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ABSTRACT: The temperature dependences of the intensity and the long spacing in 
X-ray small-angle scattering for quenched, r-ray irradiated and well annealed poly
(oxymethylene)s were measured over a range of temperature from -120°C to the neigh
bourhood of the melting point. In a range of temperature below 40°C, the temperature 
dependence of the peak intensity is due to the difference of the density between the 
crystalline and the amorphous layers for all samples. Observation of the change of the 
thermal expansion coefficient in the amorphous layer in the vicinity of - 75°C gives 
direct evidence of glass transition. However, above 40°C the temperature dependence 
of the intensity can not be explained in terms of the density difference. Above 120°C, 
partial melting takes place for a well annealed sample and the long spacing increases 
slightly. On the other hand, for a quenched sample, the annealing effect arises from 
120°c. 

KEY WORDS X-ray / Small-angle Scattering / Glass Transition / 
Melting/ Annealing Effect/ Poly(oxymethylene) / 

It has been established that polymers are crys
tallized in most cases into spherulite aggregates, 
if crystallized from melt, and that spherulite 
aggregates made of lamellae in which the chain 
molecules are folded are never entirely crystalline. 
It has been proposed on the basis of the density' 
and the small-angle X-ray2 measurements that 
even "single crystal", crystallized from dilute 
solution, includes noncrystalline regions. Many 
authors have proposed that crystalline polymer 
consists of alternating crystalline and amorphous 
layers (two phase model). The difference of the 
density between crystalline and amorphous layers 
gives rise to X-ray small-angle scattering. 

The temperature dependence of X-ray small
angle scattering from crystalline polymers has 
been studied by several authors. 3- 13 It has been 
found that the intensity of the small-angle re
flection changes almost reversibly with tempera
ture, if the annealing temperature is not exceeded, 
and in some cases a reversible change of the 
long spacing is also observed. These phenomena 
have not been explained fully. 

* Present Address: Mitsubishi Petrochemical Com
pany Ltd., Yokkaichi, Mie, Japan. 
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Geil, et al., 8 found a reversible change with 
temperature in the long spacing and the intensity 
for both bulk and drawn poly(oxymethylene)s 
(POM). They suggested that the reversible change 
in the long spacing can only be reconciled with 
concepts that the thickness of the lamellae of 
POM is determined by thermodynamic equilib
rium considerations14 - 16 and/or the long spacing 
should not be equated by Bragg's law to a 
periodicity in the sample such as lamellar thick
ness. They also suggested that the reversible 
small-angle intensity and spacing changes are a 
common feature in both bulk and drawn 
polymers. 

Reversible long spacing changes were also 
observed for single crystal mats of branched 
polyethylene by Keller, et al. 9 They suggested 
that these changes were attributed to reversible 
changes in the thickness of the lamellar crystals 
of which the mats were composed. 

Kilian, et al., 4 Nobuta, et al.,' 0 and Fischer, 
et al., 11 have found that the glass transition 
which occurs within intercrystalline layers of 
polyethylene, POM, polybutene-I can be estab
lished by measuring the temperature depend-
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ence of the X-ray small-angle intensity at low 
temperatures. 

In the present paper, the temperature depend
ences of the intensity and the long spacing in 
X-ray small-angle scattering for melt-grown POM 
are studied over a range of temperature from 

· -120°C to the neighbourhood of the melting 
point. The temperature dependence of the in
tensity is interpreted in terms of the two-phase 
model. The glass transition and the partial 
melting of melt-crystallized POM will be dis
cussed. We also discuss changes in structure 
of POM caused by annealing and r-ray irradia
tion. The comparison will be performed with 
previous data of X-ray small-angle scattering. 

SAMPLE AND EXPERIMENTAL PROCEDURE 

Three samples of POM used in this work were 
thin plates of Delrin 150X (E. I. du Pont de 
Nemours & Co. Inc.) molded with a laminating 
press. Sample A was quenched from melt. 
Sample B was exposed to a beam of r-ray of 
Co60 in air at room temperature. The total 
irradiation dose was 9.8 x 106R. Sample C was 
annealed at a temperature of 163°C for a week. 
All the samples showed one or two isotropic 
Debye-Scherrer rings in the X-ray small-angle 
photograph using pin-hole collimation. 

The density was measured with a density 
gradient tube of xylene-CC14 system at 25°C. 
The volume-averaged crystallinity (Xcr) was 
estimated from the density (p) using the following 
equation. 

( 1 ) 

In this paper, we use values of 1.51 g/cc and 
1.25 g/cc as densities of the crystalline, Pc, and 
amorphous regions, Pa, respectively.17 Values 
of these densities will be discussed later in more 
detail. 

The X-ray small-angle scattering scans were 
taken with a Rigaku-Denki X-ray small-angle 
diffractometer mounted on a Rigaku-Denki RU-2 
rotating anode. The copper radiation was 
nickel-filtered and detected by a scintillation 
counter with a pulse-height analyzer. The 
sample was placed in a heated sample holder. 
The temperature was measured by a thermocouple 
mounted in ·contact with a part of the sample 
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just near the area illuminated by the X-ray 
beam. 

The long spacing determined from the Bragg 
equation and the density is shown in Table I 
for each sample. 

Table I. Characterization of samples 

Sample Treatment Density, Crystal-
g/cc linity, % 

Long. 
spacing, A 

A Quenched 1.422 65 180 only 

B 9.8x10s-R 1.428 69 180 only Irradiated 
Annealed at 

C 163°C for a 1.450 77 220, 110 
week 

THEORY 

According to Hosemann18 the scattering inten
sity of a linear lattice as a function of s=2 sin 8/ ..< 

is given by the expression 

I(s)=N[(f2(s))-<f(s))2] 

+(1/V)</(s))2Z(s)*IS(s)! 2 ( 2) 

where f(s) is the particle factor of a single 
lamella, Z(s) the paracrystalline lattice factor 
resulting from interlamellar interference, [S(s)12 

the shape factor measuring the influence of the 
finite paracrystal size, N the number of lamellae, 
V the volume of the paracrystal and * means 
convolution. The first term yields a diffuse 
background due to the mean square fluctuation 
of the particle factor. The discrete intensity 
distribution is given by the second term repre
senting crystalline interference scattering. In 
this work, only the second term is considered. 
For a comparatively large paracrystal the shape 
factor [S(s)[ 2 is a point-like function compared 
with Z(s) and thus the intensity is proportional 
to the product of the square of the particle 
factor and lattice factor. 

I(s) =K<f(s)>2 Z(s) ( 3) 

For a system consisting of alternating crystalline 
and amorphous layers the particle factor is 

/ 2(s)=(.1p)2[sin2 n-sd/(n-s)2] ( 4) 

where (.:Ip) is the electron density difference 
between the crystalline and amorphous layers 
and d is the thickness of the crystalline layer. 
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In the case where the fluctuation of the lamellar 
thickness is small, <J(s))2 approximately equals 
to J2(s). Z(s) has a maximum value at sL=n, 
where L is the long spacing and n the integer. 
The intensity of the first diffraction maximum 
(sL= 1) is given by 

( 5) 

whereas that of the second diffraction maximum 
(sL=2) is 

where K1 and K2 are constants as long as the 
lattice factor Z(s) is constant, and d/L shows the 
volume-averaged crystallinity Xcr-

In a temperature range where no melting oc
curs, only Jp depends on temperature, since the 
lattice factor Z(s), the long spacing L and the 
thickness of the crystals d are insensitive to 
temperature. As the electron density is propor
tional to the mass density, the temperature de
pendence of the square root of the relative peak 
intensity becomes 

v J(T)/J(T0) 

=dp(T)/Jp(To) = 1 +(Pa0aa - Pc0ac)(T-To)/ dpo 
( 7) 

where dp 0 is the density difference at a reference 
temperature T0 °C, Pao and Pc0 the densities of 
the amorphous and of the crystalline layer at 
T0 °C, respectively, and ac and aa the thermal 
expansion coefficients of the crystalline and the 
amorphous layers, respectively. Eq 7 indicates 
that the square root of the relative peak intensity 
is a linear function of T with a slope of (pa0aa 

-Pc0ac)/ dPo· 
Let us consider the case that the degree of 

crystallinity changes with temperature. Then, 
we have 

J1(T)/J1(To) 

=(dp(T)/ Jp(T0))2 sin2 7r:Xcr(T)/sin2 7r:Xcr(T0 ) ( 8) 

I2(T)/I2(To) 

=(dp(T)/ Jp(T0))2 sin2 21r:X,r(T)/sin2 21r:Xcr(T0 ) 

( 9) 

(Is( T)/ 12 ( T0) )/ (11 ( T)/ 11 ( T0)) 

=(1 +cos 2rrx,r(T))/(1 +cos 21r:Xcr(T0)) (10) 

If the crystallinity does not vary with tempera-
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ture, the temperature dependences of J1(T)/Ji(T0) 

and Js(T)/Js(T0) coincide with each other. When 
the crystallinity changes, 11(T) has a maximum 
value at Xcr=l/2 and J2(T) has at Xcr=3/4. From 
eq 10, the temperature dependence of Xcr can be 
determined. 12 

RESULTS AND DISCUSSION 

Glass Transition of Poly(oxymethylene) 
Figure 1 shows the recorder tracings of the 

small-angle pattern using slit collimation for 
sample A, B, and C. It was found that r-ray 
irradiation does not make changes in the small
angle pattern, although the scattering intensity 
decreases. Sample C, which was annealed at 
163°C for a week, has two peaks in the recorder 
tracing. The first peak becomes sharp and its 
maximum angle shifts to a lower angle by an
nealing. This fact was ascertained by taking 
photographs using pinhole collimation. The 
ratio of values of angle at the first and second 
peak is about two. 

6 

5 

2 

JO' 20' 30' 40' 50' 60' 

20 

Figure 1. The recorder tracing of the small-angle 
pattern from poly(oxymethylene): A, quenched 
sample; B, 9.8 x 106-R irradiated sample; C, an
nealed sample at 163°C for a week. 

The square root of the relative peak intensity 
of the first peak is plotted against temperature 
in Figure 2 in a temperature range of 90°C, 
where the intensity is measured in a unit of the 
intensity observed at 18 °C. A straight line with 
a break point in the vicinity of - 75° C is found 
to well describe the temperature dependence of 
the intensity. It is considered that this break 
point shows direct evidence for a glass transi-
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Figure 2. The relative change of the square root of the peak intensity with 
temperature: e, sample A; (), sample B; O, sample C. 

tion in the amorphous layer of POM. The 
change of the slope corresponds to the abrupt 

change of (p.0aa-Pc/Xc)/ fl Po· Pa0 , Pc0 , and flpo 

are constant values, and a 0 has been found to 
be a constant value of 2x 10-4/°C at these tem
perature ranges from the measurement of the 
temperature dependence of the (110) spacing.19 

Therefore, it is clear that this change shows the 
change of aa, that is, glass transition. 

Using eq 7 from the slope in a range of 
temperature from - 75 to 40°C in Figure 2, a 
value of (p. 0a. - p00a0 ) =6 X 10-4/°C was obtained. 
a. was evaluated to be 7.2xl0-4j°C using p00= 
1.51 g/cc from the wide angle data, and assuming 
p.0 = 1.25 g/cc. This value agrees well with the 
thermal expansion coefficient of amorphous 
polymers above glass transition temperature. 20 

This conclusion is also supported by the following 
facts. Miki, et al., 21 found by dynamic mecha
nical measurement that the glass transition tem
perature of POM is about - 74°C. Mandelkern, 
et al., 22 found that the linear coefficient of the 
thermal expansion for the solution-grown POM 
changes in the vicinity of - 85°C. They sug
gested that this temperature is glass transition 
temperature. 

It is interesting to note that the glass transition 
temperature and the thermal expansion coefficient 
of the amorphous layer in POM are not affected 
by annealing and r-ray irradiation. This fact 
shows that the amorphous layer between lamellar 
crystals of POM is fully amorphous and is almost 
independent of crystalline parts, as reported for 
melt-crystallized and solution-grown polyethylene 
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by Vonk, et al., 23 and by Fischer, et al.,21 

respectively. 
In a previous paper,24 we reported that the 

degree of crystallinity increases by r-ray irradia
tion. As shown in Table I, the density also 
increases by r-ray irradiation. The intensity of 
X-ray small-angle scattering decreases with in
creasing irradiation dose. This can be explained 
in terms of an idea that the chain-folded lamellae 
would be transformed into crystals consisting of 
straight parallel chains that have each end at 
(001) face by chain scission at their loops. 

Partial Melting of Poly(oxymethylene) 
Figure 3 shows the temperature dependence 

of the square root of the relative peak intensity 
in a temperature range above l8°C for sample 
C. Open circles denote the first peak and marks 
of x denote the second peak. Above 70°C, the 

2.0 

~1.5 

1.0 

50 100 150 
Temperature (°C) 

Figure 3. The relative change of the square root 
of the peak intensity for sample C: O, the first 
peak; x , the second peak. 
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intensity of the first peak increases more rapidly 
with increasing temperature. The temperature 
dependence of the second peak is almost identical 
with that of the first peak up to 120°C, while 
the deviation occurs above 120°C. The intensity 
of the second peak has a maximum value at 
about 135°C, while that of the first peak swings 
up. These changes are almost reversible with 
temperature. 

Eq 10 shows that the temperature dependence 
of l 1(T)/l,(T0 ) and l 2(T)/l2(T0 ) should coincide 
with each other, if the degree of crystallinity 
does not vary with temperature. As shown in 
Figure 3, l 1(T)/l1(T0 ) and llT)/l2(T0 ) depart from 
each other above 120°C. Therefore, the crystal
linity must change in this temperature range. 
The temperature dependence of the crystallinity 
was obtained from eq 10, as shown in Figure 4. 

(%) 

» 90 
·2 = 80 C 
.; s 70 
., 
5 60 
0 
> 

50 

0 50 100 150 
Temperature (°Cl 

Figure 4. The temperature dependence of the 
volume-averaged crystallinity evaluated from 
Figure 3 using eq 10. 

The degree of crystallinity decreases gradually 
and becomes 67% at 157°C. At that time the 
crystallinity of 77 % determined from the density 
at 25°C was used. This value is thought to be 
reasonable. According to eq 9, 12 has a maxi
mum at Xsr=3/4. Since 12 has a maximum value 
at about I 35°C, the crystallinity will be 75% at 
about 135°C. This temperature agrees well with 
the temperature which gives the crystallinity of 
75%. It is considered that the decrease of the 
crystallinity is due to partial melting, and that 
crystalline segments near the surface are trans
formed to amorphous. 3 

This idea of the partial melting is supported 
by the following facts. The long spacing in
creases gradually from 120°C and becomes several 
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angstroms thicker, as shown in Figure 5. This 
value is thought to be reasonable, since the 
calculation shows that the long spacing increases 
by a value of five angstroms if crystalline seg
ments near the surface are transformed to 
amorphous in accordance with decrease in the 
crystallinity from 77 % to 67 % . * 

03 
g' 200 

·.:; 
C 
C. 

"' 
C> 
C: 

100 

0 

00000000~ 

50 100 
Temperature (°C) 

150 

Figure 5. The temperature dependence of the long 
spacing for sample C: O, the first peak; O, the 
second peak . 

Figure 6 shows that the (100) peak intensity 
also decreases from 120°C. Since the Bragg 
angle of this peak is small, the temperature factor 
scarcely influences the decrease of the intensity. 
Accordingly, it is due to the diminution of the 
crystal volume by the partial melting. 

On the other hand, for a quenched sample A 
the peak intensity of small-angle scattering in
creases reversibly with temperature up to 120°C. 

* For the two-phase model, the crystal thickness 
(Lcr) can be calculated from the long spacing (L) 
and the volume-averaged crystallinity (Xcr) by the 
following equation. Lcr=LXcr- The crystal thick
ness is evaluated to be 170A at 120°C (L=220A, 
Xcr=77%) and 154A at 159°C (L=230A, Xcr=67%)
This shows that the crystalline segments of 16A 
along the direction perpendicular to the lamellar 
plane are transformed to amorphous. When melting 
takes place, the volume increases by 1.3 times, as
suming that the specific volume is 0.88 and 0.68 cc/g 
at 159°C in the crystalline and the amorphous layers, 
respectively, from the thermal expansion coefficient 
data. Then, for the one-dimensional paracrystal, 
the distance of 16A in the crystal region becomes 
21A in the amorphous region. 
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Figure 6. The temperature dependence of the (100) 
peak intensity for sample C. 

Above this temperature, the change in intensity 
becomes irreversible, because of the increase in 
the crystal thickness. The process of the partial 
melting may cause the change of the crystal 
thickness in this case. 

From 40°C to 120°C, the intensity of the peak 
increases with a steeper slope. This can not be 
explained in terms of the density difference. In 
a previous paper, 19 we reported that the thermal 
expansion coefficient of POM crystal increases 
abruptly with temperature above 40°C. There
fore, the slope must decrease at this temperature 
range, if the thermal expansion coefficient of the 
amorphous layer remains constant. Until now, 
it is not clear what is the origin of the increase 
in intensity in the temperature range from 40 
to 120°c. 

Geil, et al.,8 measured the temperature depend
ence of the intensity of X-ray small-angle scat
tering and long spacing in bulk POM. They 
found that long spacing and intensity undergo 
reversible change with temperature and the 
spacing was seen to remain at an essentially 
constant value of 200A. up to a temperature of 
125°C. They also found that when the sample 
was heated to 159°C the long spacing increased 
to 330A. They concluded that the reversible 
X-ray small-angle intensity and spacing changes 
are common features in both bulk and drawn 
polymers. 

We found that the well-annealed sample shows 
the increase in long spacing by only several 
angstroms in the temperature range studied. How
ever, we also found that samples annealed at 
150°C and at l 70°C for ten hours show an ab
rupt increase in long spacing above 120°C the 
same as Geil's data. 8 The well-annealed sample 
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shows a sharp and strong first peak and second 
peak. The long spacing of the first peak eval
uated from the peak position applying the 
Bragg's law is just two times larger than that 
of the second peak. On the other hand, in the 
sample annealed for ten hours only the first peak 
found was rather broad. The difference of the 
temperature dependence of long spacing for the 
well-annealed sample and not-well annealed 
sample can be considered as follows. For the 
well-annealed sample the lamellae are stacked 
neatly together, whereas for the sample having 
only one peak the stack of lamellae is rather 
disturbed. It may be considered that as the 
partial melting prevails, the peak position appar
ently shifts at lower angles for the latter sample. 
Further detailed investigations of this point are 
now progressing. 

CONCLUSIONS 

The two-phase model can be well adopted to 
explain the temperature dependence of the X-ray 
small-angle intensity. The temperature depend
ence of the X-ray small-angle intensity is due to 
the difference of the density between the crystal
line and the amorphous layers at a temperature 
range from -120 to 40°C. Glass transition 
temperature of POM determined by X-ray small
angle scattering method is - 75°C. These be
haviors are not affected by annealing and r-ray 
irradiation. The thermal expansion coefficient of 
the amorphous layer is about 7.2x 10-4/°C above 
glass transition temperature. For a well annealed 
sample, partial melting takes place above 120°C 
and the long spacing changes only by several 
angstroms. On the other hand, for a quenched 
sample, the annealing effect arises from 120°C. 
For all the samples studied, at a temperature 
range from 40°C to 120°C, the temperature de
pendence of the intensity can not be explained 
in terms of the density difference. The origin 
of this behavior has not been clear until now. 
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