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A two stage growth during isothermal cold crystallization of PHB has been observed in the temperature
range 5–40 �C when a free surface is present. This growth has been investigated with optical and atomic
force microscopy both in-situ and ex-situ. Initially, crystal growth is observed to be composed of lamellae
oriented approximately flat-on relative to the free surface. At later stages of growth there can be a change
to a distinctly different form of crystal growth that is composed of edge-on lamellae which grow at
a substantially higher crystallization rate. This change in growth rate at constant temperature gives rise
to curved interfaces between the slower growing flat-on growth and the faster growing edge-on growth.
Several possible explanations for this change in growth rate are put forward.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Crystal morphology can greatly influence the mechanical and
optical properties of any crystalline material [1,2]. In the case of semi-
crystalline polymer materials it is the morphology of the typical
polycrystalline aggregate, the spherulite, composed of individual
plate-like lamellae, which affects the physical and mechanical
properties of the final polymer material. It should be expected that
crystallization behaviour will differ between that in the bulk, and
that at surfaces and interfaces. Hence it is important that the crys-
tallization process and conditions that give rise to changes in the
crystalline morphology of polymers, especially in relation to surfaces,
is well understood so that materials with the desired physical
properties can be produced repeatedly and effectively.

Poly(3-hydroxybutyrate) (PHB), a member of the polyhydro-
xyalkanoates (PHA) family, is a biologically synthesized polyester
that has been investigated as a possible biodegradable alternative to
more common thermoplastics [3,4]. However due to the high crys-
tallinity and low glass transition temperature of this polymer it
generally produces stiff and brittle materials [5]. One environment
where PHB and PHAs in general are being utilised is for medical
applications and tissue engineering in particular [3]. This material
offers a good candidate for the study of some aspects of polymer
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crystallization due to properties such as a low homogeneous nucle-
ation rate while displaying little heterogeneous nucleation [6]. For
this reason, spherulites in samples of PHB can usually be followed
over quite large distances during their growth. This, coupled with the
fact that crystallization rates are accessible by a number of in-situ
observation techniques including atomic force microscopy (AFM)
where the capture of a single image can take several minutes, make
PHB (and its copolymers [7]) an ideal system to follow the growth of
polymer crystals. In addition, the easily accessible glass transition
and melt temperatures mean that crystal growth through a whole
range of undercoolings can be followed without large temperature
gradients between sample and equipment.

Here the crystallization behaviour of PHB is studied with
particular focus on crystallization at the free surface of thick
(>1 mm) supported films and how this differs from crystallization
in the bulk. This thickness is selected so that the films thickness is
greater than either the lamellar thickness or the radius of gyra-
tion for a molecule of the polymer. It is expected that surface
behaviour will differ from that in the bulk [8] and previous
experimental [9–11] and simulation [12] work has provided
evidence for differences between molecular dynamics, and hence
crystallization behaviour, between material near to a surface and
that in the bulk. New insights into the effect of a free surface on
crystal growth will be important for both an understanding of
polymer crystallization in general, and for applications such as
thin films that are composed of essentially all surface and inter-
face. The latter are becoming more commonplace, for example as
barriers, as membranes, and for applications such as data storage
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Fig. 1. Calibration plot showing the cooling effect of an AFM tip in close proximity to
a heated sample between 5 �C and 40 �C. The linear line of best fit was used to correct
recorded temperatures.
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and medical implants. In this work an unusual dual morphology is
observed during the isothermal cold crystallization of PHB.
2. Experimental method

Poly(3-hydroxybutyrate) was obtained from Fluka
(Mw¼ 300,000, Mw/Mn¼ 2.75). The PHB was first dissolved in hot
chloroform then this solution was precipitated in methanol leaving
a fine PHB suspension. The powder was extracted, dried under
vacuum and then dissolved in hot chloroform for sample preparation.
PHB films were cast from this solution onto glass slides which were
Fig. 2. Optical micrographs captured during isothermal crystallization. (a) 23 �C in air. (b) sam
presence of a desiccant. (d) Partially sandwiched PHB film between two glass slides underg
then dried under vacuum at room temperature for several hours
producing films with thicknesses between 1 and 5 mm.

Optical micrographs were captured on a Nikon Eclipse ME600
attached to a computer controlled Pixelink PL-A742 CCD camera.
For accurate temperature control samples were kept on an FTIR600
Linkam hot stage during image capture so that in-situ observations
of isothermal crystallization could be made.

AFM images were captured on a Dimension 3100 AFM (Veeco,
Santa Barbara) attached to a Nanoscope IIIa controller and a phase
extender unit. Tapping Mode� was employed using Olympus
microcantilevers with nominal spring constants of 42 N m�1. Again,
in order to facilitate in-situ observations at various crystallization
temperatures an FTIR600 Linkam hot stage was used in conjunction
with the AFM as in Ref. [13]. Due to the temperature difference that
exists between the AFM scan head and the sample with this
experimental setup a calibration was made in order to account for
the cooling effect of the scan head with sample temperatures above
room temperature, and the heating effect of the scan head at
temperatures below room temperature (see Fig. 1). This effect is
described in detail in Ref. [14] on a slightly different experimental
setup. The calibration was produced by looking at n-alkane melting
points while undergoing AFM observation. All quoted sample
temperatures in this work while under AFM observation have had
this calibration applied to them.

3. Results

Fig. 2a shows a bright field optical micrograph of a PHB film
undergoing crystallization at 23 �C under ambient conditions. The
three spherulites in the image area display two circular and clear
boundaries in contrast to the single boundary seen around typical
spherulites. In the outer regions of the spherulites showing two
boundaries the crystal morphology appears rough and less
predictable in its ordering than that in the smoother central region.
e area as (a) with crossed polarisers. (c) 24 �C under a nitrogen atmosphere and in the
oing crystallization at 30 �C. All scale bars represent 20 mm.
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Similar observations to this have been made before with PHB [15]
where the occurrence of the rough crystal morphology was asso-
ciated with the presence of water, as the rough morphology only
appears when crystallization is conducted either under water or in
air where atmospheric moisture is present. When the crystalliza-
tion was repeated between glass slides the rough morphology was
no longer seen and in [15] it was assumed that this was due to the
lack of water in the case between two glass slides.

However, PHB crystallization in the absence of water has been
investigated and an example of this is shown in Fig. 2c. This shows
a PHB film crystallizing under a nitrogen atmosphere and in the
presence of a desiccant (phosphorus pentoxide) to ensure that no
water was present and demonstrates that the rough morphology
can still form in dry conditions.

In addition to PHB crystallization under air and nitrogen, PHB
crystallization when the film was sandwiched between two glass
slides was also investigated. Fig. 2d shows a region of a PHB film
undergoing crystallization at 30 �C while partially sandwiched
between two glass slides. Within this image there are two distinct
domains due to the PHB film not totally wetting the top covering
glass slide, resulting in regions with a free surface where the film
has not wet the cover slide, and regions with no free surface where
the PHB film has wet the covering glass slide. In Fig. 2d the three
regions that display no free surface appear slightly lighter than the
region which does possess a free surface. Fig. 2d then clearly
Fig. 3. AFM amplitude images showing four examples of crystallized PHB samples. Image (a
crystallization at 27 �C demonstrating the differing spherulite morphologies that can devel
shows that spherulites displaying the outer optically rough
morphology only appear in the areas with a free surface present
and in the regions with no free surface the rough morphology is
not seen. Spherulites displaying the rough morphology which
then grow into an area with no free surface only display the inner
spherulite boundary, indicating that the rough morphology stops
growing when there ceases to be a free surface (arrowed in
Fig. 2d). This image clearly demonstrates that in order for the
observed rough morphology to form it is necessary for a free
surface to be present. This is consistent with previous observa-
tions on this phenomenon despite the different conclusions
reached for the necessary conditions for the formation of the
rough morphology.

Similar optical micrographs taken with cross-polars (Fig. 2b)
reveal a reduction in birefringence on approaching the outer edge
of the spherulite where the rough morphology appears. These
observations are consistent with the notion that the rough
morphology only grows in the free surface region of the PHB film. It
seems likely that the rim of faster growth (i.e. the optically rough
surface growth) will initiate further crystal growth away from the
surface and down into the bulk. This is supported by the reduction
in birefringence as the outer edge of the spherulite is approached.

In addition to optical microscopy, in-situ AFM studies were
conducted on crystallizing PHB films to investigate the crystal
growth and morphology in the free surface region. Fig. 3a shows an
) was captured after crystallization at 20 �C. Images (b), (c) and (d) were captured after
op when crystallized under the same conditions. All scale bars represent 15 mm.



O.E. Farrance et al. / Polymer 50 (2009) 3730–3738 3733
AFM image taken on a PHB sample crystallized under air at 20 �C
with several spherulites in the image area. The central regions of
each spherulite seen in this image show a topographically smooth
morphology (three examples are arrowed in Fig. 3a) which at some
later stage of growth must switch to the topographically rougher
morphology that is seen in the outer regions of these spherulites.
These features are similar to what is observed under the optical
microscope.

In order to investigate the crystal morphology at a lamellar
scale, higher resolution AFM images were captured both in-situ
during growth and ex-situ. Examples of these images are shown in
Fig. 4a–i. In-situ observations were made on both the slow growing
smooth morphology and fast growing rough morphology crystal-
lizing at high resolution and at low crystallization temperature so
that the growth could be followed via AFM (Fig. 4a, b, d and e). Also,
high resolution ex-situ observations were made on one of these
Fig. 4. High resolution AFM phase images showing both in-situ (all except c and f) and ex
corresponding height image (g), (b) edge-on crystallization at 8 �C, (c) unclear flat-on to e
crystallization at 40 �C, (d) flat-on crystallization at 10 �C, (e) edge-on crystallization at 6
dashed line indicating boundary regions, captured after crystallization at 30 �C, (i) simul
represent 250 nm, scale bar in image (i) represents 2.5 mm.
areas after crystallization in order to identify differences between
the crystal lamellae (Fig. 4c and f).

From the images in Fig. 4 a clear difference in the lamellar
orientation can be seen between the observed rough and smooth
crystal morphologies. The slower growing smooth morphology
displays what appear to be approximately flat-on oriented lamellae
(Fig. 4a and d) with respect to the free surface whereas the faster
growing rough morphology displays approximately edge-on
lamellae (Fig. 4b and e). From the AFM images it is not possible to
precisely define the angle that the plane of a lamella makes with
the surface. The ‘flat-on’ lamellae are seen as stacked or terraced
plates with a spacing between successive edges of approximately
20 nm, with less than 1 nm variation in height between successive
edges. From this we can estimate that the angle these lamellae
make with the surface is 15� or less (taking the lamellar spacing as
5 nm for PHB [6] and the geometry outlined in the schematic in
-situ (c, f) observations of PHB crystal lamellae. (a) flat-on crystallization at 8 �C with
dge-on transition region with dashed line indicating boundary regions captured after
�C with corresponding height image (h), (f) flat-on to edge-on transition region with
taneous flat-on and edge-on crystallization at 15 �C. Scale bars for images (a) to (h)



Fig. 5. A sketch showing a lamella oriented approximately flat-on to the sample
surface. Theta is the angle to the sample surface discussed in the text. The crystal
thickness, l, is approximately 5 nm in PHB, and the measured separation between
crystals intersecting the surface, d, is 20 nm or more, giving an angle q of less than 15� .
The dotted parabolic lines represent the assumed position of the amorphous surface.
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Fig. 6. A plot showing the growth rates as a function of temperature for flat-on and
edge-on PHB lamellae measured by both AFM and optical microscopy. (,) AFM of flat-
on growth, (A) AFM of edge-on growth, (:) optical microscopy on edge-on growth
and (B) optical microscopy of flat-on growth.
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Fig. 5). For the ‘edge-on’ case it is more difficult to define the angle
as a tilt of the lamella with respect to the surface normal would only
be visible as a broadening of the measured lamellar thickness until
large angles are reached, and the measurement of thickness is
strongly limited by the radius of curvature of the AFM tip. From our
data we estimate that the lamellae are at an angle of more than 45�

to the surface. In the following we will refer to the two types of
growth as ‘edge-on’ and ‘flat-on’ for the sake of contrast between
the two clearly different modes of growth.

In the case where flat-on lamellae are observed the crystal melt
interface is abrupt in comparison to the case where edge-on lamellae
are observed (seen as fine filaments). The crystallization of the edge-
on lamellae gives rise to a rougher crystal melt interface due to the
presence of the primary lamellae growing ahead of the main crystal
growth front. This is demonstrated in Fig. 4i on a larger length scale
where both the flat-on and edge-on oriented morphologies are
shown growing alongside one another.

In addition to observations of spherulite and lamellar morphology,
in-situ observations of PHB crystallization recorded with both optical
and atomic force microscopy at various magnifications were used to
directly measure crystal growth rates of both morphologies (i.e. the
flat-on and edge-on oriented crystal morphologies as seen with AFM,
or the smooth bulk and rough surface crystal morphologies as seen
with optical microscopy). This data is shown in Fig. 6. It can be seen
that at all temperatures where AFM data was recorded the edge-on
morphology grows faster than the flat-on morphology at a given
temperature, and this is also true for the surface and bulk morphol-
ogies as observed with optical microscopy. This difference in growth
rates is implied by the curved nature of the interface between the flat-
on and edge-on regions. Due to the surface nature of this unusual
crystallization behaviour observations were difficult to obtain with
optical microscopy of the edge-on crystal morphology growing at the
same time as the flat-on morphology, as typically when one type of
growth was in focus the other was not.

4. Discussion

The data presented above demonstrates that PHB displays
unusual two stage growth during isothermal crystallization where,
in the presence of a free surface, the crystallization morphology and
growth rate change. This is characterised by a faster than bulk
growth rate for lamellae oriented largely edge-on to the surface,
while lamellae oriented largely parallel to the surface maintain the
same growth rate as the bulk. At least qualitatively similar behav-
iour has been observed previously in other systems [16,17],
although it is not a universal feature of surface crystallization in
polymers.

The increase in crystal growth rate associated with the change in
crystal morphology gives rise to the observation of double spherulite
boundaries with optical microscopy and ‘‘flower’’ like shapes with
AFM. The appearance of the interface between the smooth and rough
regions can appear different from spherulite to spherulite even
within the same sample where all spherulites grew under identical
conditions. Forexample, the three spherulites shown in Fig. 3b–d here
are all examples of PHB spherulites grown at 27 �C, yet the interfaces
between the edge-on and flat-on crystal morphologies appear
different. The main difference between these three spherulites is the
number of ‘‘petals’’ involved around the edge of each of the flat-on
regions. Considering the spherulite as a ‘‘flower’’ (e.g. Fig. 3b) which
is composed of a number of ‘‘petals’’, the number of these petals
depends on the number of instances that the growth front has
switched from the flat-on morphology to the edge-on morphology.
Then each ‘‘petal’’ forms because the edge-on morphology grows
faster than the flat-on one (Fig. 6). Thus at each point where the
morphology changes from the slow growing flat-on type to the
faster growing edge-on type opposite edges of neighbouring
‘‘petals’’ will be produced as the edge-on morphology overtakes the
flat-on one. This gives rise to the curved interfaces that are observed.
The closer together that these switching points are (i.e. the more
frequent) the smaller each petal will be and the more abrupt the
interface between the two growth regimes will appear.

An adequate explanation of this unusual behaviour should
explain why this transition is only seen in the presence of a free
surface and also why the points where the transitions occur are not
regular in their position or frequency from spherulite to spherulite
(unlike in [17]).

This behaviour is only seen at the free surface as this is the only
region where the edge-on lamellae grow faster than the flat-on
ones. Indeed away from the free surface in the bulk of the sample
different lamellar orientations are equivalent as there is no inter-
face to orientate with respect to. As the free surface is approached
the lamellae are orientated with respect to it having either their
fold planes more parallel to the surface (flat-on) or more perpen-
dicular to it (edge-on). From the data collected in this work it is not
clear why the edge-on lamellae grow faster than flat-on ones. A
model that attempts to account for the observed crystallization
morphologies along with a number of possible explanations for the
observed difference in growth rates will now be presented.
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A simple model is proposed that plots out the boundary
between flat-on and edge-on growth based on three variables; the
growth rate of the fast and the slow lamellae (Gfast and Gslow

respectively) and the time after the initial nucleation of the
spherulite where the transition between slow and fast growing
lamellae occurs (t). The model assumes that the curvature of the
boundary region is simply due to the difference in growth rates
between the slow and fast growing lamellae. Because the edge-on
lamellae are observed to grow faster than the flat-on ones (Fig. 6)
one would expect that the faster growing region would gradually
overtake the slower growing region. The larger the difference
between the growth rates of the different regions the greater the
degree of curvature of the boundary region between them. Pre-
sented below (derivation given in Appendix 1) are the two equa-
tions used to plot out the boundary region in plane polar
coordinates where Dt represents the time that has passed since the
transition from slow to fast growing lamellae occurred, R and f are
the radius and angle respectively of the boundary position in plane
polar coordinates.

R ¼ Gslowðt þ DtÞ (1)

cos f ¼ 1þ
  

1�
G2

fast

G2
slow

!
$

Dt2

2tðt þ DtÞ

!
(2)

The radial distance of the boundary from the centre of the spher-
ulite is the distance that the slowest growing, flat-on lamellae
would have grown in the time that the spherulite had been
growing. The equation for the angular position of the boundary is
derived using trigonometry, by considering where a faster growing
spherulite that has nucleated on the edge of an already partially
developed slower growing spherulite would meet.

Shown in Fig. 7 are two such plots made with this model based
on the observed spherulite also shown. The plots were made by
measuring the initial distances and angular positions of the tran-
sition points where flat-on oriented lamellae change to edge-on
ones with respect to the centre of the spherulite. This distance was
converted to the time (t) by dividing the measured distance by the
observed growth rate of the slower growing, flat-on lamellae at the
temperature that the spherulite grew at.

In Fig. 7a an AFM image of a PHB spherulite crystallized at 27 �C
is shown alongside two plots of the boundary between the two
Fig. 7. Depiction of model to account for curvature of flat-on edge-on boundary. (a) AFM im
where the scale bar represents 15 mm. (b, c) fits to observed curvature based on the above
observed crystallization rates at 27 �C of 0.0108 mm s�1 and 0.0242 mm s�1 for Gslow and
0.009 mm s�1 for Gslow and Gfast respectively shown in (c).
different regions using the model described above. The plot shown
in Fig. 7b is made using the transition points measured from the
AFM image and growth rates corresponding to those shown in
Fig. 6, which are 0.0108 mm s�1 and 0.0242 mm s�1 for Gslow and Gfast

respectively. As can be seen from Fig. 7, the plot does not represent
the observed boundary shape when measured crystallization rates
are used. The use of measured crystallization rates over predicts the
degree of curvature of the boundary region between flat-on and
edge-on lamellae suggesting that the difference between the
crystallization rates of the slower and faster growing regions is less
than that shown in Fig. 6. Fig. 7c shows a similar plot but using
different values for Gslow and Gfast in order to try and correctly plot
the shape of the boundary region observed in Fig. 7a. The plot
shown in Fig. 7c employs a ratio of 1.5 for Gfast/Gslow whereas the
values used in Fig. 7b correspond to a ratio of 2.23 indicating that
the boundary does curve less than expected from growth rate data.
It should be mentioned that the growth rates shown in Fig. 6 are
made up of measurements recorded away from any boundary
regions. It is possible that the growth rates of the edge-on lamellae
at and near to the boundary with the flat-on lamellae are slower
than those measured away from such boundaries or, alternatively,
that the flat-on lamellae grow faster than expected near the
boundary.

The above provides a quantitative description of what is
happening, but provides no explanation for why it happens. There
have previously been a number of studies on the effect of film
thickness on crystallization rate, in which a slowing of the growth
rate with decreasing film thickness has been observed [18–20]. In
very thin films an additional reduction in growth rate and
a significant change in morphology occurs, as once the crystal is
thicker than the melt it is necessary for there to be substantial
diffusion accompanying growth. This transition to largely diffusion
controlled growth leads to dendritic and related morphologies. In
contrast, our experiments are carried out in relatively thick films,
and similar surface growth is observed optically in films that are
many microns thick, so outside the range where film thickness has
been observed to affect growth rate. In thin films such behaviour
may also occur, but it would be in addition to the effects imposed by
the confinement of the film geometry, and may be of lesser
importance. In films thinner than 100 nm or so we have not
observed initial crystallization in the flat-on orientation, but only
edge-on, so comparative growth rates have not been made. PHB
age of a typical PHB spherulite displaying the dual crystal growth crystallized at 27 �C
model where vertical scales represent mm. Growth rates used in the model are; the

Gfast respectively shown in (b) and rates giving best fit to data of 0.006 mm s�1 and
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nucleates so rarely that it is very difficult to do experiments on
thinner films. In the following we will put forward several possible
explanations that could account for our observations.

(i) A build up of stress during growth that retards growth in the
bulk but is relieved by the presence of the surface. Crystalli-
zation is accompanied by a volume reduction due to the higher
density of the crystalline phase than the amorphous phase. It
has been argued [21–23] that this volume reduction means
that material transport (flow) is required in the amorphous
phase to maintain constant density, and that this flow is driven
by a pressure gradient. It is known that there can be cavitation
of the melt, or cracking of the growing crystal which it has
been suggested is due to the transfer of stress from the melt to
the crystal [5,24]. The existence of a pressure gradient will
result in an effective lower supercooling for a crystal at the
growth front than for a hypothetical crystal that is not sur-
rounded by a lower pressure region. The lower supercooling
leads to a lower driving force for crystallization and hence
a lower growth rate, if any possible concomitant reduction in
Tg can be ignored. At the melt-air interface, stress can be
relieved simply by deforming the free surface, resulting in the
depletion zone that is frequently observed in front of growing
spherulites when imaged with AFM e.g. [5]. If the above
argument relating to a self-induced pressure gradient or stress
is correct, we might expect somewhat faster growth at the
surface than in the bulk.

Although the above provides a possible explanation for why
growth should be faster near to the surface, it does not explain why
only edge-on crystals grow faster. It may be that the deformation of
the free surface in front of the growing spherulite will interact with
the lamellae in different ways depending on their orientation. In
the case where a lamella is oriented flat-on relative to the free
surface the deformation will significantly alter the path along
which molecules will have to diffuse in order to reach the growth
front. Further growth flat-on relative to the surface will occur more
easily just below the surface, where it is not hindered by the
formation of the depletion zone. A lamella in this lower position
will then undergo the same process as the initial one of forming
a depletion zone ahead of it until eventually slows and so on. Hence
the growing flat-on lamellae will always have a limited source of
material that is easily capable of attaching to the growth front
because of the deformation of the melt surface caused by the
volume reduction of growth and its resultant stress. Such a mech-
anism would result in a series of stacked or terraced flat-on
lamellae at the free surface which is consistent with observations
presented above (Fig. 4a, c, d and f). This should also lead to the
growth front of the flat-on crystal morphology being higher than
the melt into which it is growing, as the formation of the depletion
zone means that the height of the melt ahead of the growing crystal
will be lower than that of the growing crystal itself. This is
consistent with the height data displayed (Fig. 4g).

However, after the formation of this depletion zone at the free
surface and the slowing of growth of the initial flat-on lamellae,
further growth could continue in an edge-on orientation relative
to the free surface rather than a flat-on one. In the event of such
a transition, lamellar growth would become less dependant on
location relative to the surface than in the flat-on case as most of
the growing lamella is not in contact with the free surface. The
edge-on lamella is free to grow more rapidly just below the
surface (i.e. below the depleted melt deformation) but in a region
that is not at reduced pressure (and hence grows more rapidly
than in the bulk). Such behaviour should lead to a volume
reduction in this region just below the surface and hence one may
expect that the edge-on growth is lower than the surrounding
melt which is consistent with observations presented above
(Fig. 4h). Once this transition to edge-on growth occurs it will
most likely lead to the growth front becoming more irregular.
Lamellae that are further away from their neighbours will also be
less affected by any residual problems with a pressure reduction
leading to slow growth, as the pressure reduction is caused by
a large number of adjacent lamellae simultaneously growing and
creating a volume reduction. This relief of stress through the
transition to edge-on growth can only occur at the free surface. In
the bulk the stress could be relieved by the formation of a less
dense growth front, but this density of the growth front is
presumably controlled by some other inherent characteristics
(such as the number of dislocations leading to branches that occur
in the growing lamellae) which can only be varied by changing the
material chemistry. We suggest that the reason that such behav-
iour is not universally observed is that in many other materials the
growth front is less dense, the high density of the PHB growth
front possibly being caused by its exceptional stereoregularity due
to its biological origin, and hence the impact of stress build up on
growth is often less significant.

This possible account for the observed unusual behaviour in
films of PHB may also offer an explanation for why the model
presented above (Fig. 7) does not accurately predict the degree of
curvature of the boundary region between the flat-on and edge-on
oriented lamellae. The edge-on crystals grow most rapidly when
the melt is not supporting a stress. In close proximity to the tran-
sition region there will still be residual stress, and hence reduced
growth rate. Once growth has continued for some time in the
morphologically less dense edge-on morphology, the stress will
be completely relieved and growth will reach its maximum
possible value. Thus it may be expected that in the boundary region
where edge-on lamellae are crystallizing near to the flat-on ones,
the growth rates of the edge-on lamellae are reduced from the
value that is measured away from the boundary (such as those rates
measured in Fig. 6). This would then cause the model presented
above (Fig. 7) to over account for the curvature of the boundary
region.

(ii) Contaminants or impurities that segregate to the surface. If
sample contamination occurred, maybe due to the cleaning via
precipitation not removing all impurities or some other source
of contaminants, then this could account for the difference in
growth rates of lamellae oriented in different directions [25–
28]. It is plausible that any impurities will tend to migrate to
one of the film interfaces, one of which is the free surface [31].
The orientation of the crystalline lamellae relative to the free
surface will then become relevant to the lamellar growth rate.
Lamellae oriented edge-on to the impurity enriched free
surface could grow and incorporate the impurities into the
amorphous layers between the lamellae, whereas flat-on
lamellar growth would have the amorphous layer further
away from the free surface (approximately a lamellar width
w10 nm) thus making incorporating the impurities more
difficult. So the growth rate of the flat-on lamellae would be
slower as the impurities have further to diffuse in order to be
incorporated into the semi-crystalline structure than in the
edge-on case. Such a contaminant related explanation for the
observed behaviour seems unlikely, however, as the polymer
used has first been cleaned via precipitation and on some
occasions the precipitation process was repeated several (up
to 5) times and no difference in the occurrence of two stage
crystallization behaviour between samples cleaned once and
a number of times was observed. Also, one would expect such
behaviour to lead to faster crystal growth rates in the bulk



Fig. A1. A sketch showing the nomenclature used to calculate the observed interfaces.
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when compared to those at the free surface which is not
observed.

(iii) Order induced by the presence of the surface prior to crys-
tallization. Ordering could occur due to preferential segrega-
tion of certain groups or chain ends to the free surface, or
possibly due to polymer chains near to the free surface
experiencing spatial confinement and so not assuming
a random coil conformation [30–32]. For example, the poly-
mer molecules may preferentially align parallel to the free
surface (as suggested in [29]) and effectively experience
biaxial orientation. Such an orientation is known to increase
crystallization rate, and edge-on lamellar crystallization would
require less reorganization of the crystallizing molecules. This
would give a faster edge-on lamellar growth rate than the flat-
on rate. In other words, there is only rotational diffusion of
molecules around the z-axis (the axis running through the
thickness of the film) rather than the three dimensions as in
the bulk. If this situation does give rise to the observed two
stage crystallization behaviour in PHB it would be difficult to
explain why this phenomenon is not a common feature in
many different crystallizable polymer systems.

(iv) Increased mobility at the surface. A related explanation
invokes the suggested increase in molecular mobility in
a small (w10 nm thick) region at the surface [32,33] and thus
we could expect faster crystallization rates at the free surface.
A study related to ours on the orientation of lamellae at the
surface of films of different thicknesses [34], suggested
a primary role for the nucleation step in the orientation in that
system, but also a change in mobility at the surface. In our
system it is difficult to see why the flat-on lamellae would
crystallize more slowly than the edge-on ones when growth is
observed at the surface.

(v) The free surface affecting the nucleation barrier. If there is
a difference between the interfacial energies of the edge-on
and flat-on crystal lamellae when at the free surface then the
barrier to crystallization in the two cases will be different
and thus so will the growth rates. For example, a lamella
growing in the bulk will differ from a flat-on lamella at the
free surface because at the free surface one of the interfaces
has changed. In this case a fold plane–melt interface will
have changed to a fold plane-free surface interface which
will likely have different interfacial energies associated with
them. An edge-on lamella at the free surface will differ from
a flat-on oriented one in that it will have an edge-free surface
interface with all other interfaces being melt interfaces
whereas a flat-on lamella will have a fold plane-free surface
interface with all others being melt interfaces. Thus different
orientations of crystalline lamellae with respect to a surface
can give rise to different interfacial surface energies and thus
a different barrier for crystallization leading to different
growth rates.

From our data it is not possible to choose categorically between
these, or any other, explanations for the observed behaviour.

Individual PHB spherulites can appear different even when
crystallized from the same sample and under the same conditions
(Fig. 3a). They can display different distances from the spherulite
centre to where the transition from flat-on to edge-on lamellae
occurs and also different numbers of transition events around
different spherulites. This is not the case with PESU crystallization
reported elsewhere [17] where similar curved boundaries are
observed between flat-on and edge-on oriented lamellae with
respect to the free surface. These clear differences between other-
wise similar behaviour may be because in the case of the PESU
observations the transition region is located at the corner of a well
defined and symmetrical lozenge whereas in the case of PHB we are
dealing with lamellae twist in a polycrystalline aggregate.

In the above we have not considered the exact nature of the
transition from ‘flat-on’ to ‘edge-on’ growth, but rather the question
of why one orientation should grow faster than the other. Why such
a large change in orientation should occur at a branch point is unclear,
but is related to the question of branching and splaying in polymer
lamellae that has been considered for many years in the context of
spherulite growth in general as well as in lamellar twist in banded
spherulites [34,35]. It may be that new experimental methods, such
as the nanotomography used in [36], could help to answer this
question.

5. Conclusions

In this paper unusual two stage crystal growth has been
reported in PHB during isothermal crystallization between 5 and
40 �C. It has been shown that lamellae initially prefer to grow flat-
on relative to the free surface of the PHB film but, at later stages of
spherulite development, a transition from flat-on oriented lamellae
to edge-on oriented lamellae occurs. A significant difference in the
growth rates of these two lamellar orientations has been measured
and this difference results in curved interfaces between regions
composed of the two different orientations.

Several possible explanations attempting to account for the
observed crystallization behaviour have been presented. The build
up of stress due to the volume reduction on crystallization, coupled
to the stress relieving capability of the surface and the resultant
selection between edge-on and flat-on growth, seems most likely
of the explanations offered in this paper. This mechanism is able to
account for more than just a difference in growth rates for different
orientations of PHB lamellae. It is clear that, at least in the case of
PHB, the presence of a free surface has a profound effect on both the
crystallization dynamics and the resultant crystal morphology.
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Appendix 1

To calculate the position of the interface between the flat-on and
edge-on crystals, the intersection between a spherulite growing at
rate Gslow for some time t2, and a spherulite (or spherulites)
growing at rate Gfast that had nucleated at the growth front at time t
is calculated. The diagram (Fig. A1) shows the situation.
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From the diagram we can define the following:

t2� t¼Dt
Rslow¼Gslowt
R¼Gslowt2

Rfast¼GfastDt

The Law of cosines gives.

cos f ¼
R2

slow þ R2 � R2
fast

2RslowR

Which can be rearranged to give R and cos f.

R ¼ Gslowðt þ DtÞ (A1)

cos f ¼ 1þ
  

1�
G2

fast

G2
slow

!
$

Dt2

2tðt þ DtÞ

!
(A2)
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