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Comparison of lamellar thickness and its 
distribution determined from d.s.c., SAXS, 
TEM and AFM for high-density polyethylene 
films having a stacked lamellar morphology 
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Lamellar thickness and its distribution in high-density polyethylene (HDPE) films having a well-defined 
stacked lamellar morphology were investigated by using differential scanning calorimetry (d.s.c.), small- 
angle X-ray scattering (SAXS), transmission electron microscopy (TEM) and atomic force microscopy 
(AFM). It was found that the most probable lamellar thicknesses from SAXS and TEM agrees very well; 
however, they do not agree with those values obtained from d.s.c, and AFM. It is pointed out that the use of 
d.s.c, as a tool to determine lamellar thickness and its distribution is so sensitive to the rate of heating in the 
d.s.c, experiments and the parameters in the Gibbs-Thomson equation that it is not believed to be suitable 
for routine quantitative analysis. © 1997 Elsevier Science Ltd. 
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INTRODUCTION 

Semicrystalline polymers often show a broad melting 
peak by d.s.c., and this is usually attributed to the 
distribution of crystalline lamellae thickness 1, although 
certainly the potential for defect concentration to affect 
melting is also recognized. Lamellar thickness distribu- 
tion for a specific polymer is the result of its chemistry 
and crystallization kinetics, and it also helps account for 
the thermal and mechanical properties possessed by that 
specific material. Therefore, it is of interest and desirable 
to be able to determine this distribution. 

D.s.c. melting endotherms can, in principle, be used to 
calculate the lamellar thickness distribution. In this 
approach, a d.s.c, profile, heat flow versus temperature, is 
transformed into a lamellar thickness distribution curve 
(probability of the weight percentage of  lamellae versus 
lamellar thickness) by using the Gibbs-Thomson 
equation 2 

T m = T ° 1 A H f L ]  (1) 

where Tm is the observed melting temperature for a 
crystalline lamella of thickness L; T ° is the equilibrium 
melting temperature of  the crystalline lamella of infinite 
thickness; ae is the surface energy of the basal surface of 
the crystalline lamella, and it is associated with the energy 
of  chain folding during the crystallization process; and 
AHr is the enthalpy of  fusion for the crystalline phase. It 
needs to be pointed out that the above equation is valid 
only for lamellae whose lateral dimensions are much 
larger than their thickness, which is generally the case. In 
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certain instances, the precise version of the Gibbs- 
Thomson equation, which takes into account the surface 
energy of the side surface and lateral dimensions of the 
crystalline lamella, would have to be utilized 3. 

Because of its simplicity and rapidity, the d.s.c. 
approach has been used as the principal route by several 
authors to obtain lamellar thickness and its distri- 
bution 4-9. However, there have been some uncertainties 
about this approach. There are two different ways to 
calculate the probability of the lamellar thickness 
distribution curves. The first method is to use d.s.c. 
endotherms directly; specifically, the melting endotherms 
are assumed to be proportional to the weight fraction of 
crystalline lamellae that melt at a specific temperature 
(thickness). The second method is to use a differential 
equation, developed by Alberola et al., based on the 
mathematical equality of mass fraction of crystalline 
phase to the ratio of the normalized heat of melting to 
the enthalpy of fusion, which has led to the following 
formula s: 

1 dM d E  ( T  ° - Ym) 2 
- ( 2 )  

M dL dT 2~reT m 

where M is the mass of crystalline phase within the 
sample for the d.s.c, experiment; dM is the mass of the 
crystalline phase that melts between T and T + dT with 
a thickness in the range L and L + dL; and d E / d T ,  
obtained from a d.s.c, endotherm, is the energy required 
to melt the dM fraction of the crystalline phase. All the 
other parameters in the above equation have the same 
definitions as in equation (1). 

While the above approach seems reasonable at first 
sight, for accuracy, the effects of heating rate used in the 
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d.s.c, experiments on the obtained lamellar thickness 
distribution curves must be properly addressed. For 
example, it is well known that the different heating rate 
can change the amount of heat flow and shift the 
temperature reading in the d.s.c, profile. In addition, this 
same variable can alter the width of a melting peak 
dramatically 1°'11. These latter factors have not been 
investigated in the past references given above, and this 
puts the calculated distribution curves into question. 
Furthermore, the possibility of annealing effects (e.g. 
lamellar thickening, partial melting, premelting and 
recrystallization) for polymer samples during the d.s.c. 
experiments is also of concern. 

There are other approaches that have also been 
utilized in the literature to determine the lamellar 
thickness distribution, and they include experimental 
techniques such as gel permeation chromatography 
(g.p.c.) 12,13, small-angle X-ray scattering (SAXS) 14,15, 

16 21 transmission electron microscopy ( T E M ) -  , and 
Raman longitudinal acoustic mode (LAM) 22,23. The 
g.p.c, method is based on the fact that nitric acid oxidizes 
the amorphous phase at a much faster rate than the 
crystalline phase r). As a first attempt to obtain lamellar 
thickness distribution, the molecular weight distribution 
measured by g.p.c, experiments for a sample whose 
amorphous phase is fully removed by the oxidation 
process was used as an indication of lamellar thickness 
distribution, which remains intact during the oxidation 
process 12. Clearly, this approach is not necessarily a 
good one due to the complex crystallization process 
experienced and morphologies possessed by the samples, 
let alone the difficulties with uniformity of oxidation 
promoted by limitation on diffusivity and accessibility by 
the oxidation agent, etc. 

SAXS is also a well-established method for the 
structural investigation of semicrystalline polymers 14'15. 
In a simple case, SAXS profiles for semicrystalline 
polymers having a lamellar morphology in an unoriented 
state, after proper correction (e.g. Lorentz correction), 
are generally characterized by one or more diffuse 
maxima, and the first maximum at the lowest scattering 
angle is frequently converted into the well-known 'long 
spacing' by applying Bragg's law. If the percentage 
crystallinity of the sample is known, and assuming that 
the crystalline lamellae are spaced filling with a single 
population of thickness, the mass-based most probable 
lamellar thickness (Lm) can be calculated by using the 
following relation: 

= XcLc (3) 

where Xc is the weight per cent crystallinity, generally 
measured by d.s.c., wide-angle X-ray diffraction or 
density, and Lc is the long spacing obtained from the 
SAXS profile by Bragg's law. However, it is non-trivial 
to extract the lamellar thickness distribution from SAXS 
data. According to some authors, it can be done only 
under the assumption that the crystalline lamellae are 
isotropic stacks of plates with an infinitely extended 
lateral dimension 14. Even in this case, the corrected 
SAXS data have to be smoothed and fitted to some kind 
of stacked lamellar morphological model with a known 
lamellar thickness distribution Is. Therefore, SAXS is not 
a routine way to obtain the lamellar thickness distribu- 
tion, although it can provide an estimation of the average 
lamellar thickness as expressed by equation (3). 

In the use of TEM for the determination of the 
lamellar thickness distribution, most studies of which 
have been limited to polyethylene, were initiated by the 
success of the chlorosulfonation treatment for polyolefins, 
especially high-density polyethylene (HDPE) 16-2°. Basi- 
cally, the thickness of crystalline lamellae, as revealed by 
TEM images taken for samples stained by chlorosulfonic 
acid and further treated with uranyl acetate, is measured 
by eye; then the histogram is constructed for the number 
of measurements versus lamellar thickness. From this, a 
number-based lamellar thickness distribution is obtained. 
The same procedure can also be carried out by using 
sophisticated image analysis computer programs. The 
problems associated with the TEM approach are: (1) it is 
assumed that the morphology of the sample is not altered 
in the staining process, which is not certain in many 
cases21; (2) the contrast of TEM images is typically not 
uniform, and this implies that the crystalline lamellae are 
in different orientation states with respect to the 
microtomed surface, thus the obtained distribution 
histograms may not be accurate; (3) the obtained TEM 
images are only a small fraction of a bulk sample, so it 
may not be a thorough and accurate representation of 
the real material. The last problem, however, can be 
minimized by analysing multiple sections of a given 
material. 

The positions, intensities and shapes of the low- 
frequency Raman-active band (wavenumber less than 
60 cm -1) have been extensively used in the determination 
of the extended chain length in semicrystalline polymers, 

22 23 n h t again particularly for HDPE ' . It has been show t a 
the observed integrated intensity is proportional to the 
length of the ordered sequence, i.e. extended chain length 
or stem in the crystalline phase 23. The silent assump- 
tions in this approach are that the amorphous phase, 
crystalline lamellar surfaces, and tie chains have no 
effects on the LAM intensity distribution. Furthermore, 
corrections have to be made for any chain tilting angle 
inclination of the chain axis with respect to the basal 
surface of crystalline lamellae. 

When practically possible, a combined approach is 
desirable to make sure that the lamellar thickness 
distributions obtained from the different approaches 
have a reasonable agreement. Studies have been pub- 
lished where the lamellar thickness distributions 
obtained by TEM, SAXS and LAM were compared 
for linear polyethylene samples (from low and inter- 
mediate to high molecular weight) with five different 
lamelIar morphologies )8'z9. Except for samples with 
fairly narrowly distributed stacked lamellae, where 
good agreement between the three methods was 
achieved, limited agreement was found for samples 
with curved lamellar morphologies or samples with 
asymmetric or broad lamelIar thickness distributions. 

Also, there have been studies in which d.s.c., SAXS 
and TEM were used to obtain lamellar thickness and its 
distribution 6'7. In these cases, the most probable lamellar 
thickness obtained from TEM and/or SAXS was used to 
'fit' the lamellar thickness distribution curves generated 
from the d.s.c, data. From this the surface energy of the 
basal surface was estimated by using equation (2). 
Obviously, the equality of the most probable lamellar 
thicknesses obtained from these approaches needs to be 
proven. 

The purpose of this paper is to present an investigation 
of lameIlar thickness and its distribution by using d.s.c., 
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SAXS, TEM and atomic force microscopy (AFM) 
techniques and to compare the results thus obtained. 
The materials used in this study were HDPE films having 
a well-defined stacked lamellar morphology prepared by 
melt extrusion. The presence of thin lamellar morphol- 
ogy with large lateral dimension ensured the applicability 
of the Gibbs-Thomson equation. The d.s.c, curves for 
this material, obtained at a heating rate of 10°Cmin -1, 
showed a relatively sharp melting peak, indicating a 
'narrow lamellar thickness distribution'. The TEM 
images for samples treated by chlorosulfonic acid 
revealed a uniformly good contrast of crystalline 
lamellae compared with that of the amorphous phase, 
and thus this simplified stacked lamellar morphology 
allowed us to develop a confident construction of the 
lamellar thickness distribution histograms. 

With the rapid advances in the application of AFM in 
polymers, crystalline lamellae have been observed by 
many authors for different kinds of semicrystalline 
polymers 23-25. However, AFM is a surface-oriented 
tool, and the authenticity of the obtained images has 
been questioned, especially for experiments done in 
contact modes 26. With the development of more 
advanced skills such as the Tapping Mode or Lift 
Mode, the application of this technique will certainly 
become more and more common. The crystalline 
lamellae in the melt-extruded HDPE films used in this 
study were 'edge-on' with respect to the film surfaces, 
and this allowed the direct visualization of the lamellae 
on untreated film surfaces. Therefore, it is of interest to 
see whether or not the lamellar thickness distributions 
for our materials with simple and well-defined stacked 
lamellar morphologies obtained from AFM are in 
agreement with the results obtained by the other 
techniques. 

EXPERIMENTAL 

Materials 
The film materials used in this study were prepared 

from an HDPE resin with a number-average molecular 
weight (Mn) and weight-average molecular weight (Mw) 
of 14500 and 150000gmo1-1, respectively. The films 
(1 mil (0.0254mm) in thickness) were extruded under 
processing conditions such that the crystalline phase is 
quite highly oriented along the machine direction, 
whereas the amorphous phase is essentially in a 
random state. A detailed study of the orientation state 
of crystalline phase and amorphous phase of the films 
used in this study has been provided elsewhere 27. In 
addition to the extruded film, which was designated as 
precursor film (Pre), two annealed films of this same 
precursor were also utilized. The annealed films were 
prepared by annealing at 120 and 130°C for 20min; 
based on earlier experiments, 20min of annealing at 
these temperatures is sufficient for the majority of 
lamellae thickening. The two annealed materials were 
designated as F120 and F130, respectively. 

D.s.c. experiments 
A Perkin Elmer DSC-7 instrument was used for all the 

d.s.c, experiments. D.s.c. scans were carried out by using 
seven different heating rates of 1, 2, 4, 8, 16, 32 and 64°C 
min -1. Baseline calibrations were made for all the 
heating rates. A small, fixed sample weight (,,~3.0mg) 
was used, and all the d.s.c, samples had the same shape 

and size--four layers of circular 1 mil (0.0254 mm) films 
with the same diameter as the d.s.c, sample pan. All the 
samples were sealed in the same manner by using a pan 
crimping tool in order to ensure good sample-pan 
contact. For comparison, a standard indium (In) sample 
was also scanned at the seven heating rates used for the 
HDPE samples. When applying the Gibbs-Thomson 
equation to the d.s.c, data, the AHr, ae and T ° values 
utilized were 290Jcm -3, 90mJm -2 and 145.5°C, 
respectively 28. 

SAXS experiments 
A standard Kratky slit-collimated camera was used for 

the SAXS experiments. Stacks of HDPE films were used 
as the samples for the SAXS experiments. In order to 
minimize the effect of orientation, nine layers of films 
were used in each stack, and the machine direction (MD) 
of each layer of film within the stack was at an angle 
(HI 1 °) with respect to the adjacent layer of film so that 
the MDs were uniformly distributed in the plane of the 
sample holder. The same sample stacks were also studied 
by a separate synchrotron X-ray scattering experiment, 
and the results showed several isolated first-order 
scattering 'spots' at the same scattering angle--each 
pair of which arises from a film layer with a specific 
orientation. Thus, the azimuthal intensity distribution is 
not perfectly circularly uniform, which should be the case 
for a truly isotropic media. However, more importantly 
for this study, the long spacing for the specific sample 
obtained from the synchrotron experiment was found to 
be in good agreement with that from the Kratky 
experiment on the same sample. 

TEM experiments 
Samples for the TEM study were stained with 

chlorosulfonic acid at 60°C for 6h, then washed with 
sulfuric acid and water. After being dried overnight, the 
samples were embedded in an epoxy resin and cured 
overnight at 65°C. The embedded samples were micro- 
tomed at room temperature, and the microtomed thin 
sections were ~80 nm thick. All the TEM experiments 
were performed using a Philips EM420 instrument 
operated at 100kV. 

AFM experiments 
Samples for the AFM experiments were the untreated 

film surfaces. Double sided tape was used to mount the 
sample to the sample stage. All the AFM experiments 
were carried out using a NanoScope III SPM (Digital 
Instrument) instrument operating in the Tapping Mode. 
In this mode, a silicon tip oscillating slightly below its 
resonance frequency (~200 kHz) hovers above the sur- 
face of the sample at a very short distance (50-150 A). 
The tip-sample interaction was short and intermittent to 
prevent surface deformation during the experiments. The 
output images were collected in the form of height image 
amplitude images. The lamellar thickness estimates were 
done by using the amplitude image mode. 

RESULTS 

Figures l a - l c  are the d.s.c, scans at the seven heating 
rates for the three HDPE films used in this study. The 
effects of heating rate are clearly shown. Once the heating 
rate was doubled, the melting endotherm (the area under 
the melting peak) was also doubled (the sample weight 
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was kept constant), and this can be justified by the fact 
that the heat flow (dE/dt) measured by the d.s.c. 
instrument is dependent on time (dt), or heat rate 
(dT/dt), used in the experiment. There was also a shift to 
higher temperatures for the melting endotherms as the 
heating rate was increased. More prominently, the width 
of the melting peaks was dramatically changed by the 

heating rate. The same effects also existed for the 
standard In sample, which can be noted in Figure ld. 
Since the In sample has a better thermal conductivity, the 
thermal lag was less pronounced than that for the HDPE 
samples. Nevertheless, the intrinsic thermal lag in the 
d.s.c, experiments always exists. 

Therefore, in order to use the d.s.c, data for the 

(a) 

E 

o 
LI_ 

0 

I 

60 

(c) 

E 

o 
i, 
"4"-- 

o 

"-r 

60 

Figure 1 
sample 

I 

Pre 

j /  

I I I 

80 100 120 

i 

F1 50 

i i i 

32C/min 

, __ 16C/min 

I I 

140 160 

8C/min 

4C/min 

2C/min 
tC /min  

I 

180 200 

Temperature (C) 

64C/rain 

32C/min 

16C/min 

8C/min 

4C/min 
2C/rain 
1 C/ra in  

(b) 

E 

o 
i ,  

o 

I 

(d) 

E 

}: 
o 

i, 

o 
® 

I 

60 

1 

F120 

J 
__J 
___/ 

L_ 

I I I I I 

64C/min 

32C/rain 

16C/min 

8C/rain 

4C/rain 
2C/min 
1C/min 

I 

80 100 120 140 160 

Temperature (C) 

180 200 

i i 

Indium 

i i i i 

/L. 
64C/min 

/~ 32C/min 

16C/rain 

) L 8C/min 

I 4C/min 
__ 2C/rain 

1C/min 
I I I I I I 

1 ,55  1 6 0  1 6 5  1 7 0  1 7 5  1 8 0  
l I I I I I I 

80 100 120 140 160 180 200 145 150 185 

Temperature (C) Temperature (C) 

D.s.c. scans at seven different heating rates for (a) precursor film, (b) annealed film at 120°C, (c) annealed film at 130°C and (d) standard In 

5738 POLYMER Volume 38 Number 23 1997 



Lamellar thickness and distribution in HDPE: H. Zhou and G. L. Wilkes 

calculation of the lamellar thickness distribution, correc- 
tions for thermal lag have to be made. To do this, the 
heat flow was normalized by the heating rate, converting 
dE~dr into dE/dT. Secondly, the d.s.c, curves were 
shifted to 'zero heating rate'; this was done by 
constructing a plot of melting temperature (peak 
temperature in the d.s.c, melting endotherm) versus 
heating rate, as shown in Figure 2. It was noted that in 
Figure 2 at slow heating rates the peak melting 
temperatures for the precursor film and the F120 film 
were almost identical, and this is an indication that the 
precursor film was probably 'annealed' during the d.s.c. 
scan at the slowest heating rate. Therefore, the extra- 
polations were done without using the d.s.c, data for the 
1 and 2°Cmin -] heating rates. No attempts were made 
to make any correction for the width of the melting peaks 
since the relationship between the width of a d.s.c. 
melting peak and heating rate is non-linear 9. In addition, 
due to the above-mentioned annealing effect during the 
d.s.c, experiment, it is not possible to know the exact 
width of the melting peaks for the initial (original) 
lamellar morphology at the lower heating rates. Using 
this approach, the corrected d.s.c, data for the three 
HDPE films are shown in Figure 3. 

Figures 4 and 5 show the calculated lamellar thickness 
distribution from the corrected d.s.c, data. The two 
methods described in the introduction to this paper were 
then both applied to the data, i.e. the 'direct' approach of 
the Gibbs-Thomson equation and the 'indirect' 
approach which uses differential equation (2). Figure 4 

provides the results obtained from the method in which 
the d.s.c, melting endotherms were used directly, while 
Figure 5 displays the results of the method in which the 
differential treatment (equation (2)) was used. The most 
probable lamellar thickness, the value that corresponds 
to the peak position in the distribution curve, is shown 
on each distribution curve. It can be seen in Figure 4 that 
the most probable lamellar thickness was the same 
because of the shifting to 'zero-heating rate' of the d.s.c. 
data. In Figure 5, however, this is not the case--the most 
probable lamellar thickness decreased at higher heating 
rates. Figures 4 and 5 show that the distribution curves 
are different at different heating rates, and the two ways 
to calculate the probability result in different distribution 
curves at the same heating rate, although they are quite 
similar at slower heating rates. 

The SAXS data are shown in Figure 6, where 
intensities before and after the Lorentz correction are 
plotted against the scattering vector (defined as 
S = (2/A)sin0, where 0 is one-half of the scattering 
angle). Since the special film stacks were used as samples 
for SAXS experiments, the Lorentz correction factor 
used was the same as that for the standard slit-collimated 
SAXS data. Annealing not only 'sharpened' the scatter- 
ing peaks, but also moved them to lower scattering 
angles, indicating an increase in the long spacing. In 
addition, a well-defined second-order scattering peak 
was also present for the annealed films. The most 
probable lamellar thickness, Lm, calculated by using 
equation (3), is also shown in this figure. In the 

1 7 0  i I u i ; u i 

1 6 0  

150 

14-0 

1 3 0  
', f 1 2 0  

• ' f 1 5 0  

o y  
q)  

{3 

Q. 

E 
® 

I - -  

t:n 
E 

a ~  

- I - -  
I 

® 

1 2 0  i i I i J i i 
0 1 0  2 0  3 0  ¢ 0  5 0  6 0  7 0  

Heating Rate (C/min) 
Figure 2 Linear relationship between melting temperature (melting endotherm maxima) and heating rate for precursor film, annealed films at 120 and 
130°C and In 

POLYMER Volume 38 Number 23 1997 5739 



Lamellar thickness and distribution in HDPE." H. Zhou and G. L. Wilkes 

calculations, the percentage crystallinities used were 
from the d.s.c, experiments, being 61, 71 and 78% for 
pre, F120 and F130 films, respectively. No attempt was 
made to calculate the lamellar thickness distribution 
from the SAXS data. 

The TEM results are presented in Figure 7, where 
electron micrographs for the two annealed HDPE films 
are shown. Lamellar thickness distribution histograms 

based on the TEM images were constructed and are 
shown in Figure 8. Only the results for the two annealed 
films are presented, since the TEM images for the 
precursor film did not provide a sufficiently sharp contrst 
to allow a confident measurement of lamellar thickness. 
Over 300 lamellae in five different micrographs taken 
under the same conditions were used for these distribu- 
tion histograms. Only those lamellae that displayed 
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uniform and sharp contrast and had straight and large 
lateral dimensions were selected, and by doing this the 
effect due to the different orientations of the crystalline 
lamellae with respect to the microtoming were believed 
to be minimized. 

In order to compare the results with those from d.s.c., 
the number-based distribution histograms have to be 
transformed into mass-based distribution histograms. 

The mass-based distribution histograms were obtained 
by multiplying the 'probability' of the number-based 
distribution histograms by the corresponding lamellar 
thickness--in doing this we are using the assumption 
that all the counted lamellae had the same lateral surface 
area, which may not be fully justified but is a reasonable 
first approximation for the type of stacked lamella 
system we are investigating here. 
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Figure 9 presents the Tapping Mode AFM images 
(amplitude images) obtained for the annealed films. Only 
images for the two annealed films are shown since the 
image for the precursor film was not satisfactory for 
lamellar thickness measurement. The histograms gener- 
ated from AFM are presented in Figure 10. The 
measurement of the lamellar thickness was done by 

directly using the analysis software of the AFM 
instrument. The same lamellae selection criteria was 
used as in the TEM experiment. The mass-based 
distribution histograms were also constructed by using 
the same method as in the TEM experiments. The 
number of lamellae used in the construction of the 
histograms in this case was over 200 from five AFM 
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images for each histogram. It was noticed that the data 
were scattered and the maxima were less well defined as 
compared with the TEM results, and this is probably 
due to the untreated sample surfaces used in the 
experiments. 

DISCUSSION 

Most probable lamellar thickness 
Comparing the most probable lamellar thickness 

obtained from SAXS, TEM and AFM, it was found 
that for the F120 and F130 films, the values from SAXS 
and TEM were in surprisingly good agreement, with the 
average lamellar thickness being 213 and 278A from 
SAXS and 210 and 275A from TEM. The same 
conclusion has been drawn by others for HDPE 
samples 18'j9. The values from AFM seem to be larger 
than those from SAXS and TEM, being 240 and 310 A, 
respectively, for F120 and F130 films. However, because 

Figure 9 AFM images (amplitude images) for annealed films at 
(a) 120°C and (b) 130°C. The scale bars represent 400nm 

of the lack of a well-defined maxima in the distribution 
curves based on the AFM experiments, these average 
values carry somewhat less meaning. 

Regarding the AFM results, it must be clearly 
recognized that the lamellar morphology on a film 
surface may not be the same as in the bulk. For solution- 
grown, ultra-thin and ultra-drawn HDPE films, the 
crystalline phase was found to protrude out of the film 
surface as observed by AFM 23, and the same phenom- 
enon was also observed for melt-extruded films 29,3°. This 
has been explained by the authors as a combination of 
film processing and crystal growth. We recognized that 
our materials do not have the same kind of morphology 
as the above-described ultra-thin films; however, we 
indeed found a larger most probable lamellar thickness 
(although not well defined and with a wide range) on the 
surface of our films compared to the TEM results, which 
were based on bulk samples. One possible reason for this 
difference, which seems to be more pertinent for the melt- 
extruded films used in this study, is the likelihood of 
'fold-over' of the crystalline lamellae. Fold-over may be 
introduced due to the friction between the film surface 
and other surfaces (e.g. film-collecting spool) during or 
after the process of crystallization; and because of this, 
the crystalline lamellae on the surface seems to be 
thicker, as observed by the AFM experiment. 

On the other hand, AFM is basically a surface 
characterization technique. In fact, the contrast of 
AFM images is based on surface roughness in the cases 
of height and amplitude imaging. The surface roughness 
of our samples (the melt-extruded film and annealed 
films) can be influenced by many factors, from micro- 
scopic molecular relaxation to macroscopic die smooth- 
ness. Therefore, in order to make a fair comparison for 
the lamellar thickness and its distribution, measurements 
on samples cryomicrotomed from bulk materials would 
be more desirable. That is, ideally, one would like to use 
a virgin HDPE sample without staining, cryomicrotome 
it, collect the microtomed thin sections for TEM 
observation, and use the surface on the bulk part of the 
sample for AFM observation. Since the films were 
uniaxially oriented, the microtoming can be done by 
simply cutting in the plane that contains the MD and ND 
(normal direction) of the films. Unfortunately, although 
we have tried to do this, we have not been able to 
successfully make such measurements. 

The most probable lamellar thickness from d.s.c, data, 
provided either in Figure 4 or 5, was influenced by the 
heating rate of the d.s.c, experiment. By shifting to 'zero 
heating rate', the melting temperature for samples Pre, 
F120 and F130 were 130.3, 130.7 and 131.6°C, 
respectively; these temperatures, according to equation 
(2), correspond to lamellar thicknesses of 171, 176 and 
187 A. These values were less than those from SAXS and 
TEM (174, 213 and 278 ,~ for the respective three films), 
with the exception for the Pre film, which is not easily 
explained. If the most probable lamellar thickness from 
SAXS was used in equation (2), the calculated melting 
temperatures for the Pre, F120 and F130 films would be 
130.2, 133.2 and 135.8°C, respectively. Based on Figure 2, 
these melting temperatures would then correspond to 
heating rates of 0, 10 and 17°Cmin -1 in the d.s.c. 
experiments for the three films. Therefore, except for the 
Pre film, shifting the d.s.c, data to 'zero heating rate' did 
not give rise to a most probable lamellar thickness result 
that agrees with the other techniques. 
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Lamellar thickness distribution 
The lamellar thickness distribution curves calculated 

from d.s.c, data (Figures 4 and 5) clearly show large 
differences caused by heating rate, i.e. from very narrow 
distributions at lower heating rates to very broad 
distributions at higher heating rates. This observation 
holds true no matter which of the two methods was used 
to calculate the probability of the distribution curve. At 
smaller heating rates, thermal lag was minimized, but the 
materials were subject to annealing during the d.s.c. 
experiment; thus the determined distribution curves did 
not truly represent the original samples. At higher 
heating rates, the original morphology was undoubtedly 
better preserved; however, the effect of thermal lag is 
undoubtedly more pronounced, thus the distribution 
curves are likely to be partially in error. Therefore, the 
distribution curves are highly heating rate sensitive, as 
shown earlier in Figures 4 and 5. 

In most of the published work where d.s.c, has been 
used as a tool to obtain the lamellar thickness distribu- 
tion, the quoted lamellar thickness distributions have 
been based on experiments carried out at a single heating 
rate, commonly 10°C min -1 . We also plotted the lamellar 
distribution curves calculated by using the original 
(unshifted) d.s.c, data at heating rates of 8 and 16°C 
min -1 for the F120 and F130 films, and the results are 
presented in Figure 11. Dotted lines and solid lines 
correspond to the two ways of calculating the probability 
which were used to construct Figures 4 and 5. Also 
included in Figure 11 are the lamellar thickness distribu- 
tion histograms obtained by TEM for the same annealed 
films. We were surprised to find that there was reason- 
able agreement for not only the most probable lamellar 
thickness but even for the entire distribution! 

It was pointed out earlier that the width of a d.s.c. 
melting peak is affected by heating rate in a non-linear 
fashion, and hence so is the lamellar thickness distribu- 
tion based on the d.s.c, data. Thus, an appropriate 
heating rate should help balance the thermal lag effect, 
which tends to broaden the melting peak (distribution 
curve), and the annealing effect, which tends to narrow 
the melting peak (distribution curve). Examining the 
lamellar thickness distribution curves again in Figures 4 
and 5, it was noted that these curves were similar in the 
heating rate range between 8 and 16°Cmin -1. While no 
proof exists, these two heating rates may be in the 
appropriate range for the d.s.c, experiment that generates 
the more nearly accurate lamellar thickness distribution 
curves, as suggested by the TEM method. 

Additional support for this 'coincidence' extends 
perhaps from the excellent match for the values of 
most probable lamellar thickness from d.s.c, and those 
from TEM and/or SAXS, as shown in Figure 11. The 
heating rates calculated by equation (2) based on the 
lamellar thickness from SAXS and/or TEM were 10 and 

o 1 17 Cmin- for F120 and F130, respectively, and these 
heating rates are very close to 8 and 16°C min -1 as shown 
in Figure 11, for the same films. Therefore, the apparent 
agreement between the lamella thickness distributions 
observed in this study and other investigations seems to 
be fortuitous rather than expected. 

Effects of (Ye and T ° 
Certainly, by using equation (2), the calculated 

lamellar thickness is affected by the values of the three 

parameters in equation (2), namely AHf, O'e, and T °. 
According to the literature 31-38, 290Jcm -3 is a well- 
accepted value for AHf, which is also what was used in 
this study. However, the parameter o e has values 
between 70 and 90mJm -2, and values quoted for T ° 
range from 140.5 to 145.5°C. In Figure 12a the effects of 
% and T ° on the calculated lamellar thickness according 
to equation (2) were presented by using diferent values of 
cre and T °, as shown in this figure. As the temperature 
increases, a small variation in the equilibrium melting 
temperature and/or surface energy can result in a large 
difference in the calculated lamellar thickness. Figure 12b 
shows a comparison between the lamellar thickness 
calculated in this study by using % = 90mJm -2 and 
T ° = 145.5°C (x-axis) and the lamellar thickness (y-axis) 
if other values of ae, and T ° have been used, including 
the above values. Again, the deviations begin to be pro- 
minent starting from ~100 A, which is the range for the 
HDPE films used in this study. 

Furthermore, the given assumption of using the 
Gibbs-Thomson equation to calculate lamellar thick- 
ness is that the surface energy is a constant. Practically, 
however, there is the possibility that the surface energy is 
somewhat changed during the d.s.c, experiments. When 
the temperature rises during the d.s.c, scans, the mobility 
of polymer chains increases, especially at temperatures 
higher than that of the mechanical a relaxation. The 
basal surface of lamellae can reorganize and therefore 
decrease the surface energy. The change in surface energy 
certainly affects the calculated lamellar thickness, as 
already shown in Figure 12. Given the uncertainties 
about the exact values of ae and T ° and the potential 
change of cry, it seems impossible to obtain accurate 
lamellar thickness values with high confidence by using 
equation (2). 

CONCLUSIONS 

Based on the investigations for HDPE films having a 
well-defined stacked lamellar morphology in this study, 
it is concluded that the most probable lamellar thickness 
from SAXS agrees well with that from TEM, but not 
with those from d.s.c, and AFM. The use of d.s.c, as a 
tool to determine the lameUar thickness distribution 
based on the Gibbs-Thomson equation needs be limited 
for certain heating rates so that the effects of thermal lag 
and of 'annealing' during the d.s.c, scan are balanced 
(e.g. 8-16°Cmin -I for HDPE materials, based on the 
present study). As for AFM, more work on the exp- 
erimental technique is necessary before one can finally 
conclude whether it can be utilized to determine the 
lamellar thickness distribution. It is worth pointing out 
that the conclusions given here are based on HDPE films 
having a well-defined stacked lamellar morphology and 
relatively narrow melting peaks in the d.s.c, scans at 10°C 
min -1 heating rate. For polyethylene or other materials 
having more complex morphologies (e.g. spherulitic 
morphology) and/or having wider melting peaks in the 
d.s.c, scans (e.g. branched polymers), it is expected that a 
comparable analysis would be much more difficult-- 
specifically for the direct measurement of lamellar 
thickness by TEM. Hence, we view our work to be of 
value as a model study to address the issue of whether the 
measurement of lamellar thickness and its distribution 
can be determined with consistency by different standard 
analytical characterization techniques. 
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