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Time-resolved synchrotron small-angle X-ray scattering measurements have been performed during the 
heating and melting of poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate). A 
rapid, continuous rise in d-spacing was observed during melting, consistent with the disappearance of 
thinner, unstable crystals from stacks of lamellae possessing a broad distribution of thicknesses. The 
thickening of the remaining crystals has been characterized during the annealing of a copolymer close to its 
melting temperature. Differential scanning calorimetry measurements have indicated the presence of 
multiple melting endotherms in the case of the copolymer but not in the homopolymer. These multiple 
endotherms have been related to the effects of the hydroxyvalerate units in limiting the thickness of the 
lamellae at any given temperature. 
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INTRODUCTION 

Poly(3-hydroxybutyrate) (PHB) and the random copo- 
lymers with 3-hydroxyvalerate (PHB-HV) are linear 
aliphatic polyester polymers manufactured and mar- 
keted by Zeneca Bio Products under the trade name 
‘Biopol’. The polymers possess the physical properties 
and processability of conventional thermoplastics yet are 
fully biodegradable when disposed of in a microbially 
active environment’ and, as such, are finding an 
increasing number of applications in packaging and 
waste management2. 

PHB occurs naturally in a wide range of microorgan- 
isms which use it as an energy storage medium in the 
same manner that humans accumulate fat3. Industrially, 
the polymer is produced by the large-scale fermentation 
of the bacterium Alcaligenes eutrophus using glucose as 
the fermentation medium; adding controlled amounts of 
an organic acid to the medium encourages the produc- 
tion of the PHB-HV copolymer4. 

The polymers are completely stereoregular and there- 
fore crystallize readily; crystallinities of 60-70% are 
achievable. This value remains essentially independent of 
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HV content as, although slightly larger than HB units, 
the HV units can be accommodated in the HB lattice5-‘. 
This phenomenon, and the complex melting behaviour 
of these polymers as observed by differential scanning 
calorimetry (d.s.c.), makes them particularly worthy of 
morphological study. 

Small-angle X-ray scattering (SAXS) is a well estab- 
lished technique for probing the morphology of poly- 
mers and provides information ~ describing structural 
features of the order of 10-1000 A in size899. In samples 
possessing a regular, ordered morphology, a correlation 
peak is observed in the SAXS intensity at a characteristic 
value of q (denoted by qmax), which is related to the 
separation of domains or heterogeneities in the material. 
In the simplest analysis, the scattering may be treated 
according to Bragg’s Law and hence: 

4 - 2r/d max - (1) 

where d is the average interdomain spacing and q is the 
scattering vector, defined as (47~sinB)/X where 6’ is the 
scattering angle and X is the X-ray wavelength. 

In the case of a semicrystalline polymer possessing a 
lamellar morphology (such as PHB and PHB-HV) 
which is isotropically distributed throughout the material, 
the Lorentz correction is applied to the SAXS intensity 
prior to the determination of the peak position. The 
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Lorentz correction involves the multiplication of the 
intensity function by a factor of q2 and has the effect of 
shifting the position of a broad correlation peak to higher 
values of q. 

According to the simple, ideal lamellar model used to 
describe certain semicrystalline synthetic polymers, the 
d-spacing represents the distance between adjacent 
crystalline lamellae which are separated by amorphous 
domains and arranged in space-filling stacks. The d- 
spacing is thus equivalent to the sum of the crystalline 
and amorphous layer thicknesses (I, and I, respectively): 

d = 1, + I, (2) 

An independent knowledge of the degree of crystallinity 
of the sample (4,) enables both of the above parameters 
to be estimated, assuming the lamellar stacks to be space- 
filling: 

1, = cpcd and I, = (1 - &)d (3) 

The total scattering power, or invariant (Q), is related to 
the area beneath the Lorentz-corrected intensity function 
and is defined as: 

Q = 1/(27r2) 
s 
: i(q)q’ dq (4) 

For an ideal two-phase system with sharp interfaces, 
then the invariant can be expressed as 

Q = KM1 - &)(P, - ~a)' (5) 
where pC and pa are the electron densities of the 
crystalline and amorphous phases, respectively, and K 
is a constant related to the experimental geometry and 
the Thomson scattering factor. It is clear that changes in 
Q may arise from changes in crystallinity or from 
changes in the density difference between the phases. 

In practice, the integration limits of 0 and CC in 
equation (4) are experimentally inaccessible and a precise 
value for Q must be obtained through the use of 
physically sensible extrapolation techniques. However, 
an adequate assessment of the magnitude of the invariant 
may be made” bl integrating the background- 
subtracted curve of iq versus q between the experimental 
q limits, q1 and q2. 

An alternative approach for the characterization of 
lamellar morphologies involves the calculation of the 
one-dimensional correlation function”-i3. yI. which is 
essentially a one-dimensional Fourier transform of the 
SAXS intensity. y1 may be defined as: 

Yl (x) = .I 

3: 
G)q2 cos (4.~) dy 

O 

s 

CC (6) 
i(q)q* dq o 

In lamellar systems, fluctuations in electron density only 
occur in a direction perpendicular to the plane of the 
lamellae. The correlation function, which is a mathema- 
tical restatement of the information contained in the 
SAXS pattern, provides a description of the variation in 
electron density as a function of distance within the 
sample. The interpretation of the correlation function is 
rather straightforward and allows direct evaluation of 
several structural features which describe the lamellar 
morphology. These include the d-spacing (or long 
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period), the average thicknesses of the crystalline and 
amorphous layers, the (linear) crystallinity, the density 
difference between the two phases and the thickness of 
the interfacial region between the phases. 

Previous SAXS studies have been performed on PHB 
and HV copolymer in order to investigate the morphol- 
ogy of sin le 

1% 
crystal mats’4,‘5 and melt-crystallized 

spherulites as a function of crystallizer temperature 
and copolymer content. These studies were generally 
limited to the determination of long period spacings 
using lengthy, room temperature measurements on 
conventional X-ray sources. The high intensity of a 
synchrotron X-ray source enables SAXS patterns to be 
recorded in timescales of 10 s or less and allows 
simultaneous SAXS and d.s.c. measurements to be 
performed in situ during heating, melting or crystal- 
lization: such measurements are able to provide an 
insight into the morphological changes which are 
responsible for the complex d.s.c. behaviour observed 
in these polymers. Whislt the homopolymer has, under 
normal conditions, a single melting endotherm, the 
copolymers show multiple melt endotherms. The beha- 
viour becomes increasingly complex as HV content 
increases, and as many as five se 

R 
arate peaks have been 

found for a 23% HV copolymer 
Multiple d.s.c. endotherms are found in several 

synthetic polymer systems. Linear low-density poly- 
ethylenes (LLDPEs) are structurally analogous to 
PHB-HV copolymers and consist of copolymers of 
ethylene with an a-olefin (e.g. propene-1-hexane); the 
comonomer units exist as short side branches on the 
main chain and affect the thickness and perfection of 
the crystalline lamellae as well as the overall crystallinity. 
LLDPEs exhibit several melting endotherms’s which 
have been explained in terms of a heterogeneous 
distribution of crystal compositions which subsequently 
melt at different temperatures. Double melting 
endotherms in poly(ether ether ketone) (PEEK) and 
poly(ethylene terephthalam)_*gPET) homopolymers are 
the subject of some debate and have been associated 
with two separate hypotheses: the two endotherms are 
either related to two distinct, pre-existing crystal 
morphologies or to a continuous melting and recrystalli- 
zation phenomenon (which is characteristic of the 
crystallization history of the sample). 

Recent studies of the melting behaviour of PEEK27,28 
have used time-resolved synchrotron SAXS techniques 
to investigate the structural changes which are associated 
with the d.s.c. endotherms. In both cases, it was 
concluded that the additional melting peaks are caused 
by the melting of thin, unstable crystals within the 
lamellar stacks, although the possibility of the thickening 
of the remaining lamellae during heating was also 
reported28. 

In previous d.s.c. studies of PHB and PHB-HV, 
multiple endotherms were attributed to the melting 
of $F;:Fnt crystal populations with varying stabili- 
ties * ’ In particular, the occurrence of certain high 
temperature endotherms for HV copolymer samples has 
been associated with the possibility of a PHB-rich phase 
or the exclusion of HV units from the crystal lamellae. 

The aim of this current work was to obtain an 
improved understanding of the structural changes which 
occur during the heating and melting of PHB and PHB/ 
HV polymers, and to study the morphological features 
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Table 1 G.p.c. molecular weight data for the samples investigated 

Annealing Annealing 
temp. (“C) time (h) M, x 10-j 

0 40 
60 
80 

100 
I 40 

60 
80 

100 
10 80 
19 40 

60 
80 

100 

I 
DSC sensor 

72 
20 
24 
45 
12 
20 
24 
45 
15 
12 
20 
24 
45 

274 
351 
239 
323 

201 
117 
135 
227 
286 

383 
235 
263 
278 

Heated_Plates 

Figure 1 Modified hot-stage differential scanning calorimeter used for 
elevated temperature measurements 

and the modification of physical properties which are 
associated with the multiple d.s.c. endotherms. 

EXPERIMENTAL 
Sample preparation 

Polymers of 0, 7, 10 and 19% HV were chosen for 
investigation. All samples were prepared as sheets of 
approximate thickness 0.5 mm by compression mould- 
ing. The plaques were formed at 175°C under 3 
tonne cmp2, then quenched directly from the press into 
iced water. The amorphous material thus produced was 
then crystallized at the required temperature by placing it 
in an oven between preheated metal plates. Molecular 
weights of the crystallized plaques are given in Table 1. 

Gel permeation chromatography (g.p.c.) 
G.p.c. was used to determine the M, of the compres- 

sion moulded and annealed plaques. Chromatograms 
were obtained at 30°C in chloroform using a Knauer 
Instruments apparatus equipped with a set of two 10 pm 

Polymer Labs mixed gel columns (300 x 7.5mn-1) and a 
Foxboro Miran 1A infra-red detector. The system was 
calibrated using monodisperse polystyrene standards 
and ethyl acetate was used as an internal calibrant. Data 
analyses were performed on a BBC Master computer 
using a Polymer Labs software package and utilizing the 
known Mark-Houwink parameters for polystyrene29 
and PHB3’. 

Small-angle X-ray scattering 
SAXS measurements were performed using station 2.1 

of the SRS at the SERC Daresbury Laboratory, 
Warrington, UK, which possesses a highly intense, 
monochromatic beam of wavelength 1.54A. The beam 
was collimated to cross-sectional dimensions of approxi- 
mately 2 x 1 mm and the scattered X-rays were recorded 
on a multiwire detector located around 2.5 m behind the 
sample in a simple transmission geometry. A Mettler 
hot-stage differential scanning calorimeter, modified by 
ICI for X-ray scattering experiments at the SRS, was 
used for all elevated temperature measurements. The 
hot-stage sat upright in the beam path and possessed 
holes before and after the sample thorough which the 
beam could pass (see Figure I). Circular windows were 
punched in the lid and base of aluminium d.s.c. pans 
used to contain the samples, which were sandwiched 
between two 10 pm mica sheets. 

The optimum sample thickness for X-ray scattering in 
the transmission configuration is generally considered to 
be l/p (where p is the linear X-ray absorption 
coefficient). For PHB, p0 was calculated to be 8.4 cm-i 
at a wavelength of 1.54A, giving a desired thickness of 
around 1.2 mm. Slightly thinner samples (0.5-o. 1 mm) 
were used in the hot-stage in order to minimize 
temperature fluctuations across the sample. SAXS/ 
d.s.c. measurements were performed on samples of 
PHB, 7% HV, 10% HV and 19% HV copolymer, each 
of which had been annealed at a temperature of 60 or 
100°C. SAXS patterns were recorded continuously 
between 50-200°C using an exposure time of 20s per 
frame; this provided a resolution of just over 3°C per 
frame using a standard d.s.c. heating rate of 10°C min-’ . 
The start of the first exposure was synchronized with the 
initial point in the d.s.c. trace in order to provide a 
temperature calibration of the SAXS patterns. A total of 
45 patterns was recorded for each heating run. 

In addition to the d.s.c. scans obtained using the 
modified Mettler hot-stage at Daresbury, better quality 
d.s.c. data were obtained by repeating the analyses on 
Perkin-Elmer DSC4 and DSC7 calorimeters. Scans were 
made at a heating rate of 10°C min-’ over the range 20 to 
200°C using samples of the order of 10 mg. Both Perkin- 
Elmer calorimeters were calibrated with indium and the 
curves from them are comparable to within f2”C. 

The raw SAXS patterns were normalized to account 
for variations in X-ray absorption and incident beam 
flux using an ionization chamber located after the 
sample. Corrections were also made for the non- 
uniformity of response of the individual detector 
elements (using radiation from an 55Fe source). The q- 
axis was calibrated using the known diffraction peak 
positions of wet rat-tail collagen. 

Each data set was then calibrated to absolute 
scattering units31 according to the value of the experi- 
mental scattering peak recorded from a known standard 
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material (Lupolen). The calibration factor also accounts 
for the variation in thickness from sample to sample. 
Absolute scaling enables quantitative comparisons to be 
made between different samples and experimental 
sessions and provides access to the a&lJa! &?&-on 

density contrast between the crystalline and amorphous 
phases in the sample. Plots of Lorentz-corrected intensity 
(iq2) as a function of 4 were calculated, allowing 
estimates of the Bragg long period and the relative 
invariant, Q, to be made. 

A preliminary SAXSjd.s.c. investigation was per- 
formed using samples of PHB homopolymer. 7% HV 
copolymer and 19% HV copolymer. each of which had 
been annealed at a temperature of 60 or 100°C prior to 
the experiment. The SAXS patterns obtained during 
these experiments were adequate for the determination 
of Bragg spacings and relative invariants and establish- 
ment of the general features of the behaviour of each 
material. However, the calculation of one-dimensional 
correlation functions was not attempted since the limited 
range of the detector prevented the observation of a 
sufficiently smooth ‘tail’ to allow reliable extrapolations 
of the data to be made. A more detailed experiment was 
subsequently performed using a 10% HV copolymer 
which involved a thorough investigation of the structure 
of the material close to melting and also allowed the 
calculation of time-resolved correlation functions during 
heating. 

In addition to these time-resolved experiments, ‘static’ 
SAXS patterns were recorded at room temperature and 
at fixed, elevated temperatures for several samples of 
PHB and HV copolymer to investigate the influence of 
annealing temperature upon the lamellar morphology. 

RESULTS 

D.s.c. traces for each of the six samples in the preliminary 
SAXS/d.s.c. experiments are reproduced in Figure 2. In 
broad terms, the homopolymer samples were found to 
possess a single melting endotherm whilst the copolymer 
samples possessed a double endotherm in which the 
position and prominence of the minor peak varied with 
the annealing temperature of the sample. Each of the six 
samples exhibited a shoulder (or change in slope) in its 
d.s.c. trace close to the original annealing temperature. 
These shoulders are most obvious in the copolymer 
samples annealed at 100°C. 

A general impression of the change in the SAXS 
pattern as a function of temperature during the course of 
these experiments is provided in Figure 3, which illustrates 
the evolution of the SAXS intensity with increasing 
temperature during the heating of one of the HV 
copolymer samples. In fact, the overall behaviour of 
each of the materials was remarkably similar. As shown in 
Figure 3, the SAXS correlation peak was found to grow in 
intensity at a fairly steady value of q,,, during the early 
stages of heating; subsequently, the peak position shifted 
dramatically to lower 4 (equivalent to higher character- 
istic long period spacing). On the point of melting, a 
highly intense, peakless, monotonically decreasing scat- 
tering pattern was briefly observed. Finally, the scatter- 
ing disappeared as the sample became completely 
molten. Owing to the shift in peak position during the 
later stages of heating, the i versus y plot exhibited an 
enormous increase in peak intensity; however, the 
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Figure 2 PerkinElmer d.s.c. curves obtained for the samples 
examined at Daresbury: (A) 0% HV, annealed 100°C; (B) 0% HV, 
annealed 60°C; (C) 7% HV, annealed 100°C; (D) 7% HV, annealed 
6O’C; (E) 19% HV. annealed 100°C; (F) 19% HV. annealed 60°C 

Figure 3 Evolution of SAXS intensity as a function of temperature for 
19% HV copolymer sample (annealed at 100°C). Exposure time 20 s per 
pattern. heating rate 10”Cmin-’ 
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f 50 

0.08 qd 0.04 0 

Figure 4 Changes in the Lorentz-corrected (iq2 versus q) SAXS pattern 
as a function of temperature for 19% HV copolymer sample (annealed 
at 100°C) 

Lorentz-corrected plots, which are shown in Figure 4, 
maintained a reasonably constant peak height during 
this rapid change in peak position. 

Figure 5 shows the variation in long period d with 
temperature, as calculated from the positions of the 
maxima in the Lorentz-corrected plots. In each case, a 
sharp change in the rate of increase of d can be seen at 
around 135°C. Below this value, the long period of the 
samples annealed at 60°C rose more rapidly than that of 
the samples annealed at 100°C; above this value, the 
behaviour of any given material appeared to be 
independent of its annealing temperature. Measurable 
values for d were obtained up to temperatures of about 
170°C for PHB and about 150°C for the copolymers. 

In each of the six samples, the variation in d with 
temperature was fairly smooth and continuous. In some 
other materials which exhibit multiple endotherms, a 
stepwise increase in d has been observed during heating 
in which each step coincided with a peak in the d.s.c. 
trace27. The occurrence of discontinuous steps in the 
behaviour of d provides strong evidence for the existence 
within the material of distinct populations of crystals 
with different stabilities. 

The behaviour of the invariant as a function of 
temperature is shown in Figure 6 for each of the six 
samples studied. In each case, two distinct regions are 
apparent: in the early stages, the invariant rises steadily 
and, beyond the onset of melting, the invariant falls 
rapidly. Any attempt to interpret the heating and melting 
behaviour of PHB and HV copolymer in the light of this 
information alone is complicated by several factors. The 
invariant is governed by contributions from two different 
physical parameters, i.e. the crystallinity ($) and the 
electron density contrast (p, - p,), which are difficult to 
distinguish without further information. The electron 
density contrast term is known to increase as a result of 
thermal expansion; however, it may also change as a 
result of structural modifications in the copolymer 
crystals (e.g. exclusion of HV units). Consequently, no 
significant conclusions will be drawn from the behaviour 
of the invariant with temperature, which has been 

A PHB annealed 60°C 

0 PHB annealed 100°C 

50 
40 60 80 100 120 140 160 180 

Temperature /“C 

A 7%HV annealed 60°C 
0 7%HV annealed 100°C 
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0 .“‘,“I,“‘I”‘I”II”‘I”‘- 
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o 19%HV annealed 100°C 
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3 200 
a 
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,o 
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A 

??Qb 
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40 60 80 100 120 140 160 180 

Temperature PC 

Figure 5 Variation in long period spacing as a function of temperature 
for PHB (A), 7% HV copolymer (B) and 19% HV copolymer (C) 

observed in numerous experiments for several materials 
(see, for example, refs 18, 27, 28 and 32). However, it is 
clear that the use of simultaneous small- and wide-angle 
measurements (SAXS/WAXS)27’32 would be beneficial in 
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Figure 6 Variation in the SAXS invariant as a function of temperature 
for PHB (A), 7% HV copolymer (B) and 19% HV copolymer (C) 

providing an independent measurement of crystallinity 
throughout the heating process. 

A more interesting feature of these experiments is the 
occurrence of an intense, monotonically decreasing 

Figure 7 Appearance of SAXS pattern (i ~‘crsus q) at selected 
temperatures for 10% HV copolymer 

scattering pattern close to melting. This feature is evident 
in Figure 3 but is shown in greater detail for a 10% HV 
copolymer in Figure 7. In certain respects, this type of 
pattern could be considered to be the tail of a correlation 
peak which has shifted to very low values of q, obscured 
by the beamstop (if this were the case, then the typical 
separation of neighbouring lamellae would be extremely 
large). However, considered in isolation, such a 
smoothly decreasing intensity function would not 
normally be associated with a regular morphology, 
although the level of scattering is still fairly high 
(indicating that significant heterogeneities are still pre- 
sent). Thus it is more reasonable to interpret this 
scattering feature as arising from isolated crystalline 
lamellae which are widely dispersed in a disordered 
matrix. 

A common form of analysis which is invoked in the 
case of such ‘dilute’ assemblies is the Guinier approx- 
imation. In the case of lamellae, which are assumed to 
exist in PHB and HV copolymers even close to melting, 
the Guinier approximation is given by*: 

iq2 = Ct2 exp(-Rfq2) (7) 
where R, is the cross-sectional radius of gyration related 
to a disc-like morphology and t is the disc thickness (or in 
this approximate case, the lamellar thickness). This is a 
modification of the standard Guinier law and holds well 
for monodisperse particles at small values of q (<l/R,). 
A plot of ln(iq*) versus q2 yields R, from its slope. The 
lamellar thickness is easily calculated, since 

t = J12R, (8) 
Cross-sectional Guinier plots of ln(iq2) versus q2 were 
obtained for each of the six samples discussed earlier 
using the low q portion of the monotonically decreasing 
SAXS pattern close to melting. One such plot is shown in 
Figure 8. A reasonable linear dependence was obtained 
for each sample and values of the lamellar thickness were 
calculated from the slope of each plot. These values are 
tabulated in Table 2. 

For each sample, the calculated lamellar thickness 
close to melting was greater than the average thickness %t 
room temperature (estimated to lie between 48 and 60 A 
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Figure 8 Typical cross-sectional Guinier plot [ln(iq*) verw q*] 
derived from SAXS pattern close to melting (example 19% HV 
copolymer, 100°C annealed, sample temperature 150°C) 

Table 2 Lamellar thicknesses close to melting as determined by 
Guinier analysis 

Annealing Lamellar 
temp. (“C) thickness (A) 

PHB 60 101 
100 103 

7% HV copolymer 60 13 
100 74 

19% HV copolymer 60 14 
100 74 

-4.2 1 I 
1 

0.00 1 0.002 0.003 0 004 

c&A-= 

Figure 9 Series of cross-sectional Guinier plots [ln(iq*) versus $1 for 
10% HV copolymer maintained at high temperature close to melting 
(140°C) 

for all samples). This observation confirms that the 
thicker, more stable lamellae are the last to melt. It is also 
apparent that the thicknesses of the homopolymer 
lamellae close to melting are substantially larger than 
those of the copolymer samples. This would appear to 
suggest that the presence of the HV units in the 
copolymer limit, or constrain, the thickness of the 
crystalline lamellae. 

Further experiments were performed on a 10% HV 

66 + . * - . 
. z 65 . 

2 
. 

Y 64 . 
2 63 . 

0 50 100 150 200 250 300 
Annealing Time /s 

Figure 10 Variation in lamellar thickness for 10% HV copolymer 
maintained at high temperature close to melting (140°C) 

1.2 

0.9 

0.6 

A ‘! 

~ 80°C annealed 
.-.-------- 100°C annealed 
- - - 120°C annealed 
- - - - 140°C annealed 

-O~~~~‘~,~~~~,~~~~,~~~~I 
0 50 100 150 200 

Distance /A 

Figure 11 One-dimensional correlation functions obtained at room 
temperature from samples of 10% HV copolymer annealed at 
temperatures of 80, 100, 120 and 140°C 

copolymer to assess the behaviour of the lamellar 
thickness when the material is annealed at a temperature 
close to its melting point. A sample of 10% HV 
copolymer was heated to 140°C which is higher than 
the first endotherm in the d.s.c. trace, and maintained at 
this temperature for a period of 5 min. As shown in 
Figure 7, the SAXS pattern at this temperature consists 
of an intense, peakless scattering feature close to the 
origin. During annealing at 140°C SAXS patterns were 
recorded at intervals of 20 s and small variations in the 
slope and magnitude of this intense scattering feature 
were observed. Cross-sectional Guinier plots were 
obtained from each of these SAXS patterns and a 
selection of these plots is provided in Figure 9. 

The lamellar thickness was calculated from the slope 
of each plot and was found to increase steadily during the 
annealing process, as illustrated in Figure IO. This 
observation suggests that the remaining lamellae are 
capable of thickening during heating at temperatures 
approaching the final melting point. The increase in the 
lamellar thickness was more rapid during the early stages 
of annealing, immediately after the sample reached the 
temperature of 140°C. 

To investigate the influence of annealing temperature 
upon lamellar thickness, SAXS patterns were obtained 
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Table 3 Morphological parameters of samples of 10% HV copolymer 
annealed at different temperatures 

Annealing Long period Crystal 
temp. (‘C) (A) thickness (A) 

80 70 46 
100 74 49 
120 89 59 
140 98 74 

Amorphous 
thickness (A) 

_ .-. 

24 
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‘4 

280, 

(a) 

260. R 
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Figure 12 Simulations of the variation in the average long period of a 
simple lamellar stack model as the result of: (a) a continuous melting 
process; (b) a stepwise melting process 

(at room temperature) from several samples of 10% HV 
copolymer which had been annealed at temperatures of 
80, 100, 120 and 140°C for periods of 1 h or more. One- 
dimensional correlation functions obtained from these 
SAXS patterns indicated that, rather predictably, the 
lamellar thickness increased with annealing temperature. 
The correlation functions are reproduced in Figure I I 
and the results are summarized in Table 3. 

It is interesting to note that the samples annealed at 
140°C displayed an average lamellar thickness (after 
cooling to room temperature) of 74A. This value 

corresponds well with the values obtained from the 
time-resolved Guinier analysis of the SAXS patterns 
during annealing at 140°C. It would be anticipated that 
the samples which were annealed for a significant length 
of time would be more likely to approach the equilibrium 
morphology and would possess larger lamellar thick- 
nesses than those observed during the real-time anneal- 
ing process. 

DISCUSSION 

The general behaviour of the SAXS pattern obtained from 
PHB and HV copolymer during heating and melting has 
been observed before in several semicrystalline polymers 
possessing lamellar morphologies. The initial rise in 
intensity and the associated increase in the invariant are 
consistent with thermal expansion effects. The subsequent 
shift of the scattering peak to lower q values with the onset 
of melting is also well understood and arises from the 
melting of thin, unstable lamellae within the lamellar 
stacks. The disappearance of these lamellae produces an 
increase in the average separation between neighbouring 
lamellae; hence the long period increases and the scattering 
peak moves to lower q In the case of PHB, the possibility . 
of lamellar thickening ’ durmg the early stages of heating 
cannot be ruled out on the basis of the data presented here. 
The relative contributions of lamellar thickening and/or 
melting to the changing morphology during heating are 
dependent on several factors, including the thermal history 
of the sample and the heating rate. However, the effect of 
lamellar thickening upon the long period is not as dramatic 
as the effect of meltings4. 

The behaviour of the long period during melting 
provides a simple but useful indicator of the changing 
morphology of the sample. In studying the melting 
behaviour of PEEK, which also exhibits multiple d.s.c. 
endotherms, Kruger and Zachmann27 observed a step- 
wise increase in the long period during heating in which 
each step coincided with a peak in the d.s.c. trace. The 
occurrence of discrete steps in the behaviour of the long 
period was associated with the disappearance of separate 
populations of crystals, each possessing different thick- 
nesses and stabilities. In the case of PHB and HV 
copolymer, the long period was found to increase 
steadily throughout heating and there were no apparent 
discontinuities which could be related to the separate 
endotherms in the d.s.c. trace. This seems to suggest that 
the distribution of lamellar thicknesses in PHB and HV 
copolymer is so broad that the features of the d.s.c. trace 
cannot be associated directly with the disappearance of 
any distinct populations of lamellae. 

A simple computer model was constructed to simulate 
the observed change in d-spacing during heating. The 
model consisted of a large stack of crystalline lamellae in 
which the separation of neighbouring lamellae took the 
form of a Gaussian distribution about the mean long 
period. The melting process was simulated by the 
sequential removal of individual lamellae, selected at 
random from the stack, followed by a recalculation of 
the mean long period. The number of units removed at 
any given stage could be varied in order to reproduce the 
different rates of melting at different temperatures. As 
such, the thickness distribution was determined by the 
number of lamellae removed at any given temperature 
during the simulated heating process. 
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Figure 13 Schematic illustration of the change in morphology of 19% 
HV copolymer as quantified by correlation function analysis and 
Guinier analysis during heating and melting (after Hsaio et ~1.~~) 

It was found that, in order to reproduce the steady 
increase in the long period which is observed for PHB 
and HV copolymer, it was necessary to invoke a 
continuous melting behaviour. This was achieved by 
removing a constant number of lamellae for each rise in 
temperature during the simulation. This mimics a broad 
distribution of lamellar thicknesses and predicts a steady 
rise in d-spacing during heating, as shown in Figure 12a. 
Discontinuities in the behaviour of the long period could 
be introduced by removing lamellae in separate steps, as 
if distinct populations of crystals were present in the 
material. The result of a simulation in which lamellae 
were removed in two separate stages during heating is 
shown in Figure 12b. Naturally, this basic model does not 
attempt to include the more complex phenomena such as 
surface melting3’, but provides a useful starting point for 
understanding the observed SAXS behaviour. 

In fact, the d.s.c. behaviour of PHB and HV 
copolymers was different to that of homopolymers 
such as PEEK since the multiple endotherms were only 
observed in the case of the copolymer. It is clear that 

some characteristic of the copolymer crystals enables a 
larger number of thin, unstable crystals to form, which 
melt at an early stage during heating. It is possible that 
during the primary crystallization of the copolymer, the 
lamellae are constrained in some way from thickening 
and the subsequent (secondary) crystallization intro- 
duces a larger proportion of thin, infilling lamellae within 
the lamellar stacks. The copolymer crystals are probably 
constrained either as a result of HV inclusion (which 
introduces a crystal ‘defect’ and reduces the enthalpy of 
fusion of the crystal) or a result of increased surface 
energy. Indeed, it is interesting to note that the 
homopolymer lamellar thicknesses derived from the 
Guinier analysis close to melting are consistently larger 
than the copolymer lamellae, irrespective of sample 
annealing history. 

It is clear that the melting of HV copolymer involves 
the gradual disappearance of thin lamellae which are 
presumed to exist in the domains separating the primary 
lamellae. The distribution of lamellar thicknesses and 
separation are very large and no discontinuities are appa- 
rent in the SAXS behaviour. The remaining lamellae are 
able to anneal at temperatures close to melting assisted 
by the increased thermal motion of the polymer chains. 
The ability of the time-resolved measurements to follow 
(and quantify) the thickening process provides an 
intriguing insight into the behaviour of the polymer 
immediately prior to melting. The change in the morpho- 
logy throughout the entire melting process may be 
quantified, and is illustrated schematically for a 19% HV 
copolymer in Figure 13, which is based on the description 
of the melting of PEEK by Hsaio et 01.~~. 

CONCLUSIONS 

Time-resolved SAXS data from PHB and HV copolymer 
during heating and melting indicates a peak which moves 
to lower q with increasing temperature. This behaviour 
has been interpreted in terms of the progressive melting 
of unstable crystalline lamellae within the lameller 
stacks. A smooth, continuous change in d-spacing has 
been observed for both PHB and HV copolymer during 
melting, which has been shown to be associated with the 
melting of crystals possessing a broad range of thick- 
nesses. A simple model has been used to illustrate the 
discontinuous behaviour which would otherwise be 
anticipated if the sample consisted of discrete popula- 
tions of lamellae with distinctly different stabilities. 

Clear differences are apparent between the d.s.c. behav- 
iour of PHB homopolymer and PHB-HV copolymer, 
which have been associated with a difference in crystal 
thicknesses for the homopolymer and copolymer at any 
given temperature. This difference is not only associated 
with the different undercoolings for each material but 
also with the effect of the HV units in raising the surface 
energy of the crystal. However, the values of the lamellar 
thicknesses obtained by correlation function analysis 
and Guinier analysis close to melting are so large that 
HV units are statistically unlikely to be excluded from 
the crystals. 

The changing morphology immediately prior to 
melting has been characterized by a Guinier analysis of 
the intense peakless SAXS feature. This has provided 
evidence for a gradual thickening of the remaining 
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isolated lamellae during heating or annealing. This 
thickening (or recrystallization) phenomenon appears 
to be more prevalent in the copolymer case, giving rise 
to the multiple endotherms in the d.s.c. The use of 
combined SAXSjWAXS could provide a further insight 
into the possible crystal structure changes which are 
associated with the lamellar thickening phenomenon in 
the copolymer and the multiple d.s.c. endotherms. 
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