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ABSTRACT: Dynamic mechanical measurements are made with a torsion pendulum 
apparatus over about three decades of frequency in the a relaxation region of the single 
crystals of polyoxymethylene. Real and imaginary parts of complex rigidity are 
measured in each of the three specimens, that is, a mat of single crystals prepared by 
gradual cooling; a rod of isothermally crystallized single crystals and a heat-treated 
sample of the single crystal mat. The composite relaxation curves are made by super­
posing the dispersion curves of real and imaginary parts of complex rigidity on each 
of the specimens. The composite relaxation curve of loss tangent is also made by super­
posing the loss tangent curves for the single crystal mat. The activation energies of 
the a relaxation evaluated from the temperature dependence of the horizontal shift factor 
are 37 kcal/mol (T < 40°C), 25 kcal/mol (40°C < T < 90°C) and 38 kcal/mol (T > 90°C) 
respectively. The magnitude of vertical shift along the logarithmic rigidity axis is in­
dependent of temperature above about 100°C and 115°C for the single crystal mat and 
the piled rod of the single crystals, but the magnitude varies linearly with increasing 
temperature above about 50°C for the heat-treated sample of the mat. 

KEY WORDS Polyoxymethylene/Single Crystal/a Relaxation/Com-
posite Curve/Activation Energy/Vertical Shift Factor/Surface Layer/ 
Lattice Defect/Lattice Vibration/ 

Polyoxymethylene is a simple crystalline poly­
mer which has a chemical structure of -(O-CH2)n-· 
The polymer crystallizes with a hexagonal unit 
cell in which the molecules have a conformation 
of 95 helix in the repeat distance of 17.3.A. 1 •2 

Dynamic mechanical measurements of melt­
crystallized polyoxymethylene have already been 
made by several investigators.3 - 5 Three mecha­
nical relaxation phenomena, usually labeled as 
a, p and r relaxations in the order of descend­
ing temperature respectively, have been found 
in the melt-crystallized samples. 

The r relaxation occurs significantly in the 
melt-crystallized polyoxymethylene. 3 It has also 
been observed in dielectric measurements. 6 An­
other relaxation peak, the r2 peak, has been 
observed in the lower temperature region of the 
r relaxation. 7 The composite relaxation curves 
have been formed by superposing the dispersion 
curves in the r relaxation region. 8 The time­
temperature superposition principle9 was applica­
ble to the relaxation. The temperature de­
pendence of the shift factor ar was represented 
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by Williams-Landel-Ferry's equation. 10 

The p relaxation of melt-crystallized polyoxy­
methylene has a weak peak in comparison with 
the a and r relaxations. 3 A detailed study has 
shown that the magnitude of the p peak depends 
on the amount of the absorbed water and the 
thermal history of the sample. 3 

Folded conformation of polyethylene molecules 
in the single crystal precipitated from the dilute 
solution was first proposed by Keller. 11 Single 
crystals of polyoxymethylene, precipitated from 
the dilute solution, were shown by Geil, et al., 
to consist of hexagonal lamella approximately 
100 A thick. 12 Dynamic mechanical study of 
the single crystal mats of polyoxymethylene was 
first made by Takayanagi and his co-workers. 13 

The a relaxation was found to be more pro­
nounced in the single crystal mats. Single 
crystals of polyoxymethylene have a relatively 
simple morphological structure. It is desirable 
for this reason to examine further the mechanical 
relaxation of the single crystals in order to 
clarify the origin of the a relaxation. 
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Dynamic mechanical measurements of melt­
crystallized polyoxymethylene have been made 
over about two decades of frequency using a 
forced-oscillation torsion pendulum in the a re­
laxation region. 1 • The composite relaxation 
curves have been made by superposing the re­
laxation curves. 

This paper is concerned with the dynamic 
mechanical measurements made over about three 
decades of frequency in the a relaxation region 
of the single crystals of polyoxymethylene. 

The discussion that follows is based partly 
upon the experimental results obtained recently 
in the X-ray diffraction study of polyoxymethyl­
ene. A hypothesis concerning the origin of the 
a relaxation will be proposed. This hypothesis 
is supported by the experimental facts so far 
obtained. 

The dispersion curves in the a relaxation re­
gion of melt-crystallized polyoxymethylene were 
superposed over a wide range of frequency by 
performing the vertical and horizontal shifts 
along the logarithmic rigidity and frequency 
axes respectively. 14 The vertical shifts were 
necessary for the melt-crystallized sample in 
temperature above approximately 40°C. The 
temperature variation of the magnitude of the 
vertical shift has shown a remarkable anisotropy 
in the a relaxation region of the drawn and 
oriented polyoxymethylene. 15 · One of the pur­
poses of this work is to examine whether the 
vertical shifts are necessary for the superposition 
of the dispersion curves of the single crystals 
of polyoxymethylene. This paper is therefore 
concerned also with the origin of the vertical 
shift along the logarithmic rigidity axis. 

EXPERIMENTAL 

Sample 
A sample of polyoxymethylene, du Pont Del­

rin 150 X, was used in this study. 
Single crystals were prepared from a 0.1 wt% 

cyclohexanol solution of the sample using am­
bient cooling. The single crystals were separated 
from the solvent by gradual cooling. The sus­
pension of the crystals was slowly filtered through 
a 6 cm-diameter glass filter. When all the crys­
tals were transfered to this filter funnel and the 
height of the suspension in the funnel reduced 
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to almost I cm, a 5.8 cm-diameter Teflon disk 
was carefully placed on the top of the crystals. 
A 2.3 kg weight was placed on the disk and 
vacuum pulled on the filter flask for about one 
week. The single crystals were further dried by 
evacuation in a desiccator for one week at room 
temperature. Then a small compressive load 
was applied to the crystals placed between two 
sheets of Teflon disk using a laminating press 
at room temperature. The single crystals were 
finally compressed to a mat of approximately 
0.1 cm thick and 5 cm in diameter. The density 
measured with a density gradient tube ofxylene­
CC14 system was 1.465 g/cc at 25°C. The long 
period evaluated from the X-ray small angle 
scattering pattern was approximately 120A. The 
X-ray small angle scattering pattern indicated 
that voids of various sizes are included in the 
mat. This sample was strong enough to be used 
for mechanical measurements, if handled care­
fully. The specimens were cut out from the mat 
using a heated razor. 

Another sample was a rod of the isothermally 
crystallized single crystals. The single crystals 
were isothermally separated from a 0.05 wt% 
cyclohexanol solution of polyoxymethylene at a 
temperature of 120°C. The suspension of the 
crystals was slowly filtered through the glass 
filter. Repeating the same procedure as above, 
a single crystal mat of 0.5 cm thick was obtained. 
The crystal mat was dried for one week at room 
temperature in the evacuated desiccator. Then 
various columns of about 0.8 cm-diameter and 
0.5 cm thickness were gouged out from the mat 
using a thin brass tube of 0.8 cm inside diameter 
and about 20 cm long. These columns were piled 
up one after another in the brass tube and a 
brass rod of 0. 75 cm-diameter and about 30 cm 
long was inserted into the tube. Then a small 
compressive load was applied to the pile of 
crystals with a 2 kg weight set at the top of the 
brass rod. A circular rod 1 cm in length and 
0.8 cm in diameter was finally obtained. A rod­
like specimen of 0.1 cm-diameter was cut out 
from the circular rod for the mechanical 
measurements. 

A specimen cut out from the single crystal 
mat was annealed at a temperature of 190°C. 
A thin rod of the original single crystal mat 
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was set in a copper frame 0.1 cm thick and 
placed between two sheets of brass plate heated 
beforehand to approximately 190°C. Then the 
brass plates were set in the laminating press 
controlled at a temperature of 190°C. A small 
compressive load was applied to prevent the 
specimen from curling. The specimen was heat­
ed for two minutes in this press. Then it was 
rapidly cooled to room temperature by setting 
the plates into a cooling press in which water 
was circulated. This specimen is hereinafter re­
ferred to as the heat-treated single crystal mat. 

Mechanical Measurements 
Dynamic mechanical measurements were made 

by using a forced-oscillation torsion pendulum 
in an ultra-low frequency range below 1 Hz. 
Details of the apparatus were described in a 
previous paper. 14 

The specimens were in the form of a thin rec­
tangular rod, 2.5 cm long between clamps, 0.3 
cm wide and 0.1 cm thick. 

Maximum shear strain imposed during the 
measurements was less than 1 % . The real and 
imaginary parts of the complex rigidity were 
calculated from the phase angle of the oscilla­
tion between the driving coil and the pendulum, 
<p, and the ratio of the amplitude of the oscil­
lation of the pendulum to that of the driving 
coil, p, using the following equations 

G'(w) = qK0{( c; 'P - 1) + /w2 } ( 1 ) 

and 

G"(w) = qK0( si; 'f_) ( 2) 

where q is the form factor of the sample, K0 the 
torsional constant of a wire connecting the driving 
coil and the pendulum, / the moment of inertia 
of the pendulum and w the angular frequency. 

The error in the real part G' of the complex 
rigidity was estimated to be 3 % and in the im­
aginary part G" less than 10%. 

Temperature of the specimen was controlled 
by an electric heater set in the sample cell. Tem­
perature was measured with a thermister within 
± 0.5°C. 

RESULTS 

the real and imaginary parts of complex rigidity 
in the a relaxation region for the single crystal 
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Figure 1. Frequency dependence of real and im­
aginary parts of complex rigidity, G' and G". 
Over a frequency range from 1.0 Hz to 0.005 Hz 
at various temperatures for the single crystal mat 
of polyoxymethylene prepared by gradual cooling. 
Temperature is shown for each curve. 

mat of polyoxymethylene prepared by gradual 
cooling. Measurements were made over a fre­
quency range from 1.0 Hz to 0.005 Hz at various 
temperatures between 23°C and 125°C. 

Figure 2 shows the frequency dependence of 
the loss tangent in the same region. 
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Figure 2. Frequency dependence of loss tangent, 
tan o. Over a frequency range from 1.0 Hz to 
0.005 Hz at various temperatures for the single 
crystal mat of polyoxymethylene prepared by 
gradual cooling. Temperature is shown for each 
curve. 

Figure 3 shows the frequency dependence of 
Figure 1 shows the frequency dependence of the real and imaginary parts of complex rigidity 
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in the a relaxation region for the piled rod of 
the isothermally crystallized single crystals. 
Measurements were made over a frequency range 
from 1.0 Hz to 0.002 Hz at temperatures be­
tween 22°C and 139°C. The measured values 
of G' and G" are considerably smaller than those 
of the single crystal mat. This is due to the 
numerous voids contained within the piled rod. 

-2 -1 0 
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Figure 3. Frequency dependence of real and im­
aginary parts of complex rigidity, G' and G". 
Over a frequency range from 1.0 Hz to 0.002 Hz 
at various temperatures for the piled rod of the 
isothermally crystallized single crystals. Tempera­
ture is shown for each curve. 
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Figure 4. Frequency dependence of real and im­
aginary par!s of complex rigidity, G' and G". 
Over a frequency range from 1.0 Hz to 0.005 Hz 
at various temperatures for the heat-treated single 
crystal mat. Temperature is shown for each curve. 

Figure 4 shows the frequency dependence of 
rool and imaginary parts of complex rigidity in 
the a relaxation region for the heat-treated single 
crystal mat. Measurements were made over a 
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frequency range from 1.0 Hz to 0.005 Hz at tem­
peratures between 22°c and 132°C. 

DISCUSSION 

Reduced Variable Method 
Superpositions of the dispersion curves can be 

performed by applying the method of reduced 
variables extended to the crystalline polymers, 
such as melt-crystallized polyoxymethylene. 14 

The real G' and imaginary G" parts of the com­
plex rigidity in the a relaxation region are re­
duced to a reference temperature T0 by the follow­
ing equations 

G'(I)) = Go'(l)ar) exp { - f3(T- T0 )} ( 3) 
and 

G"(I)) = Go''(l)ar)exp {-f3(T- T0 )} ( 4) 

where G' and G" are the quantities at a tem­
perature T and Go' and Go'' are those at a re­
ference temperature T0 respectively. The f3 is 
a coefficient indicating the temperature depen­
dence of the rigidity and ar is the horizontal 
shift factor along the logarithmic frequency axis. 
Since the loss tangent is defined by the formula, 
tan o(I)) = G"(l))/G'(v), we have the following 
equation from the eq 3 and 4 

tan o(I)) = tan o0(1)ar) ( 5 ) 

where tan o and tan o0 are the quantities at T 
and T0 respectively. This equation demands 
that the tan o curves superpose by performing 
only horizontal shifts along logarithmic frequency 
axis. 

Figure 5 shows the composite relaxation curves 
of real and imaginary parts of complex rigidity 
for the single crystal mat. The composite curves 
were made by superposing the G' and G'' curves 
in Figure 1. 

Figure 6 shows the composite curve of tan o 
made by superposing the tan o curves in Figure 
2. The tan o curves fairly superposed by per­
forming only horizontal shifts along the logarith­
mic frequency axis. The reference temperature 
was selected at 70°C. 

Figure 7 shows the composite relaxation curves 
of G' and G" for the piled rod of the isotherm­
ally crystallized single crystals made by super­
posing the G' and G'' curves in Figure 3. The 
reference temperature was selected at 92°C. 
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Figure 5. Composite relaxation curves of real and 
imaginary parts of complex rigidity. Reduced to 
a reference temperature of 70°C for the single 
crystal mat prepared by gradual cooling. 
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Figure 6. Composite relaxation curve of loss tan­
gent. Reduced to a reference temperature of 
70°C for the single crystal mat prepared by gradual 
cooling. 
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Figure 7. Composite relaxation curves of real and 
imaginary parts of complex rigidity. Reduced to 
a reference temperature of 92°C for the piled rod 
of the isothermally crystallized single crystals. 

Figure 8 shows the composite relaxation curves 
of G' and G" for the heat-treated single crystal 
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Figure 8. Composite relaxation curves of real and 
imaginary parts of complex rigidity. Reduced to 
a reference temperature of 80°C for the heat-treated 
single crystal mat. 

mat made by superposing the G' and G" curves 
in Figure 4. The reference temperature was 
selected at 80°C. 

In Figure 9 logarithms of the shift factor ar, 
which represents the magnitude of the horizontal 
shift along the logarithmic frequency axis, were 
plotted against the reciprocal of the absolute 
temperature for each of the specimens. The ar 
curves of these specimens were denoted by the 
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Figure 9. Logarithms of the horizontal shift fac­
tor vs. reciprocal absolute temperature for each of 
the specimens. The curves are denoted by the 
following symbols: CD, the single crystal mat 
prepared by gradual cooling; e, the piled rod of 
the isothermally crystallized single crystals and O, 
the heat0treated single crystal mat. 
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following symbols: (CD) the single crystal mat; 
(8) the piled rod of the isothermally crystallized 
single crystals and ({)) the heat-treated single 
crystal mat. The temperature dependence of 
the relaxation time of the a relaxation was al­
most identical in spite of the difference in the 
preparation methods of the specimens. The curves 
were represented to a close approximation by 
three straight lines, intersecting at about 90°C 
and 40°C. The arrows show the intersections 
of the straight lines. The activation energies 
were evaluated at approximately 37 kcal/mol ( T < 
40°C), 25 kcal/mol (40°C< T<90°C) and 38 kcal/ 
mol (T > 90°C) respectively. These values al­
most coincide with those evaluated for the melt­
crystallized and oriented samples of polyoxy­
methylene.14'15 

Figure 10 shows the temperature dependence 
of the magnitude of the vertical shift along the 
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Figure 10. Temperature dependence of the mag­
nitude of the vertical shift along logarithmic 
rigidity axis for each of the specimens. The 
curves are denoted by the following symbols: 
CD, the single crystal mat prepared by gradual 
cooling; e, the piled rod of the isothermally 
crystallized single crystals and (), the heat-treated 
single crystal mat. The curves have been displaced 
vertically one decade above that of the preceding 
one. The reference temperature is shown for each 
curve. 

logarithmic rigidity axis for each of the speci­
mens. The curves have been displaced vertically 
one decade above that of the preceding one. 
The symbols have the same meaning as in Figure 
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9. The magnitudes for G', log {G'(v)/Go'(vaT)}, 
were almost in agreement with those for G' ', 
log {G"(v)/Go''(vaT)}, on each of the specimens. 

The magnitude of the vertical shift is almost 
independent of temperature below about 100°C 
and it varies with increasing temperature above 
100°C for the single crystal mat prepared by 
gradual cooling. Similarly the magnitude is in­
dependent of temperature below about ll5°C 
for the piled rod of the isothermally crystallized 
single crystals. The coefficient f3 in the eq 3 
and 4 was equally evaluated to be zero in tem­
perature below 100°C and 115°C for these speci­
mens. This is irrespective of the difference in 
the preparation method of the single crystals. 

For the heat-treated single crystal mat the 
magnitude of the vertical shift varies linearly 
with increasing temperature above about 50°C. 
The coefficient f3 in eq 3 and 4 was evaluated 
to be 0.0039 deg-1 from the slope of the curve. 
This value is considerably smaller than that for 
the melt-crystallized polyoxymethylene, 0.0094 
deg-1.14 

a Relaxation 
Takayanagi, et al., found that the position of 

the maximum of the a relaxation of linear poly­
ethylene is approximately coincident with the 
temperature where the thermal expansion co­
efficient of the a-axis of the crystal increases. 16 

They proposed on this basis a hypothesis that 
the a relaxation occurs from the friction among 
the (2.0.0) planes which takes place under the 
mechanical deformation of the crystallites. 

Wada, et al., measured the dynamic mechanical 
properties of single crystals of polyethylene us­
ing a suspension method. 17 ' 18 The a relaxation 
was observed even in the alcohol suspension of 
the single crystals. They proposed on this basis 
a hypothesis that the a relaxation comes from 
the incoherent rotational lattice vibrations of the 
chain molecules around the c-axis of the crystal. 
Okano19 developed a quantitative theory of the 
crystalline relaxation on this hypothesis by ap­
plying Peterlin-Fischer's theory of the thermo­
dynamic stability of the polymer crystals. 20 , 21 

Okano's theory was quantitatively verified by 
Tsuge. 22 The intensity of the mechanical or 
dielectric a relaxation was found to increase with 
increasing chain length for n-paraffin crystals. 
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Similar results were found in the relationship 
between the intensity of the dielectric a relaxa­
tion and the thickness of lamella for melt-crys­
tallized polyoxymethylene. 23 

The intensity of the mechanical a relaxation 
of melt-crystallized polyoxymethylene also in­
creases with increasing thickness of lamella. 24 

This relationship is in qualitative agreement with 
the requirements of Okano's theory. However 
the relaxation intensity was found to increase 
by gamma-ray irradiation on the melt-crystallized 
polyoxymethylene without increasing the lamella 
thickness. 

Sinnott examined in detail the effect of an­
nealing treatment on the dynamic mechanical 
properties of single crystal mats of linear poly­
ethylene. 25 The intensity of the a relaxation was 
found to decrease with increasing thickness of 
lamella with such annealing treatment. He con­
cluded on this basis that the a relaxation is as­
sociated with the reorientation of the folds from 
one equilibrium position to another at the sur­
faces of the lamella in the single crystals of 
polyethylene. 

Takayanagi, et al., found that the intensity 
of the a relaxation increases with increasing 
thickness of lamella in the polyethylene single 
crystals prepared by isothermal crystallization 
at various temperatures, but that on the other 
hand it decreases with the increasing thickness 
of lamella of the single crystals under the an­
nealing treatment. 26 

As described above, many different views have 
been proposed concerning the origin of the a 

relaxation of highly crystalline polymers, such 
as polyethylene and polyoxymethylene. 

As shown in Figure 9, the temperature de­
pendence of the relaxation time of the a relaxa­
tion for single crystals almost coincides with 
that for the melt-crystallized polyoxymethylene.14 

The abrupt change of the activation energy at 
about 40°C has been already found for the melt­
crystallized sample. This change occurs even 
for the single crystals at the same temperature. 
If the a relaxation is related to the motion of 
the chain molecules in the crystal, some notice­
able change should occur in the thermal motion 
of the chain molecules of polyoxymethylene m 
the same temperature region. 
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Recently the temperature dependence of the 
X-ray scattering intensity of the Bragg reflection 
of the (2.1.8) and (1.1.13) planes was measured 
over a wide range of temperature between 
-130°C and 150°C for the crystals of polyoxy­
methylene. 27 The diffraction intensity decreases 
with increasing temperature and the temperature 
factor of the intensity in particular increases at 
a temperature of approximately 40°C. The 
thermal expansion coefficient of the spacing of 
the (1. 1.0) plane also increases in the same tem­
perature region. 

The temperature dependence of the X-ray small 
angle scattering intensity was measured over a 
wide range of temperature between -l00°C and 
130°C for the melt-crystallized polyoxymethyl­
ene. 28 The scattering intensity was found to in­
crease with increasing temperature. The curve 
of the square root of the intensity plotted against 
temperature was represented to a close approxi­
mation by three straight lines, intersecting at 
approximately -60°C and 40°C respectively. 
The increase of the scattering intensity was quan­
titatively interpreted by the temperature varia­
tion of the density difference between the crys­
talline region and the amorphous region up to 
a temperature of about 40°C. The temperature 
of -60°C is coincident with the glass transition 
temperature of the amorphous region which lies 
between lamellae. 8 

The further increase of the small angle scat­
tering intensity starting at about 40°C could not 
be ascribed to the temperature variation of the 
density difference of these two regions only. 
The increase of the scattering intensity at tem­
peratures above 40°C seems to be explained as 
the increase of the amorphous region caused by 
the partial melting of the surface layer of the 
crystalline lame Ila. 29 •30 However the decrease 
of the degree of crystallinity has not been ob­
served in polyoxymethylene up to a temperature 
of about I00°C. 31 The further increase of the 
intensity starting at about 40°C should be as­
cribed to some other origin. 

At temperatures above about 40°C large am­
plitude lattice vibrations of the chain molecules 
occur in the crystal and the thermal expansion 
coefficient of the crystal lattice significantly in­
creases. 27 If the amplitude of the thermal vi-
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bration of the chain molecules becomes larger in 
the surface layer of the lamella than in the inner 
layer of the lamella, a structural looseness should 
be caused, especially in the surface layer, with 
increasing temperature. This structural loose­
ness is closely related to the occurrence of the 
thermal disorder of the crystal arising from the 
large amplitude lattice vibration in the surface 
layer. As the looseness develops in the surface 
layer, the density decreases in the neighborhood 
of the fold surfaces of lamella. The further in­
crease in the small angle scattering intensity 
starting at about 40°C might be caused by the 
decrease of the density due to the large ampli­
tude lattice vibration in the surface layer. 

The noticeable change of the activation energy 
of the a relaxation starting at about 40°C should 
be also connected with the occurrence of the 
structural looseness of the surface layer of the 
lamella. The a relaxation of polyoxymethylene 
is ascribed to the viscoelastic properties of the 
lamellar crystal arising from the large amplitude 
lattice vibrations in the surface layer. 

The a relaxation at first occurs in the surface 
layer and subsequently in the inner layer of the 
lamellar crystal. The relaxation time is shorter 
in the surface layer than in the inner layer. The 
long relaxation time range of the relaxation 
spectrum, which is actually observed at higher 
temperatures, can be therefore attributed to the 
inner layer. As shown in Figure 9, the activa­
tion energy of the a relaxation of polyoxymethy­
lene increases again at higher temperatures above 
about 90°C. This large activation energy may 
be related to the more ordered structure of the 
inner layer of the lamellae. 

The volume fraction of the surface layer of 
the crystalline lamella generally decreases with 
increasing thickness of lamella. If the hypothesis 
on the origin of the a relaxation is valid, the 
intensity of the a relaxation should decrease with 
increasing thickness of lamella. In the radiation­
induced solid state polymerized polyoxymethyl­
ene,32'33 such as poly-trioxane and poly-tetra­
oxane, the crystals are known to be composed 
of highly oriented and extended molecules. The 
thickness of the crystal is very large as com­
pared with that of the single crystal mat or the 
melt-crystallized sample. The a relaxation has 
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remarkably decreased in intensity in each of the 
solid-state polymerized samples. 34 ,35 This fact 
supports the above hypothesis. 

Complex tensile modulus of the drawn and 
oriented samples of polyoxymethylene was meas­
ured in sheet form as a function of direction. 36 

The imaginary part of complex tensile modulus 
in the a relaxation region was found to have 
higher values along the stretched direction than 
along the normal direction to the stretched axis. 
The X-ray small angle scattering pattern of the 
drawn polyoxymethylene is known to indicate 
a two-point diagram along the meridional direc­
tion.15'36 This means that the fold surfaces of 
the lamella are oriented along the normal direc­
tion to the stretched axis. 37 The three layers, 
that is, the inner and surface layers of the lamel­
la and the amorphous layer, are arranged mainly 
in series along the stretched direction. If the 
hypothesis concerning the origin of the a re­
laxation is justified, the anisotropy of the in­
tensity of the relaxation can be easily explained 
using this mechanical model. 

Temperature Dependence of Rigidity 

Figure 10 shows the temperature dependence 
of the magnitude of the vertical shift along the 
logarithmic rigidity axis for the three specimens. 
This figure represents the temperature variation 
of the rigidity of the crystals, which is caused 
independently of the a relaxation. 

The temperature variation of the real and im­
aginary parts of complex rigidity which starts 
at about 40°C for the melt-crystallized polyoxy­
methylene was theoretically interpreted in ac­
cordance with the concept of the "smearing-out 
effect" of the elastic modulus due to the in­
coherent lattice vibrations in polymer crystals. 14 

A remarkable anisotropy was found for the tem­
perature dependence of rigidity of the drawn 
and oriented polyoxymethylene. 15 The anisotropy 
was interpreted on the concept of the "smearing­
out effect" of a component c66 of the elastic 
modulus tensor of the crystal due to the in­
coherent torsional lattice vibrations.21 

However, as shown in Figure 10, the vertical 
shift was unnecessary for the superpositions of 
G' and G" curves of the original samples of 
single crystals at temperatures below about 100°C 
and 115 ° C re spec ti vel y. 
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The temperature variation of rigidity is ob­
viously dependent upon the fine structure of the 
sample. The temperature variation of rigidity 
for the melt-crystallized polyoxymethylene might 
be closely related to the lattice defects included 
in the crystal, as suggested by Takayanagi. 36 

As described previously, the amplitude of the 
thermal vibration of the chain molecules in the 
crystals increases furthermore at about 40°C.27 

This temperature corresponds to the temperature 
at which the temperature variation of rigidity 
starts. Thus the large amplitude lattice vibra­
tion of the crystal is also connected with the 
temperature variation of the rigidity as follows. 

At lower temperatures the lattice distortions 
of the crystal are presumably localized around 
the lattice defects included originally in the 
crystal. The thermal motion of the chain mole­
cules in the crystal increases in amplitude with 
increasing temperature. Consequently the lattice 
distortions begin to spread at about 40°C in order 
to relax the stress which is concentrated around 
the lattice defects. The spread of the lattice 
distortions due to the thermal motion of the 
molecules causes a "smearing-out effect" of the 
intermolecular potential of the crystal. If these 
distortions spread only along the normal direc­
tion to the c-axis of the crystal, the component 
c66 should decrease effectively with increasing 
temperature. 15 The temperature variation of the 
rigidity of the crystal does not occur in the 
single crystals, because the single crystals in­
clude less lattice defects than the melt-crystal­
lized polyoxymethylene. As shown in Figure 
10, the rigidity decreases with increasing tem­
perature above about 50°C for the heat-treated 
single crystal mat. This is presumably due to 
the lattice defects caused by heat-treatment of 
the sample. 

The lattice defects which are frozen in the 
non-equilibrium states will be partly diminished 
with gamma-ray irradiation for the melt-crystal­
lized polyoxymethylene. This problem will be 
discussed in another paper. 
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