JOURNAL OF MATERIALS SCIENCE 8 (1973) 1673-1689

On the o-relaxation in bulk
polyoxymethylene

R. W. GRAY*
Department of Engineering Science, Oxford University, Parks Road, Oxford, UK

Values quoted for 4H,, the activation energy of the high temperature a-relaxation in

polyoxymethylene (POM), range from 20 to 92 kcal mol—'. This paper seeks to rationalize
the discrepancy by remeasuring 4H, using time-temperature superposition of torsional
creep and dynamic compliances for a POM specimen annealed at 160°C. Superposition

of loss compliance curves J’ (», T) is possible over the range 20 to 120°C but creep
compliance curves J(f, T) fail to superpose above about 70°C. The creep anomaly

is explained in terms of the McCrum-Morris reduction equations in which the unrelaxed
compliance Ju7 increases with temperature more rapidly than the relaxed compliance
JrZ. The activation energy 4H, has a constant value of 21 4 1 kcal mol-" below about
70°C. Above about 70°C, 4H, increases steadily up to 33 - 2 kcal mol-* at 120°C.

1. Introduction

Polyoxymethylene (POM) is a crystalline poly-
mer with a melting point of about 185°C. The
relaxation behaviour of this polymer has been
extensively studied and has been reviewed by
McCrum ef al [1]. There are three familiar loss
peaks termed «, 8 and v which appear at 1 Hz
at about 135, —10 and —70°C, respectively.
Recently, two more relaxations have been
reported [2], one at about —225°C (8) and the
other below —259°C (e). In this paper only the
high temperature o-relaxation will be under
discussion.

The a-relaxation in POM has been studied by
many authors [3-12] using both mechanical and
dielectrical techniques over various ranges of
temperature and frequency. It is generally
accepted [5, 7-12] that the o-relaxation (in
common with many other crystalline polymers)
involves large-scale chain motion in the crystal-
line regions of the polymer, although the precise
mechanism remains unclear. Further, there is
still a large and unexplained discrepancy between
the published values for the activation energy
AH,. Both Ishida et al [4] and Arisawa et al [8]
using low frequency dielectric data obtained a
value of 20 kcal mol—! for AH,. On the other
hand, Read and Williams [6] used low frequency
mechanical measurements and found 4H, in
the range 65 to 92 keal mol—2, The high frequency

data of Thurn [3] also yields very high values for

A4H, but the elastic after-effect method of
McCrum [5] gives 24 kcal mol-t. Further
dielectric measurements by Arisawa et a/ [9]
led to a value of 33 kcal mol~. In single crystals
of POM, Takayanagi [10] reported a figure of 55
kcal mol~. Finally, Miki et al [12] used super-
position of forced oscillation data and proposed
that the a-relaxation has three components with
activation energies of about 60 kcal mol—t
below 40°C, 25 kcal mol—* below 95°C and 32
kcal mol-* above 95°C. It is clear that this wide
range of activation energies is in need of some
rationalization.

The purpose of this paper is to describe some
high temperature creep experiments in POM, to
recalculate the activation energy and to explain
why AH, values quoted in the literature are so
disparate. Studying the o-relaxation in creep
enables more of the relaxation to be observed,
unfettered by the melting process, than is
possible by torsion pendulum or forced oscilla-
tion measurements. (The loss tangent or the
a-relaxation has its maximum at 1 Hz at about
135°C and above 160°C the crystallinity starts
falling rapidly.) The technique used here to
obtain AH, is that of time-temperature super-
position, and before describing experimental
results it is pertinent to review the principle of
superposition.
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2. Time-temperature superposition

Time-temperature superposition, in which
relaxation data measured at one temperature
may be shifted along the log time (or log
frequency) axis in order to fit data measured at
some other temperature, has been known for
many years [13] and applied successfully to
numerous polymers [14]. The relaxation behav-
iour of a polymer is governed by the tempera-
ture dependence of the distribution of relaxation
or retardation times 7, usually expressed on a
logarithmic time scale [14]. For creep, for
example, this is the distribution of retardation
times at temperature 7, LsT (In 7). More con-
venient is to consider normalized distributions by
dividing by the relaxation magnitude (Jr7 —
Ju7T). Thus for creep the normalized distribution
of retardation times ¢,Z (In 7) is just LyT (In 7)/
(JrT — JuT) where JrT and JuT are relaxed and
unrelaxed creep compliances at temperature 7.
Then ¢s7 (In 7) d In 7 is simply the fraction of
relaxation times between In rand In + + d In r
at temperature 7. A powerful hypothesis is that
as the temperature is changed from T, to 7T the
shape of ¢s7 does not change, but each element
has its 7 altered by a temperature-dependent
factor ar such that

¢sT (In 7) = ¢y7 (In 7/ar) M

where ¢,To refers to the distribution at tempera-
ture T, with reduced times 7/ar. When relaxation
data are plotted with a logarithmic time (or
frequency) axis this factor now appears as In ar
and is just the horizontal displacement needed
to superpose data for temperature 7 onto that for
T, to form a “master curve”. For a glass-rubber
relaxation the horizontal shift is given by the
W L F equation [15], but for practically all
other relaxations in polymers an Arrhenius
relation is found, namely

4H {1 1
*(i-7) @

from which the activation energy AH for the
relaxation may be determined. (R is the gas
constant.)

As the temperature is changed the shape of
$s7 may not change, but a relaxation still
depends on the limiting compliances (or moduli)
which are dependent on temperature. Following
McCrum and Morris [16], the unrelaxed and
relaxed compliances at temperature 7" are related
to those at Ty by JuZ = cqpJuTe and JrT =
dpJrT , wheterer and drp are arbitrary functions
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Inar =

of temperature. Creep compliance curves J(z, T)
measures at T will superpose onto that for T,
by the reduction equation ([1], Equation 4.112).
_ (JrTo — JyTo)
J(tlar, Ty = J(t, T) o re— )
JuTo JrTo (dt — c71)
dTJRTO — C7 JUTU
where it is assumed that each element of
L;7 (In 7) at temperature T is related to that at
temperature 7, by a constant factor by given
by [16]
b — LT (ln7)  JRT — JuT 4
= LJTO (ln T/aT) o JRTO - JUT“ ( )
_ drJr"o — erduT,
JrTo — JUTO .
The general creep reduction equation (Equation
3) can be simplified to

3

(dr — cr)J.

1
Telar, To) = 3= T, T) + =2 (5)

where J. is defined as
JuZo JgTo
Tl — JyTo ' ©

Similarly, the storage and loss compliances
may be expressed as [16]

Jtz

(dT - CT) J*

1
Jl(aTwa TO) = b_TJ/(w, T) + br (7)

®

where w is the frequency. Equations 5, 7 and 8
show that if the limiting compliances are
independent of temperature (¢cr = dp = by = 1)
superposition of creep and dynamic compliances
will be possible by simply applying a horizontal
shift In ap. However, it is clear that in general
Ju and Jr are dependent on temperature so that
the above full reduction equations should be
used. This means that before attempting super-
position, JuyZe and JgT» must be known together
with values of ¢z and dr. For the glass-rubber
relaxation in an amorphous polymer, dr is
known explicitly from rubber elasticity theory
and is just p,Ty/prT, where p, and p are the
specimen densities at temperatures T, and T’
respectively. Data can then be corrected prior to
superposition as, for example, for J'(w, T) curves
in polyisobutylene [i17]. But for all other
relaxations in both amorphous and crystalline
polymers there are no rigorous theories for the

1
J'(@re, To) = - J' (w2, T)
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Figure I Schematic superposition of creep curves J(z, T),
loss compliance curves J” (w, T) and loss tangent curves
for the case ecx = dp = bp =1and T » T,.

(Note plots are double logarithmic.)

temperature dependences of Jy and Jgr. One
solutiontothe problem is to make the simplifying
assumption that the limiting compliances have
the same temperature dependence, that is
cr = dp (= br) # 1. Then Equation 5 for creep
reduction can be written,

log J(t/ar, Ty) = log J(t, T) — log br.  (9)

This states that when compliances are plotted
against time (or frequency) on a log-log plot, a
correction factor, log b, should be made to the
data, equivalent to a vertical shift, before
superposition can be obtained by a horizontal
shift. This is illustrated in Fig. 1. If either ¢z or
dr is known, then this vertical correction can be
applied. For the B-relaxation in polymethyl-
methacrylate (PMMA) McCrum and Morris
[16] assumed that the temperature dependence
of the high frequency (~10* Hz) modulus [18]
of PMMA is just the temperature dependence
of the unrelaxed modulus. This gave values for
1/cr and, hence, the vertical shift correction to
the creep compliance was made since it was
assumed that by = dp = c¢p. By making this
correction [16], the creep data superposed to
give an activation energy that agreed with the
value obtained from internal friction measure-
ments (location of the loss peak as a function of
frequency), while without vertical correction no
such agreement is possible.

However, the ulira-sonic technique is not
always possible since the temperature depen-
dence of the high frequency modulus will, in
general, be a function of other relaxations present
at lower temperatures. If neither ¢y nor dr is
known, then superposition has been obtained by
applying in conjunction with the horizontal shift
an empirical shift, log by (Equation 9) in order to
give the smoothest possible master curve, Thus,
it was shown [19] that for the y-relaxation in
polytetrafluoroethylene a vertical shift of the
creep data was necessary to give an activation
energy in agreement with the internal friction
value.

Although obviously not rigorous, empirical
shifting of relaxation data to give a “best-fit” to
the master curve can be justified if the 4AH
value so obtained agrees with less subjectively
determined values, as for PMMA [16] and
PTFE [19]. For the o-relaxation in POM,
superposition by empirical shifting is the only
recourse since the possible presence of S, v, 6
and e relaxations rules out obtaining ¢y from
ultra-sonic measurements. The need for vertical
shifting for the o-relaxation in POM has already
been established by Miki et al [12]. For shear
moduli to superpose these authors found that
the vertical shift was an approximately linear
function of temperature. This result is just that
predicted, if the o-relaxation is an Okano-type
crystalline dispersion [20] controlled by the
smearing-out of the intermolecular potential
owing to intramolecular lattice vibrations,

An important point to emphasize is that the
difficulty of rationalizing empirical vertical
shifting is largely removed by considering the
superposition of loss tangent data. If tan &
(w, T) is plotted against log w both the pheno-
menological approach of McCrum and Morris
and the Miki/Okano approach give the result
[12, 16]

tan 8 (arw, T,) = tan 8 (w, T), (10)

showing that superposition of tan 8 can be
obtained by horizontal shifting only (see Fig. 1).
This result, for example, follows from dividing
Equation 8 by Equation 7 provided, of course,
¢r = dp. Miki et al [12] reported superposition
of tan & in POM according to Equation 10 but
there is a great deal of scatter on the “smooth”
master curve.

One aim of this paper, therefore, is to re-
examine superposition in the region of the
a-relaxation of POM, with good (ie. low
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scatter) experimental creep and dynamic mea-
surements over as wide a range of time and
frequency as possible. Thence, hopefully, to
resolve the question of the activation energy.

3. Experimental
3.1. Specimen preparation

Pellets of polyoxymethylene (Delrin 100) were
compression-moulded at a temperature of
195°C and pressure of 2 tons in.~2 to give
sheets of POM measuring 150 x 150 x 6 mm3,
Specimens were cut from this sheet and care-
fully machined to fit the clamps of the torsion
apparatus. Specimen dimensions were 80 x 10
% 0.8 mm?. In order to study the a-relaxation,
which is close to the melting point, it is essential
to anneal specimens to stabilize them for
working temperatures up to the annealing tem-
perature [21]. POM specimens were annealed
with free ends [22] at 160°C in dry nitrogen.
This temperature was chosen because the
crystallinity (as judged by wide-angle X-ray
diffraction) is essentially constant up to this
temperature [23]. Specimens were annealed for
various times, but the one for which mechanical
data are presented was annealed for 6 h, giving
a specimen density of 1.429 g cm—3, equivalent
to a 0.73 mass fraction of crystallinity [24].
Small fragments cut from the end of this speci-
men were used for differential scanning calori-
metry. At 160°C the endothermic level was
only a few per cent of the peak level at 182°C.
Further, identical DSC traces were obtained
when the POM specimen was repeatedly cycled
from room temperature to temperatures up to
just below 160°C.

3.2. Torsion apparatus

Mechanical measurements on the POM speci-
men were obtained on a counterbalanced creep
apparatus similar to the one described else-
where [16]. For torsional creep, the specimen is
connected to a flat coil suspended between the
poles of a permanent magnet. A constant
current through the coil delivers a constant
torque to the specimen. The apparatus is easily
modified into a torsion pendulum by replacing
the coil/magnet system with an inertia arm
capable of varying the frequency of free oscil-
lation. In both modes the system is counter-
balanced with a very slight positive tensile load
(~ 5 g) to prevent specimen buckling. The
deflection of the specimen is amplified by an
optical lever and recorded on a Graphispot chart
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recorder. The specimen is encapsulated in a
thermostatically controlled chamber through
which is bled a current of dry nitrogen.

3.3. Linearity of POM

Both the creep compliance J and the dynamic
modulus G’ are calculated from the theory for
torsion of elastic solids with rectangular cross-
section [25]. This theory may only be applied to
visco-elastic solids if they are linear, that is, if
the measured compliance at any time ¢ is
independent of the stress level. Most polymers
are linear only for very low strains. Turner [26]
has shown that in tensile creep at room. tem-
perature, POM departs from linearity at strains
greater than 0.002. In the torsional creep of
POM described in this paper, the maximum
strain reached was only 0.0004. Linearity of the
annealed POM specimen was checked directly
by measuring isochronal deflections as a func-
tion of coil current (proportional to the stress)
for stress levels up to twice those used in actual
creep measurements. In all cases the maximum
departure from linearity was less than 0.8 9.

4. Results
4.1. Creep compliance data

The POM specimen, already annealed at 160°C
for 6 h, was inserted into the creep apparatus
and the system counterbalanced. The tem-
perature was taken up to 155°C, held there for
1 h to relieve residual stresses in the specimen,
and then returned to room temperature.
Isothermal creep runs were started at 20°C
and thence in intervals of about 10°C. The
resulting creep compliances, corrected for
thermal expansion [24], are shown in Fig. 2 as
log,, J(t, T) plotted against log,, ¢. The creep
times varied from 41 h below 60°C downto 1 h
at the higher temperatures. Further creep
measurements (not shown) were then made on
the POM specimen at intermediate temperatures
by cooling in 10°C intervals down to room
temperature. As with the heating measurements,
only short creep times (I h) were used above
100°C, but longer times were used (up to 9 h)
at lower temperatures.

After completion of each creep run, the stress
was removed and the specimen allowed to
recover at the next temperature. Complete
recovery is often an asymptotic ideal in a
polymer when very long creep times are involved.
The criterion used for judging when recovery was
effectively complete was to wait until the



ON THE «-RELAXATION IN BULK POLYOXYMETHYLENE

-10-4

-10:6 |~

S -108

o940

£ TH{m2 N7
T T
3 g 8%

-0 —

| | i ]
O 1 2 3 4 5
logyp #(sec)

Figure 2 Creep compliance curves for POM, logy,
J(t, T) plotted against log;, #, for the temperatures
indicated (°C).

recorder recovery trace was within 1 mm of the
baseline (typically, 999 recovery). If the
recovery trace showed no detectable shift
towards the baseline after a further time of 4y
the next anticipated creep time, then the creep
run was started. For the creep data of Fig. 2
this means, at worst, a baseline error in J of
only about 0.5%. Using this recovery criterion,
creep strains were recovered in times varying
from between 8 and 22 times the previous creep
time (that is, recovery times of between 8 h at
120°C and 8 days at 44°C).

A crucial test of the reliability of the creep
data is to examine the reproducibility of the
compliance curves at sample temperatures over
the range of the creep experiment. Repeated
cycles of creep and recovery showed that
creep isotherms could be duplicated to within
less than 19, provided effective recovery had
occurred.

However, experimental scatter of the measured
data points can still prevent any attempt to obtain
accurate superposition. Fluctuations in specimen
temperature and the applied ‘“‘constant” coil
current are demonstrably minimal. Actual
scatter is best assessed by examining isochronal
cross-plots, that is, J(z,, T) plotted against
temperature. The compliance data of Fig. 2 do,
in fact, fall on smooth isochronal curves with
negligible scatter.

4.2, Torsion pendulum data

The torsion apparatus was also used as a
pendulum to measure the dynamic mechanical
properties of the same POM specimen in the
o-relaxation region. Measurements of the dyna-
mic storage modulus G’ (w, T) and loss tangent
tan 6 (w, T) were made at the same 5°C intervals
as for the creep data. The range of frequencies
covered by the pendulum was from 8 Hz down
to 0.6 Hz. From the tan 8 and G’ data, the loss
compliances, J” (w, T), were calculated using the
Struik equations [27].

Frequency-temperature superposition of the
pendulum data by itself is not possible for such a
restricted region of the frequency spectrum as
barely one decade of log,, w. Accurate super-
position of dynamic data wouldrequireapparatus
capable of varying the frequency over four
decades of log w. Now the w«-relaxation in
POM is at its maximum loss at about 135°C
at 1 Hz, while above 160°C the crystallinity is
known to drop rapidly as the temperature
approaches the melting point (185°C). Thus, to
investigate the relaxation over four decades, and
yet be free from the complicating effects of partial
melting, it is necessary to use very low frequen-
cies, say from 1 Hz down to 0.0001 Hz. The only
practical way to obtain dynamic compliances at
such frequencies is by calculation from the
equivalent creep compliances.

4.3. Conversion of creep data into dynamic
data

Of the many approximation methods quoted in
the literature for the interconversion of transient
and dynamic visco-elastic data, the one used here
is that of Struik and Schwarzl [28]. The dynamic
shear storage compliance J' (w) and loss com-
pliance J” (w) at a frequency w (= 1/t) are cal-
culated from the creep compliance data J(z) using
the equations

J' () = J() + 0.099 [J8) — J@4)] (11
— 0.608[J(4) — J(20)]
— 0.358[J() — J(t/2)]

J'(w) = — 0470 [J@d6) — J2H]  (12)

+ LT15 [JQ6) = J(0)]
+ 0.902 [J(1/2) — J(H/4)].

The Schwarzl-Struik formulae are particularly
useful because upper and lower bounds to the
relative errors of conversion are also known [28].
Using the three term approximations of Equa-
tions 11 and 12 means that the values of J' (w)
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calculated from the creep data are accurate to
within less than 4- 1 9/, while the J” (w) values are
accurate to between —9 and +29 of the true
values.

The entire creep compliance data J(¢, T) were
converted to dynamic data J' (w, T) and J”
(w, T) together with tan 8(w, T) obtained from
J"/J'. Since the calculated dynamic compliances
at any frequency w (=1/t) depend on five mea-
sured values of creep compliances in the time
interval t/4 to 8¢, the effective range of log,, w
is down by about a decade from the range of
log,, ¢ from which it is derived.

~1-5

“la, 7)) (m2 M)

v/

~-125

logio

130

-3 -2 -1 o] 1
logjo w (rad sec~1)

Figure 3 Loss compliance curves for POM, log,, J”
(w, T) plotted against log,, , for the temperatures
indicated. Torsion pendulum values (@); calculated
values (O).

As an example, the loss compliances for POM
at temperatures over the heating cycle are shown
in Fig. 3 as log;, J” plotted against log,, w. The
solid symbols refer to direct measurements of J*
with the torsion pendulum and the open symbols
to the calculated values. The agreement between
the two is particularly good, and means that the
total effective range of log w covered is now 4%
decades at low temperatures, and a still useful
31 decades at higher temperatures. The calculated
and measured J” for the intermediate tem-
peratures obtained upon cooling are also in
excellent agreement. The loss tangent data are
shown in Fig. 4 as log,, tan & plotted against
log,, w. Again the measured pendulum values
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(solid symbols) are in good agreement with those
calculated from the creep curves (open symbols).

-3 -2 -1 o] 1
logio w (rad sec™!)

Figure 4 Loss tangent curves for POM, log tan 8(w, T)
plotted against log;, o, for the temperatures indicated.
Torsion pendulum values (@), calculated values (O).

4.4, Superposition of the results
Superposition of the POM creep compliance
curves J(¢, T) was first attempted by horizontal
shifting only (implying that cp = dp = by = 1).
This fails to produce any master curve at all,
thus agreeing with Miki et al [12] that some
vertical shifting is needed. Having the J(z, T') data
on a log-log plot allows for superposition
assuming ¢z = drp = bp 5= 1. Both horizontal
shifts (log ar) and vertical shifts (log br) are
applied to each creep isotherm so as to give a
smooth master curve. That is, Equation 9
again,

log J(t/ar, Ty) = log J(¢t, T) — log bp. (13)

The results for creep superposition in POM
are shown in Fig. 5 with 20°C as the reference
temperature T, (for clarity not all the isotherms
have been included). The upper master curve
(marked I) is the result of superposing each
isotherm by combined horizontal and vertical
shifting so as to give the best “fit” over the entire
experimental time scale (method I). The lower
curve (marked II) is the result of superposition
by ensuring a best “fit”’ for only the short time
portion of each creep isotherm (method II).
Taking Fig. 5. I first, it is noticeable that the
master curve is very smooth at short reduced
times but shows considerable scatter at long
reduced times. The onset of this scatter appears
at about 70°C. Such scatter is somewhat sur-
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Figure 5 Creep compliance master curves for T, = 20°C: I (best fit over entire creep time), 1I (best fit over short

time only).

prising since the raw data were carefully checked
for reliability and show practically no isochronal
scatter over the entire superposition range. When
the same creep data are superposed by method II
(short time fit) the master curve (Fig. 5. I) is
again only smooth up to about 70°C. Below this
temperature the long time points fall onto the
same curve as the short time points. Above 70°C
only the short time data can be made to fall
onto the 20°C master curve; the long time
portions of successive isotherms deviate from the
master curve by increasing amounts. Clearly
something is happening above 70°C; super-
position using the reduction Equation 13 is not
sufficient to account for creep above this
temperature.

Superposition of the loss compliance data J*
(w, T) was also carried out by combined hori-
zontal and vertical shifting on a log-log plot.
Equation 8 then becomes

log J"(arw, Ty) = logJ"(w, T) — log byp. (14)
The resulting loss compliance master curve for

T, = 44°C is shown in Fig. 6. Notice that
although the overall scatter is greater than that
for creep superposition, this scatter is common
to the entire master curve and not to any
particular region of the time scale. This is
understandable, since the data shown in Fig. 6
comprise not only measured J” curves but also
those calculated from Equation 12 with its
concomitant conversion errors [28]. However,
the reduction Equations 13 and 14 show that the
vertical shifts for superposition of J(z, 7) and
J"(w, T) should be identical, that is, the values of
by (or log br) are the same in both cases. The
empirical vertical shifts are plotted in Fig. 7 as a
function of temperature for a 7, of 20°C.
Below about 70°C there is good agreement
between the values of b7 obtained from super-
position of J(¢, T) data by methods I(]) and by
method II(O) and also from superposition of
J" (w, T) data (/). Above 70°C, the br values
for creep (I and II) are obviously different (by
virtue of the different fitting criteria), and

1679



R. W. GRAY

o 0 @
o]
O,
-120/—~ B,
- K
o
T L
@
Cr
Y,
)
g L (9%29
-1301— M .
o g g ®
. | | | | | | |
6 -5 -4 -3 -2 -1 ] 1 2

log,ow (rad sec™)

Figure 6 Loss compliance master curve for 7 = 44°C.
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Figure 7 Vertical shift factors log,, V7 plotted against
temperature from superposition of creep curves I((]),
TI(O) and loss compliance curves (A) for T, = 20°C.

neither agrees with the by values obtained from
J” superposition.

5. Discussion

5.1. An explanation of the anomalous
superposition behaviour

Superposition of creep and loss compliance data

in POM has shown that reduction according to
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Equations 13 and 14 is no longer an adequate
description of the a«-relaxation above about
70°C. These equations fail for two reasons: (i)
the creep curves do not form a single master
curve above 70°C, whereas the J’ curves show
no such anomaly (ii) the vertical shift factors for
creep (I or II) are inconsistent with those for J”
superposition. However, discontinuities in super-
position master curves have been reported be-
fore in crystalline polymers [29, 30].

In polytetrafluoroethylene (PTFE) [29] there
is a break in the stress relaxation master curve
around room temperature but this is caused by
the first-order phase transition at 19°C. In
slow-cooled specimens of linear polyethylene
(LPE) McCrum and Morris [30] found a distinct
break in the creep master curve about 2000 sec
(Ty = 20°C); below about 50°C the creep data
form one master curve, while above 50°C they
form another master curve, yet the two cannot be
made to fit together [see Fig. 10, ref. 30].
However, for quenched specimens of LPE no
such break is observed. For LPE there is good
evidence for at least two relaxations (« and «')
above room temperature. At 0.67 Hz the
a-relaxation has a loss peak at about 80°C while
the «'-relaxation is manifest at about 110°C
either by a distinct loss peak or as a high tem-
perature “shoulder” [30]. Now the o'-relaxation
is much more pronounced in slow-cooled LPE
than in quenched LPE, and it is clear that the
break in the creep master curve is caused in
some way by the presence of this additional
higher temperature relaxation. McCrum and



ON THE «-RELAXATION IN BULK POLYOXYMETHYLENE

Morris [30] suggested that a specific mechanism
for this o'-relaxation (namely, lamellar boundary
slip) is the reason for the discontinuity in the
master curve. However, Thornton [31] con-
cludes that such a discontinuity is to be expected
whenever there is an overlap of two relaxations
(regardless of the mechanism), provided that
they have different activation energies. For the
case of LPE, the break occurs simply because
A4H, = 30 kcal mol-* and 4H, = 24 kcal
mol—* [31].

In contrast to PTFE or LPE, the creep master
curve for POM (Fig. 5.II) does not show a
distinct split into two separate master curves,
rather a whole series of curves. Above 70°C
each creep curve superposes at short times
{method II) but at long times the compliances
fall below their expected values. That the long
time compliance seems too low would suggest
that the 70°C anomaly is not caused by pre-
melting, since this should cause each creep
compliance to be higher than expected. Further,
there is no first order transition in this region (as
in PTFE), nor is there any clear evidence for an
overlapping relaxation (as in LPE). For the POM
specimen studied here, the loss tangent at 0.67
Hz rises from 20°C to a peak at about 130°C and
then falls symmetrically at least up to 160°C
(the annealing temperature). Of course, this
does not rule out the possibility of another
relaxation at 0.67 Hz occurring above 160°C.
Read and Williams [6] reported that at 0.3 Hz
the « loss peak in POM is at about 115°C, but
that after falling symmetrically until 157°C the
loss (as measured by the logarithmic decrement)
rises again up to the melt at about 180°C.
However, there is no additional loss modulus
peak in this region; after the « peak at about
90°C, G” continues to fall right up to the melt
[6]. By reducing the frequency a higher tem-
perature relaxation might manifest itself, but
the tan & curves of Fig. 4 show no sign of any
other loss peaks. Cross-plots of tan & versus
temperature for an effective frequency of 0.0002
Hz shows the loss peaks at about 70°C and
then falls continually at least up to 120°C. The
rise in log decrement above 157°C reported by
Read and Williams [6] could more likely arise
from the rapid fall in the storage modulus as the
crystalline segments start to melt. If there is no
strong evidence for believing that the «-relaxa-
tion in POM overlaps with some other high
temperature relaxation, then an alternative
explanation for the anomalous superposition

results should be sought. One obvious explana-
tion is that the assumption that the limiting
compliances have equal temperature depen-
dences (cr = dr) is no longer valid above
70°C, so that the full McCrum-Morris reduction
Equation (5) should be used.

If Jy and Jr do have different temperature
coefficients (¢cr # dr) the creep reduction
Equation (5) can be rewritten as

logJ (tfar, Tp) = logJ (¢, T) + log Vi (t) (15)
where
log Vo (t) = — log by (16)
— log [1 + (er — dT)J*/J(Z‘, T)]
The vertical shift log V7 is now no longer equal
to — log byp. The extra term of Equation 16
involves the compliance J(#, T') which increases
monotonically with time, so that the overall
vertical shift for correct superposition should
now be time dependent, that is having different
values along the creep curve. In a similar fashion,
the full reduction of dynamic storage compliance
data (Equation 7) becomes
logJ' (arw, T,) = logJ' (w, T) + log Vr (w) (17)
where
log Vg (w) = — log by (18)
— log[l + (cr — dr) J/J (w, T).
These are the frequency analogues of Equations
15 and 16 in which superposition of J' (w, £)
data may require a frequency dependent vertical
shift different from log br. However, it is
important to note that the loss compliance data
J" (w, T) according to Equation 8, will superpose
with a constant (i.e. frequency independent)
vertical shift log by regardless of whether ¢y is
greater than, equal to or less than dy.

The master curves of Fig. 6 can now be
explained if the «-relaxation in POM is such that
¢y > dr above 70°C. Equation 16 means that
superposition of creep data at experimentally
short times (¢,) will require a vertical shift log
Vi (t) which is greater than the vertical shift
log Vp (t5) at experimentally long times (7).
Creep superposition by method I (fit over entire
time scale #, to £,) yields a vertical shift that is
some average of Vrp (¢,) and Vp (¢,) so thatin a
region where ¢ #dr there will be poor super-
position. Creep superposition by method II
{short time fit}) will yield a vertical shift log
Vip (2;) so that above 70°C the long time regions
of the measured creep curves fail to superpose
because too large a vertical shift has been applied.
This effect is seen more clearly in Fig. 7 in which
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Figure 8 Loss tangent master curve for T, = 44°C. The inset is a plot of 7 (w).

the vertical shift for J” superposition (br) agrees
with that for superposition only below 70°C
(for which ¢r = dr). Above 70°C the effect of
¢r > dp is to make the average vertical shift
factor log Vv (¢) of method I, or the short time
vertical shift factor log V7 (f;) of method II,
both greater than log by because of the extra
termlog[l + (cr — dg)J+/J (¢, T)]in Equationl6.
Note that if ¢r < dr these effects are reversed.
Then by > dr > cr, so that J” vertical shift
factors will exceed creep vertical shift factors
and type II creep superposition will cause long
time data to fall above the master curve instead
of below it.

More interesting is the effect of ¢ # dr on
the superposition of loss tangent data tan 3(w,
T). By dividing Equation 8 by Equation 7, and
after some manipulation, we can write
log tan 8 (arw, T,) 19)

= logtan 8 (w, T) + log er (w)
where
log er (w) = log [1 + (¢ — dp)JJ' (», T)]. (20)
If, as is commonly assumed, the limiting com-
pliances do have the same temperature depen-
dences (¢r = dp for all T) then tan & plotted
against log w will superpose by horizontal shift
log ar, but no vertical shift (e7 = 1). Equation
19 then reverts to Equation 10. But if ¢z # dp
superposition will also need a frequency-
dependent vertical shift log er (w). If cr > dr
(T > T,) the shift will be upward along the log
tan 6 axis. If ¢r < dp then the shift will be
downward. Thus the self-consistency of this
explanation (¢r > dr) can be checked by
superposing the tan 8 (w, T) data of Fig. 4.
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The results are shown in Fig. 8. Up to 70°C
only horizontal shifting is required (er = 1),
reaffirming that cr = dy. Above 70°C the loss
isotherms can only be made to superpose onto
the master curve (7, = 44°C) by a small upward
vertical shift corresponding to some average
value log er (w). (Plotted in the inset are the
observed er (w) values.) The overall scatter is
fairly large (again owing to conversion errors in
calculating tan 8§ rather than from the torsion
pendulum values) but the need for vertical
shifting is perhaps more obvious in Fig. 4; for
example the loss peak for 120°C is some 129,
lower than that for 58°C.

A similar effect should, in principle, be obser-
ved for tan & in amorphous polymers, since
¢y # dr for a glass-rubber relaxation. The
temperature dependence of Jr is known from
theory, dr (= pyTo/pT) < 1 for T > T, The
temperature dependence of Ju is not known, but
good superposition was reported [17] by ignoring
any dependence, that is ¢p = 1, making cp > dr
as in POM. Measurements on polyvinyl chloride
[32] show that tan & versus log w curves for the
glass-rubber relaxation do indeed show maxima
that become progressively smaller as the tem-
perature increases (just as in Fig. 4) and super-
position would not be possible by horizontal
shifting alone.

The results of J, J” and tan 6 superposition in
POM are all consistent with the conclusion that
below about 70°C ¢y = dp while above 70°C
c¢p gradually increases more rapidly than drp.
However, implicit in these conclusions is the
assumption that the shape of the normalized
distribution of retardation times ¢;7 (In 7) does
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not change, that is, Equation 1 is always obeyed.
This assumption is central to the superposition
phenomenon, and the question that naturally
arises is what happens if the assumption is not
justified; is not a simpler explanation of the
creep results that above 70°C Equation 1 is no
longer true?

Reference to Fig. 5 shows that measured
creep curves at high temperatures have mean
slopes d log J/d log ¢, that are too small to
superpose onto the 7, master curve — they are
just too flat. The explanation that ¢ > dr, but
47 (In 7) obeys Equation 1, means full super-
position can only be achieved by time-dependent
vertical shifts log Vr (¢). The alternative to this,
that ¢s7 (In 7) does not obey Equation 1,
regardless of whether ¢r = dp or not, means
superposition requires time-dependent hori-
zontal shifts log ar (¢). Such shifts have been
proposed for “thermo-rheologically complex”
materials such as polymer blends and tri-block
co-polymers [33]. For these materials, log
ar (t)is a function of time (as well as temperature)
because of the different time/temperature regimes
of the component relaxations.

For a homopolymer such as POM time-
dependent horizontal shifting could still arise in
two cases: (a) when there is overlap of different
distributions and of different activation energies
as implied by Thornton [31] and (b) when there
is a single distribution but whose retardation
times shift non-uniformly along the log time
axis, i.e. 4H, depends on . In both cases the
shape of the overall distribution will no longer
remain constant and superposition will be
impossible If log ar (r) shifting were operable
Fig. 5 shows that the high temperature creep
curves need smaller shifts at long times than at
short times, that is ar (¢,) < ar (¢;). If (a) were
the case in POM the activation energy of the
(unresolvable) higher temperature relaxation
should be less than that of the lower temperature
relaxation. Such is the case for LPE [30, 31] for
which 4H, < AH,, but, as will be shown in the
next section, if a higher temperature relaxation
is present in POM it has a higher 4 H rather than
a Jlower one. If (b) were the case, some peculiar
mechanism is required to explain 4H(7).In either
case, however, if ¢,7 (In 7) does not obey Equa-
tion 1 and this is used to explain the creep an-
omaly, then it cannot also explain why J”
superposes successfully, nor why tan 8§ super-
position needs a vertical shift. The ineluctable
conclusion is that the explanation of the results

in terms of ¢y > dr is the only reasonable
one.

5.2, The activation energy

Up to now no mention has been made of the
measured horizontal shift factors log ar. If
the a-relaxation is a rate-activated process then
plots of horizontal shift versus reciprocal tem-
perature (in K) should produce a straight line
(Equation 2) from which an activation energy,
AH, is calculated. Further, for the same ref-
erence temperature 7T, superposition of creep
compliance, loss compliance and loss tangent
data should all give the same values of ap, and
hence of AH. Fig. 9 shows a plot of log,.ar
against 1/T XK for the superposition o J(Iand II),
and tan 8 for a common T, of 44°C. This T,
was chosen because 44°C was the lowest tem-
perature for which there was good agreement
between the calculated values of tan § and those
measured with the torsion pendulum.

7(°cl
140120 100 80 60 40 20
i I f T i 1 1

21 keal mol™

33 keal mol™

1 1 I ! { 1
24 26 28 30 32 34
1000/7 (K}

Figure 9 Horizontal shift factors log,, ar plotted against
reciprocal temperature (K) for superposition of J* (@)
creep I(-O), creep II (V) and tan 8 (Q) for 7, = 44°C.
The activation energies indicated refer to the value below
70°C and the value at 120°C.

It is apparent from Fig. 9 that once again
the situation at high temperatures is more
complicated than at low temperatures. Only in
the temperature range 20 to 70°C is there
agreement between the four sets of ar values,
and only in this range is a straight line possible
through the data points. This gives an apparent
activation energy AH, of 21 + 1 kecal mol-,
Above 70°C there is poor agreement between the
ar values, and no single straight line through the
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data is justifiable. The full curve drawn in Fig. 9
is the best fit to the J” values (@). Type Il creep
superposition (short time fit) give log,, ar
values ('0) that are systematically smaller (by
up to 14%) than the J” values. Type 1 creep
superposition (short and long time fit) gives log,,
ar values (O) that are slightly closer to J”
values than for type II creep up to about 105°C,
but above this they are appreciably greater (20 %;
at 120°C). The tan § values of log;y ar (Q) are
in better agreement with J”values than for creep,
although they are systematically slightly larger
at intermediate temperatures (~ 5%).

If the explanation of the superposition
anomaly in terms of ¢7 > dr is the correct one,
then it makes sense to regard the J” values of ar
as the most reliable of the four since good super-
position is possible over the entire range 20 to
120°C and no frequency-dependent vertical
shift is required even when ¢z = dp. It is for this
reason that the full curve in Fig. 9 is drawn
through the J” points. It is not surprising that
type II creep values of ar are somewhat too
small because a constant and too large a vertical
shift factor log V= (¢;) was used above 70°C.
Slightly better agreement with J” is obtained
from type I creep values because long time data
were superposable by an average vertical shift
log Vr (¢), although above 105°C even this
method fails. With tan & superposition, allowing
a vertical shift (as an approximation to log er)
the ar values are the closest to the J” values over
the whole temperature range. The full curve
drawn through the J” points implies that at high
temperatures the activation energy apparently
increases steadily with temperature, from 21
kcal mol-? at 70°C up to 33 (4 2) kcal mol—t at
about 120°C. It is instructive to compare these
values of AH, with those taken from the
literature.

As mentioned in the introduction, there is a
widerange of values quotedin the literature for the
activation energy of the o-relaxation in POM,
from 20 to 92 kcal mol-2. This is illustrated in
Fig. 10, in which 4H, is plotted against tem-
perature (note the change of scale above 40
kcal mol—2). The single symbols (O) refer to AH
values measured at some particular temperature
and joined symbols (O—O) to values for a
temperature range. The shaded area represents
the results of superposition and clearly incor-
porates the general trend of other measurements,
but there are five notable discrepancies. Two of
these can be ignored: (1) the value of 24 kcal
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Figure 10 Temperature distribution of the apparent
activation energy for the a-relaxation in POM as measured
by various authors. Indicated in parentheses are author
reference numbers. The shaded area refers to this paper.
The symbols (@) are corrected values of [6] (see text).

mol-! at 130°C found by McCrum [5] using an
elastic after-effect method, is now considered to
be unreliable [341; (2) the value of 20 kcal mol—*
at about 120°C was found by Arisawa ez al [8]
using dielectric loss measurements in which no
account was made for d.c. conduction; the same
authors [9] later separated out the relaxation
and conduction contributions to the total loss
and this gave the more realistic figure of 33
kcal mol-* for AH. Apart from the high
AH, (55 kcal mol—?) found by Takayanagi [10],
which was not for bulk POM but from single
crystal mats, this leaves just two major dis-
crepancies to be explained, those of Read and
Williams [6] and Miki et al [12].

The POM specimen used by Read and
Wil'iams [6] was very similar to the one used in
the present work — both were Delrin homo-
polymers (though in their case of slightly lower
molecular weight, Delrin R 500), both were
annealed at 160°C giving closely similar den-
sities (1.429 and 1.434 g em~—®). Read and
Williams [6] measured storage and loss shear
moduli (G’ and G") at two fixed frequencies for
temperatures from 20 to 147°C, and by measur-
ing the area (4 ¢-) under the G” versus 1/T curve
a value for the activation energy was calculated
from the equation [35],
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1\ R
AHpw = <ﬁ>av = (GU — GRr) 2_1?_@/ (21)

where Gy and Gg are the unrelaxed and relaxed
shear moduli and (Gu — Gg) is assumed to be
independent of temperature. Now AdHrw is an
average activation energy, averaged over ¢qT
(In 7) in which the distribution of 7 (=7, exp
[4H/RT)) can, in general, arise through
variations in both 7, and 4H [35]. As such,
A Hygw may not be simply relatable to 4H,, the
value obtained from superposition. Read and
Williams [6] used Equation 21, taking the
measured shear moduli G (20°C) and G
(147°C) as Gy and G respectively, and obtained
values of activation energy AHgw of 65 and 92
kcal mol-* at 77 and 94°C respectively (the
temperatures of the loss maxima, G'max at the
two different frequencies). The values are
unrealistically high because it is clear from
superposition that the limiting compliances and,
hence, the limiting moduli are sensitive functions
of temperature, and so the assumption that
(Gu — GRr) is independent of temperature is
unjustifiable.

It is not possible to derive a general expression
for AH in terms of ¢z and dr for the case of
temperature dependent limiting moduli, but a
realistic approximation is to re-calculate AH
from Equation 21 using (GuT” — GrT") measured
at 77, the temperature of G"pax, rather than the
hybrid value (Gu®?® — Ggr¥). This is analogous
to the single relaxation model for dielectrics [35];
for polar media the difference between the
limiting dielectric constants (eg?” — erZ") varies
as the reciprocal of the temperature, and for a
single relaxation time the activation energy can
be calculated from the dielectric equivalent of
Equation 21 using (eu?” — er?”) measured at
T", the temperature for maximum dielectric loss
€'max (see Equation 4.83, reference 1). Now
GUT = CT"I GUTO and GRT = dT_l GRTO SO
that for T, = 20°C a correction to 4Hmw can
be made, namely,

AH* = AHypvw
[CT,,—l G’ (20°C) — cpt dyyy~t G'(147°C)
G'(20°C) — G'(147°C)

22)

To calculate AH* the coefficients cr and drp at
77 and 94°C together with dr at 147°C must be
known. (Values of G’ (20°C) and G’ (147°C)
are obtained from [6].) Because of the similarity
between the two POM specimens, it seems not

unreasonable to estimate these coefficients from
the current superposition results; the method
used is outlined below.

From Equations 4 and 6 coefficients ¢y and dr
can be written

cp = by + (cr — dp)J JJuTo (23)
dp = by + (cx — dr)J «fJrTo. (24)

The values of by for 77 and 94°C (T, = 20°C)
are obtained directly from the J” vertical shifts
of Fig. 7 (right-hand scale). Values of (cx — dr)
J . are obtained from the tan & vertical shifts of
Fig. 8, since from Equation 20

(er —dr)Jo = (er(w) = D-J{(w T) (25

where er (w), the average tan 8§ vertical shift
(Ty = 44°C), and J” (w, T), the average storage
compliance at temperature 7, are known for
T = 717, and 94°C. (Since er = 1 up to 70°C the
ér values above 70°C are also those for T, =
20°C.) Thus all that is required to estimate ¢ and
dp are values for JyTe and Jr7o (T, = 20°C),
together with J” (w, T), ér and br at T = 147°C.
From the 20°C master curve of Fig. 5 it is
reasonable to take log ;4 JuTe as —11.13, or
JuTo as 7.5 x 10712 m2 N-L. More difficult is
JrTo since the relaxation is clearly not com-
plete, but log ;, JrT° from Fig. 5 is probably
between —10.6 and —10.4 giving a range for
JrT, of 25 to 40 x 10-2 m? N-1 Finally,
extrapolation of J" (w, 1), br and ér curves to
T = 147°C gives dy; = 2.5 4+ 0.3. (Happily
AH* is not too sensitive to the extrapolation
and to the value of d,,,.) The results of these
corrections are tabulated overleaf.

Ttisadmitted that these corrections are a some-
what crude attempt to allow for temperature
dependent limiting moduli, but the resulting
ranges of activation energies, 4H*, are now in
much closer agreement to the 4H, values found
from superposition (4H* is plotted as filled
symbols in Fig. 10).

The other major discrepancy in Fig. 10
concerns the values of activation energy found
by Miki et al [12] from horizontal (and vertical)
shifting of forced oscillation data, log G' (w, T)
and log G" (w, T'). The polymer used was Delrin
150 X annealed at 189°C and density 1.436 g
cm~ (in our case the polymer was Delrin 100,
annealed at 160°C and density 1.429 g cm—3).
Miki et al [12] found distinct changes of slope
on their log ar versus 1/T plots at about 39 and
95°C and suggested that the «-relaxation has
three components: (i) below 39°C the value of
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Temperature bp* dr* cr* 4Hrw 4H*
°C) (kcal mol—1)

77 1.50 1.52t0 1.53 1.61 65 24 to 28
94 1.65 1.70 to 1.73 1.91 92 26 to 32
(T, = 20°C)

4H, is very large (about 60 kcal mol-! as
estimated from Fig. 9 reference 12) (ii) between
39 and 95°C AH, is 25 kcal mol~! and (jii)
above 95°C A4H, is 33 kcal mol—1. These con-
clusions are not in agreement with the present
results, that between 20°C and about 70°C
AH, is approximately constant at 21 + 1
kcal mol~, but above 70°C A4H, seems to
increase and by 120°C is about 33 4 2 kcal
mol~1. No evidence was found for an activation
energy below 39°C of 60 kcal mol—. This point
was further pursued by making additional
torsional creep measurements at subambient
temperatures, from 20°C down to —3°C. The
resulting 1000 sec creep curves superpose
perfectly onto the master curves of Fig. 5 with
horizontal shifts log ap that correspond to an
AH, of 20 4+ 2 kcal mol—! in the region —3 to
+20°C (see Fig. 10). Thus again no evidence for
a 60 kcal mol~! process was observed at low
temperatures. Of course there may be differences
in the POM specimens used, but it is felt that the
quality of the superposition obtained by Miki
et al [12] does not justify such a precise
demarcation into three discrete regimes. There
seems to be considerable scatter of the raw data
even before superposition was attempted, and a
relatively short frequency scan was used (only
24 decades, as opposed to 5 decades here). In
this context it is not surprising that the need for a
frequency dependent vertical shift was not
observed. Miki et al [12] also reports that tan S
superposes with horizontal shifts only, but the
master curve is by no means “‘smooth”. It
should be pointed out that only by taking
measurements over 5 decades or so would the
extra terms in er (w) or Vr (f) become noticeable,

5.3. On the nature of the relaxation

Discussion of the results has led to the conclusion
that below about 70°C ¢z = dr and 4H, is
constant, while above 70°C ¢z > dr and 4H,
increases with temperature. This raises the all-
important question — why? The experiment
described in this paper cannot provide a definite
answer because the exact mechanism of the
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a-relaxation in POM is unclear and no rigorous
theory exists for the temperature dependence of
the limiting compliances. The final section of the
paper is concerned with some general remarks on
the behaviour of POM at high temperatures that
suggest a possible answer to the above question.

First of all, it should be remembered that
superposition is only possible if ;7 (In 7) obeys
the constant shape hypothesis (Equation 1).
The equivalent statement of this hypothesis is
that every element of the actual (unnormalized)
distribution Ls7 (In 7) is affected equally by an
amount b7 when the temperature is changed from
T, to T (Equation 4). Vertical shifting of J”
(w, T) gave good superposition up to 120°C
thus confirming this hypothesis. The fact that
for creep J(t, T) also superposes with the same
vertical shift factors as for J”(w, T), at least up to
70°C, strictly only implies that ¢y ~ dg ~ b,
Above about 70°C the creep anomaly is
explained by ¢r > dr > bp, without violating
Equation 1. There is no clearly defined tem-
perature at which anomalous behaviour starts,
and most probably the «-relaxation is such that
c¢r > dp > by over the entire relaxation but that
the inequality is only apparent above 70°C.

There is, of course, no a priori reason why cr
should equal dy, and hence br. The coefficient
er controls JuT («), the level of compliance at
times prior to the onset of the high temperature
a-relaxation, a relaxation generally accepted to
be caused by large-scale co-operative motion of
crystalline segments [1]. Since the POM speci-
mens remained free of water during the experi-
ment there is virtually no contribution from the
water-sensitive S-relaxation [5] so that Ju7 («)
is in effect identifiable with JrZ (y), the relaxed
compliance for the low temperature amorphous
y-relaxation [S]. Thus ¢r () is controlled by the
extent to which amorphous chain segments
relax in the y-relaxation. The coefficient br
controls the extent to which further relaxation
(JoT — JuT) occurs as a result of the «-relaxation,
and is the amount by which each element in the
retardation spectrum L7 (In 7) is increased when
the temperature is increased.
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One mechanism for amplifying each element
of LyT (In 7) in POM has already been proposed
by Miki et al [12]. These authors found vertical
shifts (equivalent to log by) that increased
linearly with temperature, that is, by has the
form exp[B(T — T,)] where the coefficient 8 has
the value 0.94 x 10—2 °C-1. This result [12] was
taken as support for the interpretation [36] that
the high temperature a-relaxation in all crystal-
line polymers is owing to incoherent lattice
vibrations smearing-out the intermolecular
potential [20]. Okano’s potential theory [20]
leads to a vertical shift factor

T2

Nk

exp [ 5z (T — TO)]
so that B can be identified with #2Nk/5fa®. The
terms in this expression for 8 arise from a loaded
string model of polymer chains [37] considered
as N atomic units distant a apart with force
constant f (k is the Boltzmann constant). Miki
et al [12] showed that their measured B (0.94 x
102 °C1) vields a reasonable value for f by
taking the X-ray long spacing as a measure of
Na. It is significant that in Fig. 7 the vertical
shift factor from method II creep superposition
also increases approximately linearly with tem-
perature, from about 40 to 120°C. The mean
slope of this line gives a § value of 1.0 x 102
°C, close to the Miki value. The Miki/Okano
model does offer some justification for why br
increases with temperature but it fails to give a
satisfactory reason for why ¢r > dr above about
70°C. For example, if short 7 elements of
LT (In 7) were “‘smeared” more effectively than
long 7 elements, then by definition this demands
a larger vertical shift at short creep times than at
long creep times (as observed), but it would also
mean that the shape of ¢;7 (In 7) would alter
and J” would not then superpose. Reference to
Fig. 7 again shows that above 70°C the log br
curve has a mean slope f that is less than at
lower temperatures. Of course, this alone does
not alter the shape of 47 (In 7) but nor does it
explain why ¢z > dp. Above about 70°C some
additional mechanism must cause POM at
long times to appear somewhat less compliant
than expected. Some insight into this problem
may be gleaned from the observatons of O’Leary
and Geil [38] on small angle X-ray diffraction
in POM.

O’Leary and Geil [38] found that specimens of
bulk and drawn POM, annealed at 160°C,
showed large reversible changes in small angle

spacing (SAS) and small angle intensity (SAI)
during a subsequent heating and cooling cycle.
(Annealing itself produces the usual irreversible
increases in SAS and SAIL) As annealed POM
is reheated from room temperature the SAS
increases very slightly up to 125°C and then very
rapidly between 125 and 160°C. In contrast,
the SAI increases steadily over the whole heating
range. On cooling from 160°C both SAS and
SAI decrease and return to their room tem-
perature values, although over the range 90 to
140°C the cooling values are slightly greater
than the heating values.

It is generally accepted that small angle
X-ray scattering in semi crystalline polymers is
owing to periodic fluctuations of order in both
crystalline and amorphous regions. Various
paracrystalline lattice models have been sug-
gested to account for the scattering behaviour at
low angles (see Crist [39]) and these can give
rise to significant changes in both SAS and SAL
Over the range of superposition (20 to 120°C)
the results of O’Leary and Geil [38] for 160°C
annealed POM show that the small angle X-ray
intensity almost doubles; the wide angle X-ray
crystallinity, of course, remains constant. One
explanation [38] is that SAI increases owing to
thickening of the lamellar crystal interior at the
expense of the density deficient surface layer
[40], while not affecting the total thickness
(interior + surface) of the lamellae, and hence
the SAS. For example, the number of loose chain
folds could be reduced as the temperature
increases. If this is the case, and if the «-relaxa-
tion in POM involves motion of both interior
chain segments and also chain folds (as proposed
[41] for polyethylene) then a qualitative rationale
of why ¢r > br (and hence ¢z > dr) is possible.

The coefficient bz that causes (JaT — JuE) and
LsT (In 7) to increase is dependent on the state of
order at the crystal/amorphous interface. The
coefficient ¢ that causes JuZ () to increase is
dependent on the state of relaxation in the bulk
amorphous material and is not affected by the
small-angle  re-ordering. @ As  re-ordering
becomes significant (above about 70°C), a
modified by causes POM to relax slightly less
than expected while cr remains the same, that is
cr > brand cp > dp > bp. Itis realized that this
argument is somewhat tentative because (i) the
precise mechanism of the « relaxation in POM
is not proven (ii) there is no rigorous theory for
the factor by and (iii) the details of the re-ordering
are unclear. Obviously further experiments in the
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region of the a-relaxation are needed to resolve
these matters.

Finally, some mention should be made about
why the activation energy should increase above
about 70°C (see Fig. 10). The various models
proposed by Hoffman et al [41] for the o-relaxa-
tion in polyethylene yield values of 4H, that
are sensitive to the relative thicknesses of the
lamellar interior and the fold surface layer. For
example, 4Hx for the «¢ — C¢ model (relaxa-
tion of interior chains) increases with the num-
ber of methylene units in the chain. Assuming a
similar process occurs in POM, then the
reversible lamellar thickening found by O’Leary
and Geil [38] will increase the chain interior
and so 4H, would be expected to increase. It is
perhaps for this reason that so high a value (50
kcal mol—') for AH,, is observed [10] for single
crystals of POM at about 160°C, in which the
overall lamellar thickness may be particularly
high.

6. Conclusions

1. Superposition of loss compliance curves justify
the hypothesis that the shape of the normalized
distribution of retardation times ¢s7 (ln ) is
independent of temperature.

2. Anomalous superposition behaviour of
creep compliance curves above 70°C is con-
sistent with JrZ increasing with temperature less
rapidly than JuT (cr > dr > br). Below 70°C
cr = dp ~ br.

3. The activation energy 4H, has an approxi-
mately constant value of 21 kcal mol-! below
70°C and then increases steadily up to about 33
kcal mol-1 at 120°C.

4. No evidence is found for a 60 kcal mol—?
relaxation process below 40°C as observed by
Miki et al [12].

5. The very high values of 4H, found by Read
and Williams [6] are owing to assuming (wrong-
ly) that the limiting moduli are independent of
temperature. Estimates of ¢z and dr from the
superposition results lead to corrections to these

AH, values that are in agreement with those of
other workers.

6. A tentative explanation for ¢y > dp is that
re-ordering of the crystal/ amorphous interface
affects JrT (and hence dr and br) but does not
affect Ju7 (and hence c7).
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