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Both low- and wide-angle X-ray diffraction measurements have been made on solution- 
crystallized mats of high density polyethylene which have been annealed for different 
periods at 125 ~ C. The low-angle data, in addition to showing the rapid increase in both 
long period and density defect at each fold surface for the first stages of annealing, also 
indicate that after annealing for times in excess of 105 sec the density defect is reduced 
and approaches the value for the unannealed crystal. The wide-angle X-ray studies have 
centred around the Fourier analysis of the 0 0 2 diffraction peak. The results of this type 
of measurement on unannealed mats have already been reported [20]. In extending the 
work to annealed material evidence has been obtained for preferred chain stem lengths 
which are multiples of the unannealed length. The combination of these observations with 
the low-angle results has led to the formulation of a model for crystal thickening which 
invokes the unlooping mechanism proposed by Dreyfuss and Keller [15], but also 
envisages thickening occurring preferentially from one fold surface to give an asymmetric 
crystal profile in the [00 1] direction. 

1. Introduction 
One year after the discovery in 1957 that poly- 
ethylene single crystals consisted of folded chains 
[1, 2], it was reported that the thickness of the 
crystals as measured by small-angle X-ray diffrac- 
tion (the long period) could be increased by an- 
nealing close to the melting point [3]. Since that 
time several similar and more detailed observations 
of the effect of annealing polyethylene on its long 
period have been recorded [4, 5]. Thickening has 
been observed using transmission electron micro- 
scopy [6-8],  and has also formed a basis of ex- 
planations of the effect of annealing on mechanical 
relaxation [9] and gas adsorption properties [10]. 
These last two papers also emphasise the marked 
difference in annealing behaviour between solution 
and melt-crystallized material. 

In terms of molecular mechanisms it is not 
possible to consider annealing behaviour in iso- 
lation from the processes of crystallization and 
melting, and accordingly the range of current mole- 
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cular models for these processes is reflected in a 
similar diversity of models to describe crystal 
thickening on annealing. It is generally agreed that 
the thickening must involve a specially high chain 
mobility at the annealing temperature - at least in 
the chain d i r ec t ion -bu t  the question as to 
whether the high mobility is the result of transient 
melting remains open. 

The observation of a double melting peak in 
differential scanning calorimetry traces [ 11 ] which 
is not seen if the sample is mildly irradiated [12] 
suggests that melting of the thin crystals is fol- 
lowed by their recrystallization as thicker, higher 
melting points entities, it is difficult, however, to 
reconcile complete, albeit transient, melting with 
the fact that the thickened crystals are of identical 
orientation to the original. On the other hand, 
several molecular mechanisms have been proposed 
to explain thickening which do not involve melting 
[13-15]. One of these was put forward by 
Dreyfuss and Keller [15] as the result of obser- 
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vations that the annealing of polyamides led to a 
doubling, and under some conditions a quadru- 
pling, of the long period. It envisages the pulling 
out of individual folds which in addition to pro- 
viding a neat explanation of the observed doubling 
could also account for the insensitivity of annealing 
behaviour to molecular weight noted in some in- 
stances [14]. 

Measurements of density changes on annealing 
have provided other clues as to the structural vari- 
ations which may occur in the region of the fold 
surfaces. The density data of Fischer and Schmidt 
[16] and more recently of Blackadder and Lewell 
[17] showed that annealing polyethylene below 
120 ~ C leads to a gradual increase in density along 
with the fold period, whereas if annealing is carried 
out between 120 ~ C and the melting point, there is 
an initial decrease in density followed by an in- 
crease after long times. Btackadder and Lewell 
further developed the suggestion of Bair e t  al. [ 12] 
that there are two annealing mechanisms, one pre- 
dominant below 117~ and the other above. On 
the basis of measurements of tensile modulus, 
swelling due to solvent penetration, density and 
SAXD long periods, they proposed that the low 
temperature mechanism produces crystal thicken- 
ing without any melting whereas that operating 
above 117 ~ C involves partial melting. 

Knowledge of the long period and the thickness 
of the completely crystalline components of the 
layers can provide an estimate of the thickness of 
the disordered layer. This approach was first ap- 
plied to the annealing of polyethylene fibres by 
Statton [18] who showed that the thickness of the 
disordered layer increased with the crystal thick- 
ness. More recently Kobayashi and Keller [19] ob- 
tained values of the thickness of the disordered 
layer for solution crystallized polyethylene mats 
by subtracting the crystal thickness, obtained by 
measuring the half-width of the 0 0 2 peak, from 
the long period. They varied the long period by 
using different annealing treatments and observed 
that the disordered layer thickness was directly 
proportional to the long period. 

2. Scope of this paper 
This study is the direct extension of work already 
reported [19, 20] and was commenced at the insti- 
gation of Professor Keller in his laboratory. The 
specimens used for the annealing were cut from 
the same well-oriented crystalline mats of high 
density polyethylene prepared by Dr Kobayashi, 
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and already studied in considerable detail by wide- 
angle X-ray diffraction. 

The specimens were annealed for different 
periods at 125~ which is in the temperature 
range for which there is evidence of transient 
melting [12, 16, 17]. After the annealing treatment 
the specimens were rapidly cooled and their struc- 
ture examined by quantitative small-angle X-ray 
diffraction and also by the analysis of the profile 
of the 0 0 2 peak - a technique already applied to 
unannealed specimens [20]. 

3. The specimens 
3.1. Sample preparation and annealing 
Specimens cut from the original mat of solution 
crystallized high density polyethylene (Rigidex 50) 
were annealed for different periods in a silicone oil 

1o  bath maintained at 125 -+ ~ C, the specimens being 
brought to temperature by direct immersion in the 
bath and cooled by quenching in water. The two 
specimens annealed for the longest times (104 and 
6 x l0 s sec) were held between copper blocks in a 
test tube immersed in the bath so as to prevent any 
distortion of the specimen. Every attempt was 
made to reproduce the heating and-cooling rates 
of the shorter anneals. The experimental results 
however tend to show a discontinuity in the 
gradual change in structure during annealing which 
is attributable to the change in technique. It may 
be the result of the sensitivity of annealing be- 
haviour to small variations in heating and/or cool- 
ing rates even when the annealing period exceeds 
the time to reach the correct temperature by a 
factor of 10 000 or more. It is also possible that 
some degree of degradation due to oxygen occurred 
during the long anneals. 

3.2. Preliminary survey of the structure 
Both small- and wide-angle transmission X-ray 
diffraction photographs were prepared from the 
annealed specimens. The increase in long period 
was very apparent from the small-angle diffraction 
patterns and also caused a sharpening of some 
wide-angle reflection. The crystallographic texture 
was unchanged by annealing, the fold sarfaces 
remaining perpendicular to the chain direction. 
There was some indication of a limited degree of 
broadening of the low-angle reflection in the di- 
rection of the layer lines on annealing which may 
suggest a reduction of the lateral dimensions of 
the crystals. 



TABLE I 

Specimen Density 

Unannealed 0.964 
10 sec at 125 ~ C 0.957 
100 sec at 125 ~ C 0.959 
1100 sec at 125 ~ C 0.965 
10 000 sec at 125 ~ C 0.970 
600 000 sec at 125 ~ C 0.985 

3.3. D e n s i t y  m e a s u r e m e n t s  

The densities of annealed samples are summarized 
in Table I. They show the same trends as the data 
of Fischer and Schmidt  [161, Blackadder and 
Lewell [17] and others for specimens annealed 

above about  120 ~ C; namely,  an initial decrease 
after short anneal ing times followed by an increase 

as anneal ing is prolonged. The subsequent  density 
increase is part icularly marked for the longest t ime 
at 125 ~ C (6 x l0  s sec). 

4. Small-angle X-ray diffraction (SAXD) 
4.1. Results and their interpretation 
The SAXD pat terns were recorded using a Kratky 
(slit coll imated) camera. The data were corrected 
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Figure 1 Plots of the first moments of the SAXD curves 
for the as-crystallized specimen and those annealed at 
125 ~ C for the times indicated. 

for background scattering and are plot ted as the 

first m o m e n t  of in tens i ty  (Is) against s in Fig. 1. 

The good or ienta t ion  of  the sample restricted the 

degree of slit smearing to an acceptable level. How- 

ever, the degree of  misor ienta t ion which is present  

would  interfere with the drawing of  any pre- 

cise quanti tat ive deduct ions from the data, no t  
only on account  of  slit smearing bu t  also because 
it would tend to invalidate the use of the relation 
I(s). s for the total  diffracted in tensi ty  at s. Higher 
precision could only be obtained by destroying 
the texture of the sample, correcting the pat tern  
for slit smearing and expressing the total  diffracted 
in tensi ty  at s as I(~). s 2. 
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Figure 2 Parameters ~ measured frown the SAXD curves 
plotted against log annealing time. (a) The long period; 
Co) the normalized /~tructure factors of the first and 
second order peaks which give an indication of the change 
in integral electron deficiency in each long period on 
annealing; (c) the normalized structure factor for the first 
order peak divided by the long period. This parameter is 
related to the total electron deficiency in all the fold sur- 
faces; (d) the ratio of the structure factors of the first and 
second order peaks; (e) the integral width of the first 
order peak, 
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The long period increases rapidly during the 
first 100 sec at 125 ~ C from 111 A to 252 A. Where- 
as after much longer annealing times it never in- 
creases above 272A. The long period is plotted 
against log annealing time in Fig. 2a. The discon- 
tinuity between 1A x 103 and 104 sec probably 
reflects a change in annealing procedure (cf. Sec- 
tion 3.1). Peaks representing second order dif- 
fraction from the long period were visible at all 
stages of annealing although they were less well- 
defined after short annealing periods. 

There is no evidence for superposition of pat- 
terns representing different long periods. 

In order to further characterize the changes in 
SAXD on annealing, relative structure factors for 
the first and second order peaks from all the speci- 
mens were calculated by a method described by 
Strobl [21] and Strobl and Mtiller [22] but with 
their relation modified as below to account for the 
preferred orientation of our specimens: 

IFI 2 c~ L 2 ~ z, I(s>s'ds 
8= l +.~___~ 

L 

where l is the order of the reflection and L the 
long period. 

The integral electron deficiency in each long 
period is given by [F[o which it is not possible to 
measure. The structure factor of the first low 
angle reflection, IFllst, will also depend on the 
integral electron deficiency varying linearly with 
IF[0; in addition however, it is sensitive to the 
distribution of the electron deficiency within the 
long period. On the premise that the electron de- 
ficient regions are centred at the interface between 
adjacent crystals, then an increase in the thickness 
of these regions in [0 0 1] so that they occupy a 
greater proportion of the long period but without 
any change in the integral electron deficiency will 
result in a decrease in IF list. As well as varying 
linearly with IF l0 like IF Ii~t, IF 12ha is also depen- 
dent on the mean thickness of the electron deficient 
regions but will respond more rapidly to changes in 
this parameter. For example as the mean thickness 
of the deficient regions increases from zero to one 
half of the long period, IFl2nd decreases from a 
value equal to IFllst to zero. It follows, therefore, 
that any changes in IF list as the result of annealing 
which are exactly mirrored by proportional changes 
in ]F[2nd, are due to changes in the integral elec- 
tron deficiency within each long period. Variations 
in the ratio IF 12nd/IF list will indicate changes in the 
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thickness of the deficient layers expressed as a 
fraction of the long period. 

The results of the structure factor measure- 
ments are summarized in Fig. 2b, all structure 
factors being normalized to [F[lst = 1.0 for the 
unannealed specimen. The fact that both [F[lst and 
[F[2nd follow the same trends during annealing, 
namely an increase over the first 100 sec at 25 ~ C, 
then fairly constant up to 104 sec and finally a 
marked reduction after 6 x l0 s sec suggests that 
the bulk of the changes can be accounted for by 
variations in the integral electron deficiency in 
each long period. The initial increase in the struc- 
ture factors corresponds to the stage at which the 
long period is increasing most rapidly. Fig. 2c, in 
which [Fl~st/L is plotted against annealing time, 
illustrates that up to 104 sec the increase in integral 
electron deficiency in each long period is balanced 
by the increase in long period itself. Thus, as the 
crystals thicken there is an increase in electron 
deficiency per crystal, but little change in the sum 
of the electron deficiencies associated with all the 
fold surfaces in the sample. The reduction in both 
structure factors after annealing for 6 x 10 s sec 
may represent either an increase in the degree of 
order and hence density near to the fold surfaces 
or some degree of oxygen degradation which could 
reduce the electron deficiency in the defect regions. 
Either explanation would also be in accord with 
the substantially higher overall density of this 
sample (Table I). 

If  the ratio [F[2nd/[F[ 1~ were to remain exactly 
constant as the long period increased during an- 
nealing, it would imply that the thickness of the 
electron deficient region increased in proportion 
to the long period. The observation (Fig. 2d) that 
the ratio for the unannealed crystal is decreased in 
the early stages of annealing, indicates that this 
treatment in addition to rapidly increasing the long 
period, spreads the electron deficient region over 
a greater proportion of the long period. 

The integral peak widths were also measured 
for the first order low angle peak and are plotted 
in Fig. 2e. The peak width, after an initial increase 
for the 10 sec anneal, generally decreases as the 
annealing time is lengthened. 

4 .2 .  S A X D  - s o m e  c o n c l u s i o n s  

The changes in SAXD on annealing reported in the 
previous section show no really new effects. For 
example, the increase in intensity of the first and 
second order peaks on annealing is a well-estab- 



lished phenomenon and the decrease in relative 
intensity of the second order peak in the early 
stages of annealing was noted by Statton in 1961 
[4]. The main purpose of presenting this send- 
quantitative data is to provide as full a background 
as possible against which the wide angle results 
can be discussed (Section 5). It does however, 
permit several conclusions to be drawn about the 
annealing process which will assist in the interpret- 
ation of the 0 0 2 peak profiles. 

(a) There is no evidence for the superposition 
of SAXD patterns corresponding to significantly 
different long periods and there is a clearly recog- 
nizable long period at all stages of annealing. It 
follows that each crystal entity increases in thick- 
ness at much the same rate and it is unlikely that 
annealing causes the complete melting of the 
original crystals and the growth of a new phase 
containing crystals with a new long period. It is 
also very difficult to envisage the increase in long 
period as being the result of chain interpenetration 
into adjacent crystals leading to the annihilation of 
the fold surfaces, for in order to preserve sufficient 
order in the crystal superlattice commensurate 
with the clear low-angle diffraction peaks observed, 
either every second or every third fold surface 
would have to be systematically preserved. 

(b) The increase in crystalline thickness on an- 
nealing is not reflected in an overall increase in the 
thickness of the oriented specimen. The impli- 
cation of this observation is that there must be 
some localized movement of crystals or parts of 
crystals in the direction perpendicular to the mole- 
cular chains during annealing. 

(c) For annealing at 125 ~ C the long period ob- 
tained after 100 sec is at least 90% of that reached 
after very much longer times. 

(d) The integral electron deficiency in each long 
period as indicated by the structure factors of the 
first and second order peaks increases linearly with 
the long period to a maximum in the range 102 to 
104 sec. It decreases markedly at longer times. 

(e) Trends in the ratio of IFI2nd/IFll~ are an 
indication of the effect of annealing on the pro- 
portion of long period occupied by the electron 
deficient region. The proportion was found to in- 
crease rapidly in the initial stages of annealing but 
then decreased as the time at 125 ~ C was extended. 
Even at the longest time however, the extent of 
the density deficient region as a proportion of the 
long period exceeded that for the unannealed 
material. 

5. Analysis of the 0 0 2 diffraction peak 
5.1. Introduction and preview of results 
The technique of analysis of the 00 2 peak in 
ternls of the intensity of the subsidiary maxima and 
also its corrected correlation function has already 
been described for the case of the unannealed 
specimen [20]. The greater thickness of crystallites 
in the annealed specimen means that the 0 0 2 peak 
is correspondingly sharper and hence the smearing 
effects of slit and spectral widths more significant. 
It is therefore very necessary to deconvolute the 
experimental broadening using Stoke's method 
[23] and use either the correlation function or the 
reconstituted peak as the basis for microstructural 
predictions. 

The salient features of the correlation function 
of the annealed specimen together with the form 
of the corrected reconstituted peak will be illus- 
trated in detail for the sample annealed for 1.1 x 
103 sec at 125 ~ C. 

The corrected correlation function of the 0 0 2 
peak for this sample is drawn in Fig. 3. The nega- 
tive curvature around the origin is of approxi- 
mately the same extent as for the unannealed 
sample, but the region of positive curvature is 
broken up into a series of nearly linear segments 
separated by comparatively rapid changes of slope. 
A plot of the second derivative of the function in 
Fig. 4a illustrates the effect clearly. Because this 
particular form of correlation function will be of 
considerable significance as far as structural analy- 
sis is concerned it is useful to check that the seg- 
mentation is not an artefact introduced by the 
correction of the experimental peak. Fig. 4b 
shows the curvature of the correlation function 
before correction. The same periodicity is appar- 
ent although as one would expect it is not as 
sharply defined as in the case of the corrected 
function. It is also difficult to see how the seg- 
mented correlation function could be the result 
of a termination error in the original data, as these 
were collected over a sufficiently wide range of 20 
to include both extremities of the peak. Further- 
more, the peak reconstituted from the corrected 
correlation function (Fig. 5) shows no evidence of 
premature termination. This reconsituted peak is 
also of interest because it shows subsidiaries which 
were smeared beyond recognition in the experi- 
mental data. The form of the subsidiaries however, 
differs considerably from those observed on the 
0 0 2 peak of the unannealed material [20]. Their 
width is considerably less than one half of the 
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spacing o f  the first two minima,  and the main peak 

slopes down to these min ima much  more  gradually 

than for the unannealed case. The profile o f  the 
reconst i tu ted  peak apparent ly  reflects the unusual  

features o f  the correlat ion funct ion.  
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Figure 3 The corrected correlation function for the 0 0 2 
peak of the specimen annealed for 1.1 X 103 sec at 125 ~ C. 
The function is only plotted for positive values ofx.  
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Figure 5 The 0 0 2 diffraction peak of the sample annealed 
for 1.1 X 10 3 sec at 125~ reconstituted from the cor- 
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Figure 4 (a) The curvature of the correlation function in 
Fig. 3. (b) The curvature of the same function, but before 
it had been corrected for experimental broadening. 
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Figure 6 Plots of the curvature of the corrected correlation 
functions for the samples annealed for different periods at 
125 ~ C. The arrow marks on the distance axis represent 
the long period as measured by SAXD. 

5.2. Results and their  in terpretat ion 
Fig. 6 is a plot  o f  the curvatures o f  the correlat ion 

funct ions  o f  bo th  the as-crystallized and annealed 
samples. It can be seen that ,  wi th  the except ions  

of  the unannealed specimen and that  annealed for 

the longest t ime (6 x l 0  S sec), the funct ions are 

clearly segmented.  
The segmented nature o f  the correlat ion func- 

t ion indicates that  straight sections o f  po lymer  

chains (known as stems) which form the crystal 
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have certain preferred lengths and it appears that 
these preferred lengths are multiples of a unit stem 
length. There is a variety of ways in which the 
various preferred stem lengths may be dispersed 
throughout the crystals and the specimen. But, as 
far as the profile of the 0 0 2 peak is concerned 
there are taro distinct types of distribution: (1) 
within any coherently defecting domain of the 
crystal the chain stems are all of the same pre- 
ferred length; (2)the various preferred stem lengths 
are proportionally represented in each of the co- 
herently diffracting domains. 

It must also be assumed for both (1) and (2) 
that the stems terminate within definable planar 
regions parallel to the 0 0 2 planes, and that the 
thickness of these regions (analogous to the tran- 
sition regions at the fold surfaces of the unannealed 
crystals [20]) is less than one half of the unit stem 
length. If this were not the case, segmented cor- 
relation functions would not be observed. 

Although distributions (1) and (2) will affect 
the 0 0 2 peak profile in different ways, it is not 
possible, without independent knowledge of the 
proportions of the various preferred stem lengths 
present, to determine uniquely which of the two 
distributions is correct. 

However, in view of the other structural data 
available, especially those from SAXD measure- 
ments, it is worthwhile to analyse the 0 0 2 peak 
and its segmented correlation function on the basis 
of each of the limiting types of distribution in 
turn. 

5.2. 1. Analysis for distribution (1) (stems 
distributed so that all those in any 
one coherently diffraction domain are 
of  the same preferred length) 

The analysis due to Warren and Averbach [24] is 
appropriate in this case. They showed that the 
positive curvature of the correlation function was 
proportional to the number distribution function 
describing the range of crystalline sizes. Their 
treatment was for "square" crystal shaped func- 
tions and can only be applied to these results if 
the region of the correlation functions with nega- 
tive curvature is ignored, see Fig. 6. However, by 
taking into account the possibility of a trapezium- 
shaped profile with the crystalline perfection 
decreasing to zero over a finite distance in the 
region of the fold surface, we can explain the 
observation that the negative curvature of the cor- 
relation function is not confined to the origin and 

that the regions of positive curvature representing 
preferred stem lengths are spread over a significant 
range. It is possible, however, that some of the 
negative curvature may be the result of underesti- 
mation of the intensity in the tails of the 0 0 2 
peak, and that correspondingly, the spread of the 
regions of positive curvature reflects a genuine 
dispersion in the stem lengths around the preferred 
value. 

On the basis of this analysis, it can be said that 
the preferred stem lengths are multiples of a unit 
stem length, and that the relative proportions of 
domains of different stem length can be gauged 
from the areas under the corresponding "peaks" of 
the curvature plots (Fig. 6). 

5.2.2. Analysis for distribution (2) (stems 
dfstributedso that there is a represen- 
tative sainple of preferred lengths 
within any coherently diffracting 
domain) 

On the assumption that the crystal profile is iden- 
tical for each diffracting domain, the segmented 
correlation function must represent the autocon- 
volution of a stepped crystal profile function. The 
form of the stepped profile which would be respon- 
sible for the observed correlation functions can be 
calculated if three assumptions are made: 

(a) The crystal profile consists of steps of equal 
width. 

(b) The gradual change in slope between the 
segments of the experimental function reflects the 
fact that the steps of the crystal profile are not 
infinitely steep. 

(c) If the experimental correlation function is 
modified by extrapolation of adjacent segments 
until they intercept; then, the new function cor- 
responds to a crystal profile similar to that respon- 
sible for the experimental function, except in that 
the step rises are infinitely steep. 

The relationship between the height of the steps 
of the profile and the position of the sharp changes 
in slope of its correlation function is given by (for 
a three-step profile): 

a c  = k A  

(represents the point during autoconvolution at 
which the two identical profiles overlap by one 
step width) 

a b  + b c  = k B  
(overlap of two step widths) 

a 2 + b 2 + c 2 = k C  

(complete superposition). 
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~ (a) 

(b) 

Figure 7 Definition of the parameters used for the calcu- 
lation of the stepped crystal profiles form the segmented 
correlation functions. (a) Segmented correlation function; 
(b) stepped crystal profile. 

The terms are defined in Fig. 7, (except k which is 
a constant of  proport ionali ty) .  

In the case of  the specimen annealed for 1.1 x 
103 sec at 125 ~ C, the correlation functions shows 
four segments and it is analysed in terms o f  a pro- 
file with four steps; the relationship in this case 
being: 

ad = kA  

ac + bd ~ kB  

ab + bc + cd = k C  

a 2 + b  2 + c  2 + d  2 = kD. 

The profiles determined for the annealed samples 
by the solution of these relations are shown in 
Fig. 8. 

A computer program has been writ ten to nu- 
merically autoconvolute the crystal profile and 
compare the resultant correlation functions with 
those obtained directly. This, in addition to check- 
ing the profiles determined analytically, has en- 
abled the correlation functions to be determined 
for profiles in which the steps are not  infinitely 
steep. Such functions resemble more closely those 
determined experimentally,  having negative curva- 
ture extending from the origin and a more gradual 
change in slope between the segments. A good fit 
was obtained with the experimental functions for 
the case where all changes in height between the 
steps of  the profile occurred over a distance of 
30 A. This value is of  the same order as the thick- 

100 200 300 
l I [ 

long period 

10 secs 

102 secs 

long period 
I 

I 
long period 

--1 

long period 

I 
I 

long period 
[ ~ I , I , I 
0 100 200 300 

1.1 x 10 3 secs 

I 

104 secs 

6 x 105 secs 

h Io 
A 

125 ~ C) Annealing Temperature 

Figure 8 Stepped crystal profiles (for [00 1] direction) 
calculated from the correlatim) functions of the specimens 
annealed at 125 ~ C. The bars under each of the profiles 
represent the long period (to the same scale) as measured 
by SAXD. 

hess of  the transition region at the fold surfaces 
measured for unannealed crystals [20]. The intro- 
duction of transition regions into the stepped pro- 
file does not significantly affect the position of  the 
changes in slope on the correlation function (as 
defined in Fig. 7), apparently justifying assump- 
tions (b) and (c) above. 

5.3. Discussion o f  the analysis o f  the 0 0 2  
peak p ro f i l e  in re la t ion  to  the S A X D  
data 

Whichever of  the two interpretations of  the cor- 
relation function is to be chosen, its segmented 

1966 



form indicates that particlular chain stem lengths 
within the chain-folded crystal are preferred; the 
more detailed analyses (1 and 2) in Section 5.2 are 
approaches to describe the positioning of the 
various preferred stem lengths within the crystals 
and throughout the sample. The preferred lengths 
are multiples of about 80 A which compares with 
the value of 85 A for the "mean" crystallite thick- 
ness in the unannealed material [20] but is signifi- 
cantly less than the long period of 111 A. There 
appears, however, to be a small increase in the unit 
stem length as the annealing time is increased from 
100 sec to 6 x l0 s sec. 

The discontinuity apparent in the low-angle 
data between the annealing times of 1.1 x 103 and 
104 sec and attributed to the difference in anneal- 
ing procedure (Section 3.1) is also apparent in the 
plots of the curvature of the correlation function 
(Fig. 6). At 1.1 x 103 sec there is evidence of 
doubling, trebling and quadrupling of the unit 
stem length, whereas at 104 and 6 x l0 s sec there 
is no sign of quadrupling. In addition, the unit 
stem length of the 10 4 sec sample is about 9A 
greater than in that annealed for 1.1 x 103 sec and 
the various preferred stem lengths are not as clearly 
defined. The discontinuity although spoiling the 
otherwise smooth development of multiples of 
the unit stem length does nevertheless illustrate 
the complementary nature of both low- and wide- 
angle data. 

There are two possible mechanisms which can 
explain the thickening of crystallites as multiples 
of their original chain length. The first is the un- 
looping mechanism put forward by Dreyfuss and 
Keller [15] to account for the observed doubling 
and quadrupling of the long period of polyamides as 
the result of annealing (Fig. 9a). The operation of 
this mechanism leads inevitably to crystal thick- 
nesses which are multiples of the original. Another 
mechanism which does not depend on the chain 
unlooping, but does not preclude it, can be en- 
visaged if crystals only thicken as space becomes 
available to accommodate them. The thickness 
increments of the crystals are then determined by 
the extent (in the chain direction) of voids within 
adjacent crystals. It is not unreasonable to expect 
that such voids will extend across the full thickness 
of the crystals and that the increments will, there- 
fore, be similar to the original crystal thickness 
(Fig. 9b). The unlooping mechanism of Dreyfuss 
and Keller does, however, have the additional 
attraction that its operation above 117~ could 
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Figure 9 Mechanisms which could account for the pre- 
ferred stem lengths observed in the annealed crystals; 
(a) unlooping mechanism of Dreyfuss and Keller [15]; 
(b) a sequence showing how multiple thicknesses can 
result from interpenetration of regions of adjacent crys- 
tals. 

provide an explanation of the change in annealing 
behaviour observed by Bair et  al. [12] and Black- 
adder and Lewell [ 17] at that temperature. 

Each of the two alternative interpretations of 
the experimental correlation functions will now 
be considered in the light of the SAXD data. 

5.3. 1. Interpretation (1) 
The existence of a single well-defined long period 
as shown by the SAXD pattern indicates that the 
stacks of parallel crystallites each have the same 
long period. Also, the fact that the long period is 
of the order of the largest crystallite thickness in 
the distribution function measured from the 0 0 2 
peak rules out the possibility that single, double or 
treble thickness crystallites are arranged in random 
order in the stacks, for although a single long 
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period would be identifiable from the SAXD pat- 
tern it would have much the same value as the unit 
crystal thickness. It is difficult, therefore, to relate 
the SAXD information to a periodic size distri- 
bution. We have either to say that only a fraction 
of the crystallites are regularly stacked and respon- 
sible for the SAXD reflection and that it is this 
fraction alone which treble in thickness (or quad- 
ruple for the 1.1 x 103 sec anneal), with the crys- 
tallites not in the regular stack remaining single or 
only doubling in thickness, (Fig. lOa); or, that any 
given crystallite consists of  single, double or treble 
thickness regions which scatter incoherently in 
terms of the 0 0 2  peak and that the treble (or 
maximum thickness region) determines the long 
period (Fig. 10b). The arrangement of the treble 
thickness crystallite only in the stacks is strictly 
possible although unlikely especially as the pre- 
ferred orientation of the crystallites as revealed by 
both SAXD and wide angle transmission photo- 
graphs is comparable. For the division of each 
crystallite into region of unit, double and treble 
thickness however, it is necessary to assume that 
the areas above the thinner regions are filled with 
material which is in some way disordered so that 
it does not scatter coherently into the 0 0 2  peak, 
otherwise the density defect would far exceed that 
observed experimentally. This arrangement is 

I!i!i!i!ili!i!iii!iiiiiiiiiiii[ liiii!i!i!i!i!i!i!i~iiiiiii:iiii~:i:ii~ii~ii~ I Iii!iiiiiiiiii~l 

~i~iii~!~iii[---lii!i~i~iiii!ii!iliiii~i!iiiiF---]i~i~i!i!i!i!ii!i!ililiiii~ill lii!iiiiiiiiiiii 

~ii~i~iiii~F----~i~i~i~i~iiii~ii~iii~iiiiii!iiiiiii~iiiiiir.-~]iiiiiiiiii~iii 

::::::::::::::::::::::::::::::: - D i s o r d e r e d  M a t e r i a l  
[ b }  _ 

Figure 10 (a) Situation in which only the thickest crystals 
are arranged in regular stacks (see text). (b) Stacks of 
crystals consisting of regions of unit ,  double and treble 
thickness which diffract independent ly into the 0 0 2 peak. 
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certainly feasible and would account for both low- 
and wide-angle X-ray data. Presumably the mole- 
cules forming the extra disordered material would 
have belonged to the unannealed crystallites, and 
it is neater to consider the whole crystal as trebling 
in thickness but some of the newly extended 
regions perhaps failing to crystallize. This interpret- 
ation is based on the assumption that the regions 
of a crystal which are of different thickness should 
not scatter coherently. Their lateral extent must 
therefore exceed the size of the coherently diffrac- 
ting domains for that direction which can be esti- 
mated to be about 200A from the width of the 
1 1 0 and 2 0 0 diffraction peaks. 

One particular problem with this model is that 
it is difficult to see any reason why various regions 
of the same crystal which we presume are large 
enough to be representative should behave so dif- 
ferently during annealing. The problem is empha- 
sized by the Correlation function of the sample 
annealed f o r  10 sec at 125~ which shows evi- 
dence of doubling but not trebling of the unit 
thickness, the thickness of the double entity cor- 
responding approximately to the long period. The 
implication of this is that the separate regions of 
the crystal which thicken do so in one and the 
same direction, and this apparently corporate be- 
haviour must be reconciledwith the fact that other 
perhaps intervening regions do not thicken at all. 

5.3.2. &torpretation (2) 
The stepped crystal profiles (Fig. 8) imply that 
within a domain which is coherently diffracting 
into the 0 0 2  peak, there is a discontinuous vari- 
ation in diffraction efficiency between layers 
which are parallel to the fold surfaces and each of 
a thickness comparable to that of the unannealed 
crystallites. 

The lower diffraction efficiency of Some layers 
could be the result of voids, a generally high den- 
sity of defects, or of defects so arranged that some 
otherwise crystalline material in these layers scat- 
ters X-rays out of phase with the diffraction from 
the main crystal. It is surprising that all these step- 
ped profiles derived from the correlation functions 
are asymmetric which, if one equates the layers of 
lower diffraction efficiency with those added 
during the thickening process, suggests that during 
annealing the crystals thicken in one direction only. 
Thus, on the basis of stepped crystal profiles we 
have evidence for asymmetric thickening; a process 
which has already been suggested to explain the 
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Figure 11 A model  o f  a thickened crystal corresponding to the  stepped crystal profdes determined from the correlation 
functions.  The whole crystal as drawn is assumed to diffract coherently.  

observation of crystals which have doubled but not 
trebled in thickness. 

We suggest that interpretation 2 is the more 
realistic. It is completely compatible with the 
SAXD data and, taking the layers of lower diffrac- 
ting efficiency as being at least partly disordered, 
provides an explanation of the observed increase in 
both the integral electron deficiency in each long 
period and the extent of the electron-deficient 
region observed after anneals of between 10 and 
104 sec, which does not entail the generation of 
additional defect material between the fold sur- 
faces. The asymmetric thickening also explains the 
observation of crystals which have doubled but 
not trebled in thickness. A structural model in 
accord with the SAXD results and interpretation 
(2) of the 0 0 2 peak profile is sketched in Fig. 11. 

6. Conclusions 
(1) There are no observable changes in the pre- 
ferred orientation of the sample as a result of 
annealing at 125 ~ C. This applies to both small- 
and wide-angle diffraction data. 

(2) Each of the crystallite entities contributing 
to the SAXD pattern increases in thickness at the 
same rate on annealing. 

(3) Annealing does not change the dimensions 
of the oriented sample which indicates that some 
at least of the thickening crystallites must move 
sideways to compensate for their growth in the 
chain direction. 

(4) The integral electron deficiency in each long 
period increases linearly with the long period to a 
maximum in the range 102 to 104 sec. It decreases 
markedly at longer times. 

(5) The extent of the electron-deficient region 
expressed as a fraction of the long period increases 

rapidly after short anneals and then gradually de- 
creases with increasing time at 125 ~ C. 

(6) After annealing there is evidence for pre- 
ferred chain stem lengths which are multiples of a 
unit length. The unit length is similar to the mean 
stem length of the unannnealed crystals. 

(7) Each crystal contains a representative selec- 
tion of the preferred stem lengths. 

(8) If it is assumed that each coherently diffrac- 
ting domain contains representative stem lengths, 
then the arrangement of the stems in the crystal 
leads to an asymmetric stepped profile. 

(9) The implication of the asymmetric profde 
is that the crystal thickens preferentially in one 
direction only. 
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