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The annealing of polyethylene single crystals has been studied using time-dependent X-ray diffraction. The 
behaviour of the small-angle diffraction peak is found to depend on both the temperature of annealing 
(7",) and on the rate of heating to that temperature. For a heating rate of 10°C min ~ and Ta ~< 123°C, the 
results are consistent with a localized solid state reorganization. Using a heating rate of 500°C min- ~ for 
any Ta or using a heating rate of 10°C min- 1 for Ta > 123°C resulted in a dramatic loss of peak intensities 
at intermediate times, consistent with larger scale melting. Transmission electron micrographs of annealed 
samples show an improvement in lamellar orientation for heating at 500°C min- ~ and T, > 120°C. Small 
angle X-ray data give no indication of this improvement. To reconcile these results, we propose a domain 
structure for the annealed samples and present supporting evidence from electron microscopy for domain 
boundaries. 
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I N T R O D U C T I O N  

The irreversible thickening of lamellar crystals during 
heating has been found to be a general feature of polymer 
behaviour. Polyethylene has been most widely studied in 
this respect, with numerous reports of increasing long 
period with annealing time on the evidence of small-angle 
X-ray scattering (SAXS) measurements 1'2. A logarithmic 
increase in long period with annealing time has been 
observed 1, although more recent measurements using 
either a synchrotron source 3 or a high intensity 
conventional source 4 have enabled earlier stages of 
annealing to be observed. These show an initial induction 
period, followed by a rapid increase in long period, with 
a third region characterized by a logarithmic increase in 
long period with time. 

The influence of heating rate on morphological changes 
within polymers during annealing is well established: the 
variation in position of the melting endotherm in 
polyethylene has been reported as a function of heating 
rate for various starting morphologies. Differential 
scanning calorimetry (d.s.c.) measurements may show 
two melting endotherms, one resulting from material 
which has reorganized during heating and another from 
material which has not, with the peak positions and 
relative intensities dependent on heating rate. 

It has long been held that mechanisms of localized 
solid state diffusion and partial melting/recrystallization 
may occur under different conditions (of temperature, 
heating rate, etc.). As part of a wider programme of study 
on the annealing process in polyethylene single crystals, 
we have made time-dependent SAXS measurements at 
two different heating rates. These are reported here, with 
the aim of identifying any indication of differences in 
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annealing mechanisms in the two cases: the results are 
correlated with structural information obtained from the 
final materials using electron microscopy. 

A N N EA LIN G  PROCESS 

Most previous work on annealing has involved the 
use of relatively low heating rates (around 10°C min-1)  
to attain the annealing temperature. Under these 
conditions, it is convenient to consider annealing in three 
temperature regimes 6. In the first, there is no change in 
long period, although other structural changes occur. 
The intermediate regime has been the focus of recent 
studies of molecular mobility6'7; it has been concluded 
from combined neutron scattering and infra-red 
spectroscopy that a localized solid state thickening 
process occurs. In these recent studies, it was found useful 
to discuss annealing processes in terms of a length scale 
(L,) over which the sample is simultaneously molten at 
a particular annealing temperature. In this intermediate 
temperature region, the conformational models required 
to give agreement with both infra-red and neutron 
scattering data indicated that La << R~ (where Rg is the 
radius of gyration). The distance scale of regions with 
enhanced molecular mobility was therefore sufficiently 
small for the process to be termed a 'solid state 
transformation', since truly molten regions of any 
significant size are not present. Nevertheless, the real 
extent of molecular mobility is still a matter of conjecture. 
Evidence, for example, of isolated chain segments with 
sufficient mobility to be considered as completely molten 
is not available and so this question is not pursued in 
the present work. In the third temperature region (highest 
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temperatures) there is, by contrast, clear evidence of 
partial melting. One aim of the present work is to 
determine whether the heating rate affects the transition 
from the second to the third annealing regime. In 
addition, we suspected that the final morphologies, if 
achieved by different processes, might appear different 
when viewed in the transmission electron microscope. 

The availability of intense X-ray beams from 
synchrotron radiation has allowed the study of lamellar 
organization at an early stage of annealing. Studies of 
solution crystallized polyethylene have been made at both 
high a'8 heating rates and, using a high intensity 
conventional source, at l o w  4'9 heating rates. With two 
exceptions 4's these measurements were made on 
unfractionated polymer. Grubb et al. 3, using heating 
rates as high as 1300°C min -1, showed that annealing 
was a three-stage process. An initial induction period 
characterized by a small increase in long period was 
followed by a very rapid increase in spacing (although 
these two stages were not observed for T, > 125°C). In 
the final stage, the well known logarithmic time 
dependence of the long period was observed. An initial 
decrease in the scattered intensity was interpreted as 
evidence of melting prior to recrystallization. This view 
was supported by later parallel wide-angle X-ray 
scattering (WAXS) and SAXS measurements 8. A sample 
of narrow molecular weight fraction showed annealing 
at longer times progressing with a constant long period, 
in contrast to the logarithmic behaviour of unfractionated 
material. 

Measurements at lower heating rates (up to 
10°C min-1) using a high intensity rotating anode source 
and proportional counter 4 involved a large spacing 
between data points. This necessitated a curve-fitting 
procedure to obtain intensities and spacings. The results 
showed similar behaviour to those of Grubb et al. 3 
although unusual behaviour was observed for higher 
annealing temperatures; following an initial rapid rise in 
long period, a decrease to a constant plateau level was 
observed, before the predicted eventual slow increase in 
long period. The resulting peak in the long period was 
an unexpected feature; we suggest that it is a consequence 
of the broad molecular weight distribution for the sample. 
This gives rise to a distribution of crystal thicknesses, 
with thinner crystals melting first on heating. However, 
the plateau in the long period at intermediate annealing 
times was generally observed. Analysis of these data using 
a Monte Carlo simulation based on a rate equation 
model 9 led to the conclusion that both partial and local 
melting were involved at higher values of T a and only 
partial melting at lower Ta. 

The X-ray work described above demonstrates the 
need for measurements to be made on similar samples 
at different heating rates, in order to establish whether 
heating rate is important in determining the mechanism 
of annealing. Furthermore, the reversible increases in 
long period noted above show the necessity of using 
samples of narrow molecular weight fractions with 
well-defined starting morphologies. The work presented 
here involves time-dependent X-ray measurements made 
during annealing, using different heating rates. In 
addition, annealed samples have been examined in the 
electron microscope, to establish any morphological 
differences arising from changes in either heating rate 
o r  T a. 

Quant i ta t i ve  X - r a y  analysis  

In recent SAXS work, considerable use has been made 
of the scattering invariant, Q, defined as the total 
scattering power for an experiment using pinhole 
collimation: 

fo Q = l ( s ) s  2 ds (1) 

where I (s)  is the scattered intensity at wavevector s 
(s = 2 sin 0/2, 20 = scattering angle, 2 = X-ray wave- 
length). For a simple two phase system, Q is related to 
the overall crystallinity (Xc) and the difference in electron 
density between crystalline and amorphous phases: 

Q = KX¢(1 - X~)(p c - p,)2 (2) 

The constant K includes geometrical factors for the 
instrument used and Pc and p, are the electron densities 
for crystalline and amorphous phases respectively. 

During an annealing experiment, changes in Q may 
therefore arise either from changes in crystallinity or 
through changes in density of the different phases. 
Additionally, the two-phase approximation, upon which 
equation (2) is based, may become increasingly valid 
during the course of annealing as the fold surface becomes 
more regular. Schouterden et al. 1° used empirical 
relationships for the physical densities of crystalline and 
amorphous phases in low- and high-density poly- 
ethylene 11 to calculate changes in X~ during heating of 
melt crystallized samples. However, such a method does 
not take account of the influence of morphology on the 
density of phases: the application of density data for one 
sample morphology to samples with different structure, 
types of defect and fold surface can be of very limited 
validity. 

For these reasons, we consider the use of the invariant 
to be unjustified in the present case. The evolution of X c 
during annealing is best studied using WAXS measure- 
ments. Unfortunately, simultaneous small- and wide- 
angle measurements at the synchrotron radiation source 
(SRS) (SERC Daresbury Laboratory, UK) are currently 
not feasible. 

Sample  prepara t ion  

The sample used was prepared from Rigidex 50 by 
liquid-liquid fractionation. Molecular weight, ~t w, as 
determined by gel_permeation chromatography (g.p.c.) 
was 87000 and M w / M  n was 2.0. The material was 
dissolved in boiling xylene to give a 0.1% w/v solution, 
which was then poured into a thin-walled glass tube held 
at 70°C. After 1 day, the suspension was filtered to 
produce a mat. After drying, the mat was pressed to 
remove voids: this produced a mat of thickness 60/~m, 
with the usual preferred orientation of lamellar normals 
parallel to the mat normal. Strips of width 1-2 mm were 
used for scattering measurements. All samples had an 
initial long spacing (as measured by SAXS) of 105 A. 

Anneal ing  condit ions 

Two arrangements were used for heating samples: 

L o w  heating rate. A Mettler microscope hot stage, 
modified with a slit cut into the heating plates, was used. 
The sample strip was held with mat normal perpendicular 
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to the X-ray beam using two aluminium plates, suitably 
shaped so that no ahminium was in the beam. 
Temperature could be controlled to within ___ 0.2°C and 
a heating rate of 10°C min-1 was used. This group of 
samples is labelled L (low heating rate) followed by the 
annealing temperature (in °C). 

High heating rate. A hot air blower was constructed. 
Compressed air was passed through a heating coil, and 
out through a nozzle. The direction of the nozzle was 
controlled by a rotary solenoid. In one position, the 
stream of hot air was directed onto a dummy sample in 
which a thermocouple was embedded. In the other 
position, the sample was heated directly. The air blower 
unit was attached to a stretching frame, the jaws of which 
could be closed and moved to hold and accurately 
position the sample with respect to the heater nozzle. 
The temperature of the dummy sample was used to 
estimate the ultimate sample temperature. Trials using 
thermocouples embedded in polyethylene samples 
indicated a time of ~ 10 s to heat a sample from room 
temperature to l l0°C, corresponding to an average 
heating rate of ~ 500°C min-1.  With a small diameter 
(1 cm) nozzle, temperature gradients in the sample region 
are significant with a maximum of ~5°C min -1 in a 
direction perpendicular to both the air flow and to the 
centre line between the jaws. Accurate positioning of both 
the sample and the dummy are therefore important, and 
the ultimate sample temperature, although stable to 
within _ 1.5°C, is subject to somewhat larger uncertain- 
ties, In the discussion of results to follow, little reliance 
is placed on the absolute values of T a. This group of 
samples is labelled H (high heating rate) followed by the 
annealing temperature (in °C). 

MEASUREMENTS 

X-ray 
The SRS was used, most measurements being made 

on station 7.3, but with some results obtained on station 
8.2. Monochromatic X-rays with wavelength 1.608 A 
were used, giving a beam cross-section of about 
0.4 x 2 mm at the sample position, with the sample strip 
mounted horizontally and edge-on to the X-ray beam. 
The sample-detector distance was 2 .2m for most 
measurements and a linear position-sensitive detector 
was used to record the scattered intensity in a vertical 
direction. It was found that adequate statistics were 
obtainable for data collection times of about 0.5 s. Longer 
counting times were used when changes in diffracted 
intensity were slow or where the intensity was very low, 
to make best use of time-resolved operation. 

Data were corrected for two effects. First, the variation 
in response across the detector was compensated by 
calibration of the detector with a radioactive source. 
Second, the photon flux varies during the course of an 
annealing run, with a lifetime of several hours. Typical 
operating conditions for the SRS were 2 GeV and 
200 mA. An ion chamber was used to monitor the flux 
of photons after the sample, and this count rate provided 
the necessary factor with which to correct the observed 
count rates. 

The crystallite orientation before and after annealing 
was also monitored, using photographic film. The films 
were then scanned using an Optronics P1000 micro- 

densitometer with a raster size of 100 pm. The GENS 
program (Daresbury Laboratory) was used to locate the 
centre of each diffraction pattern and to obtain both an 
averaged radial distribution and an azimuthal distribu- 
tion from a 1 mm half-width annulus. 

Electron microscopy 
The Kanig technique was used to prepare samples 

suitable for electron microscopy from both unannealed 
and annealed mats 12. Samples were held in chloro- 
sulphonic acid for 43 h at 32°C. After removal, washing 
and drying, transverse sections were cut out using an 
LKB ultramicrotome. (By 'transverse' sections, we mean 
those where the cutting direction was parallel to the 
direction of lamellar normals in the original mat so that 
the lamellae are seen largely edge on.) Further staining 
made no difference to the appearance, so the samples 
were usually viewed unstained using a Philips 301 
transmission electron microscope operating at 80 kV. 

RESULTS 

X-ray 
Figures 1-4 show X-ray data for samples annealed at 

different temperatures (T,) and with different heating 
rates to T~. The variation in chosen data collection times 
over which scattering data were summed arises from two 
factors: a longer time interval was chosen (i) where the 
scattered intensity was particularly low and (ii) where 
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Figure 1 SAXS data for sample L122, obtained during annealing. 
Data acquisition times vary from 2.5 s at the start to 20 s at the end 
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Figure 2 SAXS data for sample L126 during annealing. Data 
acquisition times from 1 to 20 s 
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the scattering was changing very slowly with time (which 
was the case for longest annealing times). 

Several features are evident from these results. First, 
the initial decrease in intensity of the small-angle peak 
is more evident under certain conditions. For  a low 
heating rate at Ta= 122°C (Figure 1), the decrease in 
intensity is relatively minor. When T, is raised to 126°C 
(Fi(4ure 2), the intensity rapidly decreases, with an 
increase in intensity becoming evident after 14s 
annealing time. By contrast, the use of a high heating 
rate to reach T~ produces a rapid decrease in intensity 
(Figures 3 and 4) at all T~. Enhanced intensity at the 
new peak position is only evident after hundreds of 
seconds of annealing for this annealing method. 

The change in long spacing (lx) with annealing time 
for low annealing temperatures is plotted after 
subtraction of an estimated background baseline from 
data such as those shown in Figures 1-4. The position 
of the peak was then determined without any intensity 
correction. Figure 5 shows the familiar three-stage 
evolution of Ix during the course of annealing: first stage, 
an initial plateau region where the spacing increases only 
slightly with time; second stage, an abrupt increase in l~; 
and third stage, a slow variation of l~ with time. This last 
stage includes the established linear variation of Ix with 
the logarithm of annealing time. However, it can be seen 
from Figure 5 (sample H117) that this type of behaviour 
does not occur throughout the third stage, and 
corresponds only to annealing times greater than 

1000 s. It will be noted that the (nominal) values of T~ 
for the data shown in Fi9ure 5 are not identical. Rather, 
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Figure3 SAXS data for sample HlI7 during annealing Data 
acquisition times from 05 to 20 s 
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Figure4 SAXS data for sample H123 during annealing. Data 
acquisition times from 2.5 to 20 s 
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Figure 5 Variation of X-ray long spacing with annealing time for low 
annealing temperatures. O, Sample Hl l7 ;  ×, sample L122. Lines 
drawn through the data are for guidance only 
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Figure 6 Variation of X-ray long spacing with annealing time for high 
annealing temperatures. O, Sample H123; x,  sample L126 

two annealing runs have been chosen with similar final 
values of I x. Nevertheless, the route by which each sample 
reaches a final long spacing of -,~ 170/~ (after similar 
annealing times and cooling), is clearly different in the 
two cases; the second phase of thickening, with its abrupt 
increase in spacing occurs at a longer time interval for 
the higher heating rate. 

Note also that on final cooling, lx decreases 
significantly. Electron microscopy (see next section) 
shows no sign of crystallites which have formed on 
cooling the samples, so we must conclude that the change 
in l X results from a change in the stacking periodicity of 
the same crystals. 

Data for higher annealing temperatures are shown in 
Fiyure 6. For the sample with the higher heating rate, 
the peak position is not well defined until a late stage of 
annealing (see Figure 4). Sample L126 (Figures 2 and 6) 
shows a more gradual shift in peak position, although 
the peak width progressively decreases. 

The variation of scattered intensity is another 
important feature of annealing behaviour. In Figure 7 
the integrated intensity under the small-angle peak is 
shown as a function of annealing time for samples H 117 

and L122. A clear minimum appears in each plot, the 
position corresponding quite closely to the start of the 
logarithmic time dependence of lamellar thickening. The 
subsequent increase in intensity with annealing time is 
always more rapid for samples heated at lower rates. 

In the absence of simultaneous WAXS and SAXS 
measurements, it is impossible to draw definite 
conclusions on the presence or absence of melting during 
any of these annealing experiments. A reduction in 
small-angle scattering intensity may arise either from a 
change in crystallinity or from a change in the densities 
of crystalline and/or  amorphous phases (see equation 
(2)). Alternatively, the simple two-phase model discussed 
earlier may either be or become inadequate as a 
description of the annealing system. Nevertheless, it is 
clear that at low heating rates and annealing 
temperatures (Figure I) there is no drastic loss in 
small-angle scattering intensity at any stage of annealing. 
We can therefore conclude that complete melting does 
not occur under these conditions. On the other hand, all 
other annealing conditions (namely slow heating rate to 
high T a and high heating rate to any Ta) give rise to a 
dramatic loss of intensity. The presence of a minimum 
in the scattered intensity as a function of annealing time 
is almost certainly not a result of an error in determining 
the annealing time. Such an error might arise from 
underestimating the sample equilibration time. However, 
reference to Figures 3 and 4 shows that it may take 
hundreds of seconds for the intensity to reach a minimum, 
a time which exceeds any estimate of the error in 
determining the sample equilibration time. 

After cooling the annealed samples, SAXS patterns 
were obtained as described earlier. Typical results are 
shown in Figure 8. Azimuthal intensity scans were 
obtained from the densitometered films, and the result 
for an unannealed sample is shown in Figure 9. Results 
for both heating rates and a range of annealing 
temperatures are listed in Table 1. For the measurements 
at a low heating rate, the width of the small-angle peak 
increases slightly on annealing, but shows negligible 
variation with T,. The decrease in azimuthal peak width 
on raising T, from 124°C to 126°C is small and 
comparable with experimental errors, but leaves open 
the possibility of enhanced orientation at 126°C. At the 
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Figure 7 Variation of integrated intensity of small-angle peak with 
annealing time. O, Sample HI 17; ×, sample L122 
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Figure 8 SAXS patterns from (a) unannealed sample; (b) H125; (c) 
L126; (b) and (c) are after cooling the samples 
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Figure 9 An azimuthal intensity scan from the data in Fifure 8a. The 
radial position of the annulus taken corresponds to the maximum 
intensity region of the small-angle peak 

higher heating rate, the disorientation of crystallites, on 
the basis of X-ray results, appears to be a continuous 
process with increasing T,. 

We conclude that the X-ray data are indicative of 
different annealing processes occurring at the different 
heating rates employed here. Evidence for this is to be 
found both from data obtained during annealing and 
from measurements after cooling. The data are consistent 
with the occurrence of crystal melting under conditions 
other than low heating rate and low T a. For these latter 
conditions large scale melting does not occur. 

Anneafing polyethylene crystals. S. J. Spells and M. J. Hill 

Electron microscopy 
Micrographs of unannealed and annealed samples are 

shown in Figures 10 15. The unannealed sample (Figure 
10) shows lamellae which are continuous over a 
considerable distance (several micrometres) and have 
uniformity in both thickness and orientation. On 
annealing with a low heating rate (Figures 11 and 13), 
the disordering is evident. Figure 12 again indicates 
disorientation, in this case for sample H 117, but sample 
H125 (Figure 14) and all samples rapidly annealed to 
high Z~ show an improvement in lamellar orientation 
over sample H117. This result apparently conflicts with 
measurements of the azimuthal width of the small-angle 
X-ray peak, in that the X-ray results point towards 
significantly more disorder in crystallite stacking at the 
higher Ta values. We are led to conclude that this 
difference is related to the different distance scales over 
which the measurements are made. The results may be 
reconciled if the H 125 sample is considered to be formed 
of domains, within which the lamellae are well oriented, 
but with adjacent domains showing little correlation in 
direction of lamellar orientation. The size of domains 
would need to be large compared with the dimensions 
identified in micrographs. A possible mechanism for 
providing such domains would be recrystallization of the 
polymer from the melt, with a 'seed' from the original 
structure providing a template for (more highly oriented) 
deposition of lamellae within a domain. 

Figure 15 shows a region in sample H125 where an 

Table I Variation in azimuthal peak width from SAXS data 

Azimuthal width 
of small angle 

Heating Annealing temperature reflection (degrees) (full 
rate (C)  width at half height _+ F) 

Low 70 (unannealed) 49 
118 54 
122 56 
124 56 
126 54 

High 70 (unannealed) 49 
115 55 
117 55 
120 59 
125 63 

Figure 10 Transmission electron micrograph of an unannealed sample 
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For the high and low heating rate pairs of samples 
considered, both the number of lamellae within a fixed 
distance in the direction of lamellar normals and its 
standard deviation are remarkably similar, indicating no 
significant difference in the population of crystal 
thicknesses in the two pairs of samples. 

Figure 11 Transmission electron micrograph of sample L122. Scale 
as in Figure 10 

Figure 13 Transmission electron micrograph of sample L126. Scale 
as in Figure 10 

Figure 12 Transmission electron micrograph of sample H117. Scale 
as in Figure 10 

abrupt change in the inclination of lamellae occurs. This 
is consistent with the concept of a domain boundary in 
such samples. Similar features were also observed for 
sample H123, indicating a transition to this type of 
behaviour occurring within the interval between 120 and 
123°C. 

Table 2 lists further information obtained from electron 
microscopy. Note that the spacings obtained from the 
chlorosulphonic acid fixation technique are slightly lower 
than those obtained from SAXS, although almost within 
the experimental errors. Voigt-Martin and co-workers 
have made extensive studies of chlorosulphonated 
polyethylene 13-16 and give a number of reasons why the 
spacings obtained may differ slightly from those given 
by other techniques. In our experience, the values 
obtained from chlorosulphonation are usually smaller 
than those obtained from other methods 17 

The last two columns in Table 2 relate to the 
distribution of lamellar thicknesses within one sample. 

Figure 14 Transmission electron micrograph of sample H125. Scale 
as in Figure 10 

Figure 15 Transmission electron micrograph of sample 
showing possible domain boundary 

H125, 
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Table 2 Comparison of X-ray and electron microscopic data for annealed samples 

Ratio of Average number 
Lamellar spacing X-ray/electron of lamellae Standard deviation 

Final X-ray from electron microscope within a of the 
Sample long spacing (,~) micrographs (/~) spacings fixed distance average number 

Unannealed 105 105 1.00 9.33 0.69 

Hl15 145" 120 1.21 8.20 1.19 

L 118 144" 120 1.20 8.09 0.93 

H117 162 ~ 143 1.13 6.88 0.74 

L122 171 144 1.19 6.84 0.62 

H123 181" 158 1.15 6.20 0.72 

L124 180 155 1.16 6.33 0.713 

H 125 202 186 1.09 5.29 0.72 

L126 190" 190 1.00 5.17 0.70 

aAfter cooling 

The electron micrographs provide little or no evidence 
of lamellae which have doubled in thickness, a feature 
which has been discussed earlier in the context of 
polyethylene 18.19. 

CONCLUSIONS 

The X-ray measurements reported here confirm that the 
thickening of polyethylene single crystals during 
annealing generally occurs by a three-stage process. 
Significant differences occur when Ta is reached at 
different heating rates. In general, the higher heating rate 
leads to a more rapid and a greater loss of intensity in 
the small-angle peak. At lower heating rates, this 
reduction is less pronounced, consistent with the 
conclusions from previous work which suggested a 
localized solid state reorganization for Ta < 123°C 6'7. The 
subsequent growth in intensity at the position of the peak 
due to thickened crystals is more rapid for lower heating 
rates. 

Electron microscopy has shown that heating rate 
makes little difference to the distribution of lamellar 
thicknesses following annealing. The regularity of 
lamellar stacking is reduced as T a increases, with the 
exception of results obtained at the highest Ta 
(T a > 120°C) with the high heating rate.Here, an apparent 
conflict between X-ray diffraction data and electron 
microscopy can be resolved if the sample consists of 
well-oriented domains of lamellae, with little correlation 
in the orientation within different domains. Electron 
micrographs from samples annealed at high heating rate 
and Ta> 120°C are consistent with this view. This 
domain structure, in combination with the observed 
initial dramatic loss of X-ray intensity at the high heating 
rate, is consistent with the samples undergoing melting 
and subsequent recrystallization around seed crystals. 
There is also the possibility that melting occurs to some 
extent at the low heating rate for the higher values of T a 
studied, from the evidence of a large loss of X-ray intensity 
at an early stage. This conclusion is consistent with results 
obtained from mixed crystal infra-red spectroscopy and 

neutron scattering, which both indicate that the 
mechanism of lamellar thickening changes at Ta = 123°C 
(refs 6 and 7). 
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