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High pressure dilatometry, differential scanning calorimetry, electron microscopy, X-ray diffraction, 
and infra-red spectroscopy to study how the crystallization of nylon-11 from the melt, as well as an- 
nealing of the folded-chain crystals, are affected by pressure in the range from 1 to 10 kbar (1 kbar = 100 
MN/m 2) and temperature in the range from 200 ° to 320°C. Pressures exceeding 3 kbar and temperatures 
higher than 230°C are sufficient for growth of the chain-extended crystals of nylon-11 either by pres- 
sure-induced crystallization from the melt or by annealing of the folded-chain crystals. Crystallization 
from the melt or annealing at 320°C or higher, and 10 kbar, resulted in crosslinking of the polymer. 
The highest melting temperature and heat of melting found for the chain-extended crystals of nylon- 
11 were 226°C and 35 cal/g respectively, as compared to 190°C and 13.6 cal/g for the folded-chain 
material. The texture of the chain-extended crystals of nylon-11 was found to be spherulitic with 
well developed striations forming circle patterns, and polymer chains passing through several lamellae. 
No sharp boundaries were found between the chain-extended lamellae. The alpha-crystalline modifi- 
cation, found for the folded-chain crystals of nylon-11, was preserved in the high pressure crystalliza- 
tion and annealing experiments. Infra-red absorption bands at 1420 and 1225 cm -1 seem to be 
associated with the presence of folds in the nylon-11 crystals. It is suggested that, during the initial 
stage of crystallization under pressure, folded-chain crystals are formed, with a crystalline order and 
long spacing larger than that of the starting nylon-11. 

INTRODUCTION 

It has been shown in recent papers that elevated pressure 
can enhance the rate of growth of the chain-extended cry- 
stals in nylon-6. 

The chain-extended crystals were grown either by 
pressure-induced crystallization from the melt ~- 3, or by 
annealing of the folded-chain crystals under pressure 4. 
Based on the melting characteristics, as well as the surface 
morphology and X-ray scattering patterns of these crystals 
grown by two different methods, the conclusion was drawn 
that the chain-extended crystals of  polyamides do not grow 
directly from the melt under pressure; folded-chain crystals 
form first, followed by an increase in lamellar thickness up 
to a size equal to the molecular length 4. Chain-extension 
may proceed by isothermal thickening and mutual rearrange- 
ment within a folded-chain moleculeS; also, interchange re- 
actions involving the - C O - N H -  groups may play a role 6. 

This paper deals with crystallization from the melt, and 
annealing of the folded-chain crystals of nylon-11 under 
elevated pressure in the range between 1 and 10 kbar (1 kbar 
= 100 MN/m2). Nylon-I 1 was chosen as an intermediate 
between nylon-6 and polyethylene, for which extensive 
studies have been reported in the literature and were recent- 
ly reviewed by Bassett a~. 

Only a few papers are concerned with the crystalline pro- 
perties of nylon-117-2x, and the data pertinent to the pre- 
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sent study can be summarized as follows. Nylon-11 can 
crystallize in two polymorphic forms, alpha and gamma l°-la. 
The zig-zag chains of the polymer are fully extended in the 
unit cell, and can be arranged parallel or antiparallel within 
the hydrogen bonded sheets depending on the polymorphic 
form. The distance between the CO-NH groups of the ad- 
jacent chains within the sheet ranges 9 from 2.85 to 4.77 A. 
The distance between the sheets 2° is in the range of 4.2 A. 
Depending on the crystalline modification the amide groups 
are aligned perpendicular to, or tilted from, the plane of the 
chain axis 9-1z. Nylon-11 quenched from the melt z° or cast 
from a trifluoroacetic acid 16 forms the gamma hexagonal, 
or smectic, modification, while isothermal crystallization 
from the melt 1° or casting from a phenol/formic acid mix- 
ture 17 gives an alpha-triclinic modification. In contrast to 
the gamma form obtained by quenching the melt, the 
gamma form grown from trifluoroacetic acid solution is 
stable against heat treatment, and can only be converted to 
the alpha form by stretching or melting and subsequently 
crystallization ~6. The most stable alpha form is triclinic or 
monoclinicT-13; the unit cell dimensions have been estimat- 
ed by various authors 7-14 as follows: a = 4.78 to 9.6 A, 
b = 4.13 to 5.4 A, c = 13.1 to 15.0 A, and alpha = 49 ° to 
81°7 ', beta = 75020 ' to 90 °, gamma = 63°5 ' to 65°7 '. The 
unit cell contains one H or two 13 monomer units. The den- 
sity of the crystalline phase of nylon-11, as calculated from 
the unit cell parameters, is 7'H'la 1.12, 1.153, or 1.195 g/cm 3, 
and the density of the amorphous phase 7'~4'~s is 1.01 g/cm 3. 
The melting temperature of the crystalline phase is 
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Figure 1 Dependence of the piston height on temperature for 
nylon-11 sample under pressure of 6.5 kbar: @, heating run; O, 
cooling run. 7"3, "1"2, and T] denote the end of melting, the begin- 
ning of melting, and the end of crystallization respectively 

I 
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assumed 7'1°'18'12 to be 189°C, 193°C or 194°C; the glass 
transition temperature is is 43°C, and the heat of melting 19 
is 54.1 cal/g. Crystallizahon from the melt leads to the 
growth of spherulites 21. Commercial material 22 has a 
crystallinity in the range of 10-30%. 

The aim of the present work was to find whether: (a) 
nylon-11 can crystallize in the chain-extended conformation 
by annealing under pressure of the folded-chain crystals, or 
by pressure-induced crystallization from the melt; (b) a 
smaller number of hydrogen bonds and longer methylene 
chain, as compared with those for nylon-6, have any effect 
on the crystallization behaviour under pressure and morpho- 
logy of the crystals; (c) pressure influences the crystal modi- 
fication of the folded material. 

It was hoped that the data obtained might throw some 
light on the mechanism of chain extension in polyamides 
under pressure. Differential scanning calorimetry, electron 
microscopy and X-ray scattering were used to study the 
thermal characteristics, surface morphology and crystal 
modification. Infra-red spectrometry was applied in order 
to find whether any absorption band might be associated 
with the presence of folds in the conformation of the chain 
o f nyl on- 11. 

temperature under different pressures with the sample in 
the high pressure cell at the required pressure, the tempera- 
ture was increased in steps of 5°C. When the temperature 
was constant, the piston was moved three times in order to 
minimize the pressure loss by friction, and the piston height 
was measured with an accuracy of the order of +-0.001 mm. 
Each temperature step was carried out in about 25 min. 

Crystallization conditions under pressure 
The sample in the dilatometer was pressurized to 12 kbar 

and heated to a temperature in the range of 200°-320°C. 
These temperatures were much lower than the melting tem- 
perature of the polymer under a pressure of 12 kbar. Then 
the pressure was decreased to 100 bar and the sample was 
melted during 15 min (the shortest time necessary to obtain 
a homogeneous melt). Next the crystallization pressure bet- 
ween 1 and 10 kbar was applied to the polymer melt. After 
an appropriate time of crystallization, the sample was cooled 
at 50°C/h to room temperature, and the pressure was 
released. 

Annealing conditions under pressure 
A folded-chain sample was pressurized to the required 

annealing pressure in the range 1-10  kbar. Subsequently 
the temperature was increased to the selected annealing 
temperature in the range 40°-60°C below the end melting 
temperature T 3. After an appropriate annealing time, the 
sample was cooled to room temperature and the pressure 
was released. 

Characterization of samples from high pressure experiments 
Melting temperature and heat of melting were determined 

by means of differential scanning calorimetry, using a Perkin- 
Elmer DSC-1B instrument, with a scan speed of 8°C/min. 
Electron microscopy investigations were carried out on two- 
stage replicas of fracture surfaces. X-ray wide-angle diffrac- 
tion patterns were recorded with a Ptdlips X-ray diffracto- 
meter system coupled with a scintillating counter. Infra-red 
spectra were obtained with a Perkin-Elmer grating spectro- 
photometer over the wavenumber region from 250 to 4000 
cm -1. Details of the techniques used have been given 
previously 3. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Materials 
The sample 23 used for the high pressure experiments was 

commercial nylon-11 (Rilsan) made by the Societ60rganico, 
France, with weight-average molecular weight of 24 x 103, 
number-average molecular weight 13 x 103, and heterogeneity 
ratio 1.8. The samples used for the experiments were pre- 
pared from the original pellitized material by means of ex- 
truding under high vacuum 24. 

Apparatus 
Crystallization and annealing under pressure were carried 

out in a high pressure dilatometer, consisting of two pistons 
and a thick-walled, heated cylinder. Pressure was generated 
by a hydraulic press 2s. 

Determination of the melting temperature under pressure. 
In order to find the proper crystallization conditions, the 
melting temperature of nylon-11 under pressure was deter- 
mined by measuring the dependence of the piston height on 

Melting temperature under pressure 
Figure 1 shows an example of the dependence of the piston 

height on temperature measured for nylon-11 under a pres- 
sure of 6.5 kbar. It was found that the rate of  heating and 
cooling in the range between 5 and 50°C/h had no effect on 
the shape of the recorded curves. The character of the heat- 
ing and cooling curves indicates that the pressure losses resul- 
ting from internal stress and friction are minimal. Figure 2 
represents the dependence of the final melting temperature 
T 3, as measured under pressure, on the pressure applied. A 
broken line was drawn for the sample C of nylon-64, and a 
full line for the nylon-11 samples used throughout this in- 
vestigation. It can be seen that the melting temperature of 
nylon-11 under pressure increases with pressure. This is 
especially true for the lower values of pressure. This depen- 
dence is very similar to that observed for polyethylene 26'27, 
and differs from that of nylon-63'4 , for which an almost 
rectilinear dependence of Tm (P) on P was found for the 
same range of pressures investigated. For the linear part of 

POLYMER, 1977, Vol 18, July 661 



Crystallization of polvamides under elevated pressure (5): S. Gogolewski and A. J. Pennings 

320 

3 

28O 

24O 
3 

:~oc 

Pressure (kbar) 
Figure 2 Dependence of the end meldng temperature on pressure 
applied for: c], nylon-6; O, nylon-11 
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Figure 3 Melting thermograms for various nylon-11 samples: 
A, original sample; B, sample annealed at 260°C and 6.5 kbar for 
48 h; C, sample crystallized from the melt at 260°C and 6.5 kbar for 
48 h; D, sample annealed at 320°C and 10 kbar for 48 h 

the curve the increase in melting temperature with pressure 
for nylon-11 is about 16°C/kbar, the same value as found 2,4 
for nylon-& 

Melting characteristics of  the samples .from high pressure 
experiments 

Figure 3 shows me melting thermograms of the original 
sample (A), a sample annealed at 260°C and 6.5 kbar for 
48 h (B), a sample crystallized from the melt at 260°C and 
6.5 kbar for 48 h (C), and a sample annealed at 320°C and 
10 kbar for 48 h. The original sample displayed the second 
melting peak at 185°C; this changed only slightly with heat- 
ing rate. Thus it seems that this peak can be related to the 
impurity contents resulting from the 'production history', 
and to the presence of an amorphous material in the sample, 
rather than to reorganization ofmetastable crystals, to the 

presence of crystals with a different degree of crystalline 
order, or to the phase transformation 2s. 

The melting thermograms of nylon-11 samples heat- 
treated under pressure show an increase in melting tempera- 
ture, and display only one high and narrow melting peak. 
This suggests a high crystalline order in these samples. 
Figure 4 illustrates the effect of the scan speed on the melt- 
ing peak temperature of the samples crystallized or annealed 
under pressure. All the samples in these experiments exhi- 
bited a superheating effect of about 10°C. This confirms 
the presence of large, chain-extended crystals 29. It was 
found that the sample annealed at 320"C and 10 kbar for 
48 h was completely insoluble in any solvent suitable for 
nylon-11, indicating that, under very high temperature and 
pressure, crosslinking of the polymer took place. Figure 5 
shows the dependence of the atmospheric melting peak tem- 
perature on crystallization pressure for the samples of nylon- 
11 crystallized from the melt at temperatures 40°C lower 
than the f'mal melting temperature T 3 for 14 and 24 h. It 
shows that the crystalline order formed in the nylon-11 
under pressure, as estimated from the melting temperature, 
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Figure 4 Effect of scan speed on melting peak temperature for 
various nylon-11 samples: +, original sample; X, sample extruded 
under vacuum; [3, sample annealed at 260°C and 6.5 kbar for 48 h; 
Z~ end o, samples crystallized from the melt at 260°C and 6.5 kbar 
for 24 and 48 h respectively; O, sample annealed at 320°C and 10 
kbar for 48 h 
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Dependence of atmospheric melting peak temperature on 
crystallization pressure applied for various nylon-11 samples crystal- 

o lized at temperatures 40 C lower from the end melting temperature 
under respective pressure: O, 14 h; e, 24 h 
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Figure 6 Dependence of atmospheric melting peak temperature on 
crystallization time: O, 230°C and 4 kbar; II, samples annealed with- 
out melting at 260°C and 6.5 kl~r; ©, 255°C and 5.5 kbar; ~7, 260°C 
and 6.5 kbar; V, 320°C and 10 kbar 
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Figure 7 Dependence of atmospheric melting peak temperature on 
crystallization or annealing temperature for nylon-11 samples: 
(3, sample crystallized from the melt at 6,,5 kber for 48 h; O, sample 
annealed without melting at 6.5 kbar for 48 h 

increases with pressure. The effect of pressure becomes 
significant beyond 3 kbar. 

Figure 6 shows the dependence of the atmospheric melt- 
ing peak temperature on crystallization time. It can be seen 
that the melting temperature of the samples crystallized 
from the melt under pressure increased with time during the 
first 30-40  h of the crystallization process. After that time, 
no significant increase of the melting temperature was ob- 
served. For annealing of the folded-chain crystals at the 
same temperature and pressure, the melting temperature in- 
creased continuously over about 70-80  h and reached a 
value which was still lower than that of the melt-crystallized 
samples. This shows that for nylon-11, in contrast 2'4 to 
nylon-6, pressure is more effective in this case, when crys- 
tallization proceeds from the molten state. 

Figure 7 presents the dependence of the atmospheric 
melting temperature on both the crystallization and anneal- 

ing temperatures. The samples were annealed at 6.5 kbar 
for 48 h, and crystallized from the melt under a pressure of 
6.5 kbar for 48 h. It is evident that the increase in crystal- 
line order in nylon-11 under pressure increases with tempera- 
ture, and this effect is especially pronounced for the folded- 
chain crystals annealed under pressure. At temperatures 
close to 270°C, the effect of temperature seems to be the 
same for annealin~ as well as for pressure-induced crystalli- 
zation from the melt. 

Figure 8 shows the effect of pressure on the heat of melt- 
ing of nylon-11 samples crystallized from the melt at 40°C 
below the final melting temperature for 24 h, and for the 
samples annealed under the same conditions. The Figure 
shows that not only the atmospheric melting temperature, 
as described above, but also the heat of melting is lower for 
the chain-extended crystals of nylon-11 grown by annealing 
of the folded-chain material under pressure, than for those 
grown by pressure-induced crystallization from the melt. 

It was found that the melting temperature increased by 
about 4°-6°C, and the heat of melting by 2 -3  cal/g, when 
the nylon-11 samples were heated under pressure above the 
melting range and then cooled quickly down to room tem- 
perature. The increase of the melting temperature and heat 
of melting probably results from increased crystalline order 
and lamellar thickness of the folded-chain crystals, which 
are formed in the melt during the initial stage of crystalliza- 
tion under pressure. 

A comparison of the melting characteristics of the chain- 
extended crystals of nylon-11 grown by pressure-induced 
crystallization and by annealing of folded-chain material 
under pressure suggests that, in the initial stage of the 
pressure-induced crystallization from the melt, crystals are 
formed with a relatively large fold length and a higher degree 
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Figure 8 Dependence of heat of melting on applied pressure: 
(3, samples annealed at 40°C below end melting temperature for 24 h; 
• sample crystallized from the melt at 40°C below end melting tem- 
perature for 24 h 
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Figure 9 X-ray diffraction spectra of various samples of nylon-11: 
A, sample annealed at 260°C and 6.5 kbar for 48 h; B, sample cry- 
stallized from the melt at 260 ° C and 6.5 kbar for 48 h; C, sample 
crystallized isothermally from the melt at 180°C and atmospheric 
pressure for 48 h 
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Figure 10 Infra-red spectra of various nylon-11 samples: A, folded- 
chain crystals -- sample cast from formic acid and then annealed at 
180°C and atmospheric pressure for 48 h; B, chain-extended crystals 
-- sample crystallized from the melt at 260°C and 6.5 kbar for 48 h 

of crystalline order than present in the original material. 
Figure 9 presents the X-ray diffraction spectra of various 
nylon-11 samples. Sample 1 was annealed at 260°C and 
6.5 kbar for 48 h, sample 2 crystallized from the melt at 
260°C and 6.5 kbar for 48 h, and sample 3 crystallized from 
the melt at 180°C and atmospheric pressure for 48 h. It 
can be seen that all the samples of nylon-11 investigated, 
i.e. folded-chain as well as chain-extended, crystallized in 
the alpha modification 7-13. The intensity of the alpha 1 
peak with spacing d = 4.4 .~ remains almost unchanged for 
all investigated samples, while the intensity of the alpha2 
peak with spacing d = 3.8 A increases considerably. The 
decrease of width of the alpha2 peak suggests an increase 
of the crystal size and perfection. The position of the alpha 1 
peaks did not change, within the limit of experimental 
error. The separation of the peaks is largest for the sample 
crystallized from the melt under pressure. This shows that 
the degree of order and perfection of hydrogen bonds is 
much higher for the chain-extended crystals of nylon-11 

formed by pressure-induced crystallization from the melt, 
than for the folded-chain material annealed under pressure. 
This is in accordance with the thermal characteristics of the 
corresponding nylon-11 solids discussed above. 

Additional information on the crystalline structure of 
nylon-11 can be obtained from infra-red analysis. Figure I0 
shows the infra-red spectra of two samples of nylon-11. 
Sample 1 was a folded-chain material precipitated from boil- 
ing formic acid with a water-acetone mixture, and subse- 
quently annealed at 180°C under atmospheric pressure for 
48 h. Sample 2 was nylon-11 crystallized from the melt at 
6.5 kbar and 260°C for 48 h. 

Detailed discussion of the infra-red bands of polyamide 
and the effects of pressure on some absorption bands were 
reported in part 3 of this series 3. The shoulder on the high 
frequency side of the CO-NH stretching vibration band, 
related to unbonded NH groups, is much less 3 for nylon-11 
than for nylon-6. Thus it seems that, because the total 
number of CO-NH groups aole to form hydrogen bonds 
per comparable chain length in nylon-11 is half that in 
nylon-6, the number of unbonded NH groups is also lower. 
It may be that, as already suggested 3 for the chain-extended 
crystals of nylon-6, some chains within the sheets in the 
alpha modification are arranged parallel, which does not per- 
mit complete hydrogen bonding. It was found that the inten- 
sity of bands at 1225 cm -1 related to the vibration of Amide III 
with gammaw (CH2) and gammat (CH2), and at 1420 cm -1 re- 
lated to the vibration of delta (CH2), CO vic 3°, was greatly 
diminished for the chain-extended nylon-11, compared with 
the folded-chain one. Therefore it seems that these bands 
may be associated with presence of folds in the nylon-I 1 
crystals. 

Finally some morphological features as observed in the 
electron microscope will be described. Figure 11 is an elec- 
tron micrograph of a replica of a fracture surface of nylon-11 
crystallized isothermally from the melt at 180°C under at- 
mospheric pressure for 24 h, and shows part of a typical, 
lamellar folded-chain spherulite. Figure 12 is an electron 
micrograph of a replica of a fracture surface of nylon-11 
crystallized from the melt at 260°C and 6.5 kbar for 12 h. 

Figure 11 Electron micrograph o f  a fracture surface of nylon-11 
crystallized isothermally from the melt at 180 ° C under atmospheric 
pressure for 24 h 
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Figure 12 Electron micrograph of a fracture surface of nylon-11 
crystallized at 260°C and 6.5 kbar for 12 h 

morphology of the fracture surface of the chain-extended 
crystals of nylon-11 appears to be very similar to that found 
in the extended-chain crystals of selenium 31. Figure 15 
shows the surface morphology of the chain-extended crys- 
tals of nylon-11 grown by annealing of the folded-chain 
material at 6.5 kbar and 260°C for 50 h. Note that the 
length of the striation is considerably shorter than those of 
the pressure-crystallized nylon-11. Furthermore, the crys- 
talline domains in the annealed samples seem to be much 
smaller and are randomly oriented. 

Figure 16 is an electron micrograph of the nylon-11 
sample annealed at 10 kbar and 320°C for 50 h. The surface 
morphology is different from that of the folded-chain crys- 
tals as well as the chain-extended ones. As this sample, 
which had the highest melting temperature, was completely 
crosslinked, one may expect that the morphology also ref- 
lects the changes occurring in the sample under high tem- 
perature and pressure. It was quite remarkable to find that 
this crosslinked nylon-11, insoluble in any solvent suitable 
for polyamides, could be processed by extrudin~ and injec- 
tion moulding. 

Figure 13 Electron micrograph of a fracture surface of nylon-11 
crystallized at 260°C and 6.5 kbar for 24 h 

Ihe surface morphology differs from that shown in Figure 
11 in that the randomly distributed chain-extended lamellae 
exhibit some striations. Figures 13 and 14 illustrate the 
effect of time under pressure on the surface morphology. 
Samples were crystallized from the melt at 260°C and 6.5 
kbar for 24 and 80 h. It can be seen that, together with 
prolongation of the time the samples were crystallized 
under pressure, the surface morphology and striations be- 
come more pronounced. In Figure 14 part of the chain- 
extended spherulite is presented and shows no boundaries 
between the chain-extended lamellae. Chains are aligned 
parallel to the striation and pass in continuous manner 
from one lamella into another, forming curved patterns. In 
some parts of the crystal kink bands can be discerned. The 

Figure 14 Electron micrograph ¢f a fracture surface of nylon-11 
crystallized at 260°C and 6,5 kbar for 80 h 

Figure 15 Electron micrograph of a fracture surface of nylon-11 
annealed at 260°C and 6.5 kbar for 50 h 

P O L Y M E R ,  1977,  Vol  18, July 665  



Crystallization of polyamides under elevated pressure (5): S. Gogolewski and A. J. Pennings 

Figure 16 Electron micrograph of a fracture surface of nylon-11 
annealed at 320°C and 10 kbar for 50 h 

CONCLUSIONS 

The results presented in this paper can be summarized as 
follows. Chain-extended crystals of  nylon-11 are formed 
from folded-chain ones grown from the melt in the initial 
stage of  crystallization under pressures exceeding 3 kbar. 
Transmission electron micrographs o f  replicas of  fracture 
surfaces of  the chain-extended nylon-11 display distinct 
striations likely to be due to parallel orientation of  the 
chains. The lateral dimensions of  these lamellae are rather 
small in comparison with those o f  high pressure crystallized 
polyethylene and no sharp boundaries of  these nylon-11 
crystals could be discerned. The heat  of  fusion as well as 
the melting temperature o f  nylon-11 are increased consider- 
ably by  pressure-induced crystallization and by  annealing 

under pressure. The atmospheric melting temperature de- 
pends on the annealing temperature and increases from 195 ° 
to 225°C by annealing at 6.5 kbar for 48 h in the tempera- 
ture range 225° -270°C.  

REFERENCES 

1 Gogolewski, S. and Pennings, A. J. Polymer 1973, 14, 463 
2 Gogolewski, S. and Pennin~s, A. J. Polymer 1975, 16,673 
3 Gogolewski, S. and Pennings, A. J. Polymer 1977, 18, 
4 Gogolewski, S. and Pennings, A. J. Polymer 1977, 18, 
5 Dreyfuss, P. and Keller, A. J. Polym. Sci. (B) 1970, 8, 253 
6 Gogolewski, S. Polymer 1977, 18, 63 
7 Aelion, R. Ann. Chim. 1948, 3, 5 
8 Vergoz, R. Thesis University of Paris (1953) 
9 Brill, R. Makromol. Chem. 1956, 18/19, 294 

10 Schmidt, G. F. and Stuart, H. A. Z. Naturforsch. (A) 1958, 13, 
222 

11 Slichter, W. P. J. Polym. Sci. 1959, 36, 259 
12 Last, A.G.M.J.  Polym. Sei. 1959,39,543 
13 Little, K. and Phil, D. Br. J. Appl. Phys. 1959, I0, 225 
14 MOller, A. and Pflttger, P. Kunststoffe 1960, 50, 203 
15 Genas, M. Angew. Chem. 1962, 74,535 
16 Sasaki, T. J. Polym. $ci. (B) 1965, 3,557 
17 Hummel, D. O. 'Atlas der Kunststoff-Analyse', Band I, Carl 

Hauser Verlag, MUnchen, 1968 
Gordon, G. A.J. Polym. Sci. (A-2) 1971, 9, 1693 
Inoue, M.Z Polym. $ci. (A) 1963, 1, 2697 
Northolt, M. G., Tabor, B. J. an d van Artsen, J. J. J. Polym. 
Sci. (.4-2) 1972, 10, 191 
Kahle, B. and Stuart, H. A. J. Polym. Sci. 1957, 25,485 
Inoue, M. J. Polym. Sci. (A). 1963, 1, 3427 
Baier, R. E. and Zisman, W. A. Macromolecules 1970, 3,462 
Gogolewski, S. Polimery 1971, 16,130 (in Polish) 
Pennings, A. J. and Pijpers, M. F. J. to be published 
Davidson, T. Thesis, Renselaer Polytechnic Institute, Troy, 
New York, (1968) 
Maeda, Y. and Kanetsuna, H. J. Polym. $ci. (Polym. Phys. 
Edn) 1974, 12, 2551 
Wunderlich, B. Kolloid Z. Z. Polym. 1969, 231,605 
Hellmutb, E. and Wunderlich, B. J. Appl. Phys. 1965, 36, 
3039 

30 Dechant, J. 'Ultrarotspektroskopische Untersuchungen an 
Polymeren', Akademie-Verlag, Berlin 1972 
Coughlin, M. C. and Wunderlich, B. Kolloid Z. Z. Polym. 
1972, 250, 482 

32 Bassett, D. C. Polymer 1976, 17,460 

18 
19 
20 

21 
22 
23 
24 
25 
26 

27 

28 
29 

31 

666 POLYMER,  1977, Vo l  18, Ju ly  


