding amorphous material from which it has 
crystallized. The reason for this is unclear, and seems 
counter to our present understanding of the crystallization 
process. 

From the observations reported here we find the lamellar 
crystals that form at the front of a growing spherulite, do not 
grow continuously with a constant growth rate, but rather 
nucleate sporadically and grow rapidly outwards and then 
either stop growing or continue growing with a substantially 
reduced growth rate. New lamellae form behind the growth 
front and grow past these now inactive lamellae to continue 
the growth process. Despite these complications, we 
nevertheless find that the overall rate of growth of the 
spherulite is itself constant. 

Comments on the validity of this experimental approach 
Perhaps the most important issue to be raised is whether 

the observations we have made can be caused by any form 
of artefact. Since our observations are clearly challenging 
the accepted growth mechanism where lamellae grow in a 
continuous manner, we should examine the possibility that 
this is the case and the apparent stopping of growth of 
leading lamellae is some form of artefact. There are two 
immediate considerations. First, in our experiments we are 
not growing full three-dimensional spherulites, but rather 
thin two-dimensional discs, which appear to have the same 
overall symmetry. Secondly, our observations are not of the 
bulk, but are limited to the surface of the growing system. 

We do not regard the fact that we are using two-, rather 
than three-dimensional spherulites to be of any real concern 
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to the growth mechanism of the lamellae. Most observations 
on the growth rates of spherulites, as well as many of the 
morphological studies, have been made on similar systems. 
It is the restriction of growth in thin samples that enables 
good optical microscopic observations to be performed. 
Thus, even if the growth in bulk three-dimensional 
spherulites were different and the stopping of growth were 
to be caused by the two dimensional nature of these crystal 
aggregates, the observation would still have significant 
implications, since nearly all the available growth rate data 
for polymer spherulites come from similar two-, rather than 
three-dimensional systems. 

The second issue, that we are only observing growth at a 
free surface, could be more important. If  a particular 
lamellae were to change its growth direction so that it 
moved away from the surface, then we might be misled into 
believing that it had stopped growing. There is clearly the 
potential for artefacts of this kind to occur and to lead to a 
false conclusion. We can, however, be confident that this is 
not the case with many of the lamellae which we observe to 
have stopped growing. In many cases the average gowth rate 
of a particular lamellae which has stopped growing (as 
assessed from successive AFM images) is significantly 
faster than the overall rate of advance of the growth front. If  
the lamellae were all to grow continuously, with a constant 
growth rate similar to that of such lamellae, then the 
overall spherulite growth rate should be very much higher 
(and more or less equal to the individual lamellae growth 
rate). 

It is possible that the unexpectedly fast growth rate is 
caused by the fact that we are only observing growth at the 
surface. It may be that the growth front that is observed at 
the surface is slightly behind that in the bulk. In this case the 
lamellae could be growing up from this lower level and only 
be observed when they protrude from the surface. If this 
were the case, very fast forward growth rates would be 
possible, even when the bulk growth rate was constant and 
slow. Assuming the front of the growing lamella is flat, the 
growth rate of the lamella growing at some angle 0 to the 
surface is related to the observed growth rate by 

Glamella 
Gobserved - -  - -  (1 )  

COS 0 

From this it is apparent that angles greater than 60 ° will give 
at least a doubling in the observed growth rate. Considering 
the continued observation of similar rough growth fronts in 
spherulites with radii of several tens of microns (compared 
to a film thickness of -1 /~m)  there is no reason to expect 
the lamellae to be growing at so steep an angle. It might be 
expected that if the rapid growth rates were due to growth 
from below, isolated sections of lamellae might occasion- 
ally be imaged in front of the main growth front. In no case 
was this observed, all the forward facing lamellae imaged 
consisted of a continuous line emanating from the spherulite 
growth front. In fact, as the AFM laser will cause a small 
increase in the surface temperature, and the polymer grows 
faster at higher temperatures in the temperature range exam- 
ined, the growth rate at the surface would be expected to be 
faster than in the bulk. 

Considering the above arguments, we confirm that, at 
least in this particular system, the normally accepted growth 
mechanism for spherulites where lamellae grow continu- 
ously outwards (with occasional branching) at a constant 
linear growth rate is not consistent with the experimental 
observations. 

Comments on the application of these results to spherulite 
crystallization in general 

We shall next address the question of the generality of 
this newly observed growth mechanism. The particular 
system we have used, PHB/HV crystallizing at a tempera- 
ture only some 20-30°C above its glass transition 
temperature, is obviously not very typical. The system 
was chosen for the ease with which the AFM images could 
be obtained. However, when we have observed the growth 
of spherulites from this and other similar systems in the 
past ~7, we have found no obvious differences in the overall 
morphology and no discontinuities in the growth rates over 
the entire crystallization temperature range from ca. 15°C to 
ca. 120°C. There is, therefore, no reason to suppose that the 
growth mechanism we have seen does not persist over the 
same temperature range. Further, PHB/HV spherulites, 
although generally larger than those in other polymers, 
have appearances in both optical and electron micrographs 
closely similar to all other polymer spherulites. Accord- 
ingly, although we have only made observations on a single 
system, at a rather low growth temperature, we argue that in 
the absence of evidence to the contrary we should, for the 
present, assume that this growth mechanism is the general 
case. 

Although the currently widely accepted view is one 
where lamellae grow continuously out with a constant 
growth rate, this is not usually explicitly suggested by the 
various authors when describing their models. In practice 
the morphological models that describe the internal 
architecture of spherulites and attempt to explain the 
branching, splaying and twisting in terms of, for example, 
cilia pressure and arrays of dislocations 2~, should not be 
greatly affected by the present observations. With suitable 
minor modifications they could easily fit in with a scheme 
where each lamella grows to only a limited extent. For 
example, the models of Bassett which attempt to describe 
the regular twist of lamellae in terms of arrays of screw 
dislocations are quite compatible with the present obser- 
vations. All that is necessary is to note that crystals only 
grow to a certain size before stopping. The branching of 
crystals through screw dislocations in a regular manner 
would then lead to a closely similar morphology to that 
which led Bassett to his model in the first place. 

A new model for spherulite growth rates 

When we consider the models for the interpretation of the 
growth rate data for spherulites, there is a very different 
situation. The arguments made by the current secondary 
nucleation models 27 all rely on the underlying lamellae 
growing at constant linear growth rates on the scale 
observed here. If the lamellae do not behave in this fashion, 
then the models are not tenable. We have, therefore, tried to 
provide the basis of a model that is at least consistent with 
our observations. 

First, we should briefly speculate on the possible reasons 
for the observations of the sudden growth of lamellae which 
just as quickly stop growing. One obvious mechanism 
which could cause such behaviour is a build up of internal 
stresses causing lattice strains which lead to a maximum 
possible size before crystal symmetry is lost. The existence 
of lattice strains arising during polymer crystals growth has 
been noted experimentally and theoretically in several past 
works 43'44, albeit in different contexts. In polymeric 
systems, the need for chains to fold back into the crystall 
caused by the density defect that would occur at the surface 
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Table 1 Values for the various constants in equation (5) used to generate Figure 7 

T= cre aA = aB a/-/ TOm U* 

-52°C 6 × 1 0 - 2 J m  -2 7.7 × 1 0 - 3 j m  -2 1.85 X 108Jg  -l 188°C 10250kJmol  

,M-/and U* are taken from 42, TOm is taken from 17. The surface energies are similar to those found in ~7 but adjusted slightly to give a good fit. 

in the absence of any folding, provides an obvious source of 
cumulative lattice strain that can affect crystallization rates. 
Other possible mechanisms for limiting the size of growing 
crystals come from arguments concerning the accumulation 
of impurities at the growth front, from limited thermal 
diffusion at the growth front leading to a reduced driving 
force for crystallization (an argument that clearly could not 
apply in the present case of PHB/HV spherulites which 
would grow faster at higher temperatures around room 
temperature) and from considerations of packing at the 
surfaces. 

It is important to note that although the first grown 
lamellae do not proceed forward in an uninterrupted 
manner, we sometimes do observe long, apparently 
uninterrupted lamellae behind the growth front. The above 
explanations, however, do not preclude the possibility that a 
lamella whose growth has slowed significantly could 
undergo a process of rearrangement so as to allow itself to 
become active again. Indeed, this may be expected to occur, 
and as long as the crystallizable material in front of it has not 
been exhausted it may grow through a number of separate 
'spurts'. 

Whatever the cause of the stopping of growth of lamellae 
as they grow beyond some size, we can for the present 
purposes take this as an experimental fact and proceed from 
there to build up a simple model. We make the simplifying 
assumption that a lamella will grow to a length L (m), 
before stopping, and that it will do so at a mean growth 
rate much faster than the overall rate at which the 
growth front of the spherulite progresses. We will further 
assume that new lamellae are formed by some secondary 
nucleation process on existing lamellae behind the growth 
front at a rate 1 events (m -2 s-l),  and that the lamellae all 
have mean width, W (m). With these assumptions it is 
relative simple to calculate the overall spherulite growth 
rate G as 

IL2W 
G = - -  (2) 

2 

since G is given just by the distance grown beyond the 
growth front by lamellae before they stop ( = L/2) divided 
by the time between nucleation events ( = (ILW)-I). 

Now if we use a secondary nucleation model for I, we can 
take matters further and derive a temperature dependence of 
the growth rate. The simplest case is to assume that the 
nucleus is on one of the basal surfaces of a lamellar crystal. 
If the nucleus has a height of C, and the lateral surface 
energies are denoted by aA and aB the nucleation rate I is 
given by 

o" B U* I=loexp(--4CaA~)exp( R(T~T~)) (3) 

where Af is the free energy gained on crystallization, U* is 
an activation energy for molecular motion, k is Boltzman's 
consistent, R is the gas constant, T~ is the temperature at 
which motion is frozen out, and T is the actual temperature. 
If, in the case of polymers, we take C to correspond to the 
lamellar thickness, l, then we can substitute the normal form 

0 

:::t. 
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, l l  
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Figure 7 A graph showing experimental data for the variation of 
log(growth rate) with temperature for PHB plotted with data generation 
from equation (5), using the values for the various constants from Table 1: 
Q--experimental  data; • - -da ta  generated from equation (5) 

of l given by 

2a e 
1 = -~ -  + l0 (4) 

into the equation for G to give 

U* G=/0L2Wexp( - R(T_T~))exp( 8OeOAOB'~ Af2kT /I 
× exp ( - 410aAOB~ 

zXfkT J (5) 

The form of this equation, using estimated values of the 
various parameters appropriate to PHB shown in Table 1 
and taking L to be a constant independent of temperature, is 
illustrated in Figure 7 along with some experimental data. 
Clearly, it is possible to obtain a reasonable fit to the experi- 
mental data. However, this fit could be much improved if 
the length of the crystals L was allowed to be temperature 
dependent. 

In order to proceed beyond this simple model, it would be 
necessary to gain more experimental information about 
some of the assumptions made above. The relationship 
between the forward growth rate of the lamellae and their 
rate of nucleation will have a controlling influence over the 
spherulite growth rate. By simulating the growth process it 
may be possible to see the extent to which these can vary 
while still maintaining the experimentally observed rela- 
tionship between temerature and growth rate. 

CONCLUSIONS 

In this paper we have shown, for the first time, conclusive 
evidence of the existence of a microscopically rough 
spherulite growth front in a system where the growth front 
appears smooth on an optical scale. Spherulite growth has 
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been followed in real time on a lamellar scale using phase- 
imaging AFM, enabling us to compare the growth rates of  
the individual lamellae with that of  the bulk spherulite. It 
has been observed that these two growth rates are different. 

The technique of AFM phase imaging has been found to 
give particularly good data at the high magnifications and 
scan rates required by this study, and opens up the 
possibility of  performing similar studies on other spher- 
ulite-forming systems. 

The currently accepted models for the growth of 
spherulites, where the underlying crystals grow out from 
the centre continuously at a constant rate, are not consistent 
with experimental observations in this work. A new model 
for growth is necessary, at least for the PHB/HV system 
described here, and we have attempted to lay the basis for 
such a new model. We expect that this may be a more 
general problem. 

REFERENCES 

1. Bernauer, F., Gedrillte Kristalle. Borstrager, Berlin, 1929. 
2. Bassett, D. C., Principles of Polymer Morphology. Cambridge Uni- 

versity Press, Cambridge, 1981. 
3. Keller, A., Z Polym. Sci., 1995, 17, 291. 
4. Keller, A., J. Polym. Sci., 1995, 17, 351. 
5. Keller, A. and Waring, J. R. S., J. Polym. Sci., 1955, 17, 447. 
6. Keller, A., J. Polym. Sci., 1959, 39, 151. 
7. Keith, H. D. and Padden, F. J., J. Polym. Sci., 1959, 39, 101. 
8. Price, F. P., J. Polym. Sci., 1959, 39, 139. 
9. Johannsen, A., A Descriptive Petrography of Igneous Rocks. Uni- 

versity of Chicago Press, Chicago, IL, 1931. 
10. Keller, A. and Sawada, S., Makromol. Chem., 1964, 74, 190. 
11. Lustiger, A., Lotz, B. and Duff, T. S., J. Polym. Sci. B, Polym. Phys., 

1989, 27, 561. 
12. Singfield, K. L., Klass, J. M. and Brown, G. R., Macromolecules, 

1995, 28, 8006. 
13. Schonherr, R., Snetvy, D. and Julius Vansco, G., Polym. BulL, 1993, 

30, 567. 
14. Bassett, D. C. and Hodge, A. M., Proc. R. Soc. Lond., 1981, A377, 

25. 
15. Bassett, D. C. and Hodge, A. M., Proc. R. Soc. Lond., 1981, A377, 

39. 
16. Bassett, D. C. and Hodge, A. M., Proc. R. Soc. Lond., 1981, A377, 

61. 

17. Organ, S. J. and Barham, P. J., .J. Mater. Sci., 1991, 26, 1368. 
18. Palys, L. H. and Phillips, P. J., J. Polym. Sci.: Polym. Phys. Ed., 

1980, 18, 829. 
19. Keith, H. D. and Padden, F. J., Polymer, 1984, 25, 28. 
20. Keith, H. D. and Padden, F. J., J. Polym. Sci. Lett. Ed., 1961,51, 54. 
21. Bassett, D. C., Phil. Trans. R. Soc. Lond., 1994, A348, 29. 
22. Langer, J. S., Rev. Mod. Phys., 1980, 52, I. 
23. Ben-Jacob, E., Deutscher, G., Garik, P., Goldenfield, N. D. and 

Lareah, Y., Phys. Rev. Lett., 1903, 1986, 57. 
24. Lauritzen, J. ]. and Hoffman, J. D., J. Res. Nat. Phys. Chem., 1960, 

648, 73. 
25. Frank, F. C. and Tosi, M., Proc. R. Soc., 1961, A263, 323. 
26. Lauritzen, J. I. and Hoffman, J. D., J. Appl. Phys., 1973, 44, 

4340. 
27. Hoffman, J. D., Lauritzen, J. I. and Davis, G. T., in Treatise on Solid 

State Chemistry, ed. N. B. Hannay. Plenum Press, New York, 1976. 
28. Sadler, D. M. and Gilmer, G. H., Polymer, 1984, 25, 1446. 
29. Armistead, K. A. and Goldbeck-Wood, G., Advances in Polymer 

Science, 1992, 100, 219. 
30. Thomson, N. H., Miles, M. J., Ring, S. G., Shewry, P. R. and 

Tatham, A. S., J. Vac. Sci. Tech. B, 1994, 12, 1565. 
31. Zhong, Q., Innis, D., Kjoller, K. and Elings, V. B., Surf. Sci. Lett., 

1993, 290, 688. 
32. Magonov, S. N., Kemps, S., Kinning, M. and Cantour, H. J., Polym. 

Bull., 1991, 26, 715. 
33. Shakesheff, K. M., Davies, M. C., Domb, A., Jackson, D. E., 

Roberts, C. J., Tendler, S. J. B. and Williams, P. M., 
Macromolecules, 1995, 28, 1108. 

34. Shakesheff, K. M., Davies, M. C., Roberts, C. J., Tendler, S. J. B., 
Shard, A. G. and Domb, A., Langmuir, 1994, 10, 4417. 

35. Davies, M. C., Shakesheff, K. M., Shard, A. G., Domb, A., Roberts, 
C. J., Tendler, S. J. B. and Williams, P. M., Macromolecules, 1996, 
29, 2205. 

36. Harron, H. R., Pritchard, R. G., Cope, B. C. and Goddard, D. T., J. 
Polym. Sci. B: Polym. Phys., 1996, 34, 173. 

37. Leclbre, Ph., Lazzaroni, R., Bredas, J. L., Yu, J. M., Dubois, Ph. and 
Jerome, R., Langmuir, 1996, 12, 4317. 

38. Barham, P. J., Keller, A., Otun, E. L. and Holmes, P. A., J. Mater. 
Sci., 1984, 19, 2781. 

39. Barham, P. J., J. Mater. Sci., 1984, 19, 3826. 
40. Akhtar, S., Pouton, C. W. and Notarianni, L. J., Polymer, 1992, 33, 

117. 
41. Organ, S. J. and Barham, P. J., J. Mater. Sci. Lett., 1989, 8, 621. 
42. McMaster, T. J., Hobbs, J. K., Barham, P. J. and Miles, M. J., Probe 

Microscopy, 1997, 1, 43. 
43. Davis, G. T., Eby, R. K. and Colson, J. P., J. Appl. Phys., 1970, 41, 

4316. 
44. Hoffman, J. D. and Miller, R. L., Macromolecules, 1989, 22, 

3038. 

2446 POLYMER Volume 39 Number 12 1998 


