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Summary: Comparative WAXD/SAXS/SEM/DSC structural studies of a series of
semi-crystalline poly(oxymethylene) (POM) engineering plastics, including the
commercial products, homopolymer Delrin® and typical poly(oxymethylene-co-
oxyethylene)s, and a few lab-made POM compositions, were performed. The latter
differed in their content of functional additives (present in low concentrations) and
POM molecular weight characteristics. In parallel, their densities, thermal
behavior/laser-interferometric creep rate spectra (DSC/CRS) at 20-180 °C, as well as
long-term creep resistance (LTCR) at 20 °C were studied. It has been found that
introducing the nucleating agents and oxyethylene units resulted in formation of more
fine spherulitic or practically non-spherulitic structure with close- or loose-packed
lamellar stacks. The presence of both “thick (5-10 nm) and “thin* (1.5-3 nm)
lamellae in the weight ratio of ~3:1 was shown in all cases. Close values of real
POM crystallinities, not exceeding 50%, were obtained by WAXD and DSC. A
predominant role of “straightened out® or slightly bent tie chains in disordered layers
of isotropic POMs was presumed, resulting in segmental dynamics differently
constrained by crystallites (DSC/CRS data). As a result, certain morphology —density
—creep resistance correlations were found.
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Introduction

Poly(oxymethylene) (POM) homo- and copolymers are important engineering plastics. High
POM chain flexibility and symmetry cause their fast crystallization, and complicated morphology
and dynamics at 150-430 KU'", Of most significance for POM engineering properties is the
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segmental dynamics within disordered regions over the 7,-7,, range, at ~ 300-400 K, which is
differently constrained by crystallites. Detailed analysis of dynamics in POMs was recently

performed by the combined use of DSC and laser-interferometric creep rate spectroscopy (CRS)!®
7]

The morphological studies have shown that the spherulitic structure is typical of the melt
crystallized POME, Using AFMP), PLM and TEM®!%, the changes in the crystalline
morphology of POM, oriented POM and its blends during crystallization and melting processes

have been investigated.

The objective of this study was to understand the influence of the presence of low concentrations
of ethylene oxide content in chains or the addition of nucleating agents, and the influence of a
decrease in molecular weight on morphology, lamellar textures, thermal properties and creep
resistance in molded POM homo- and copolymers. It was intended to reveal structure/properties

correlations within a series of commercial products and lab-made compositions.

Experimental

Table 1. POM samples studied

Sample M, M,/My Nucleating

Delrin ®I1IP 7.6 10 1.84 Nucleated

Delrin 6-1 7.6 10 1.84 No nucleating agent

Delrin 6-2 7.6 10° 1.84 No nucleating agent, minimum
amounts of additives

Delrin 6-3 7.6 10 1.84 Nucleated

Delrin 6-4 5510 No nucleating agent

Delrin 6-5 7.6 10* 1.84 Nucleated

Celcon M15HP 1.510* 7.47 Nucleated

Celcon M25 8.4 10° 14.7 Nucleated

Note. Delrin 6-1 — 6-5 samples are the lab-made compositions. Celcons are POMs with 0.4 mol % (Celcon
M15HP) or 1.4 mol% (Celcon M25) ethylene oxide units.

A series of POM samples, including the commercial homopolymer Delrin®IIIP, copolymers
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Celcon M15HP and Celcon M25, and lab-made POM variations (Table 1), were studied. The
latter differed in terms of the functional additives (nucleating agents, process aid, antioxidant)
introduced in concentrations less than 1 wt.-%, and by POM molecular weight and MWD. The
samples were obtained by injection molding, under pressure of 1 000 bar, with cooling at the rate

of 200 K min™.

Comparative WAXD/SAXS/SEM/DSC structural studies of the materials were performed. In
parallel, their densities, thermal behavior/laser interferometric creep rate spectra (DSC/CRS) at

20-180 °C as well as long-term creep resistance (LTCR) at 20 °C, were studied.

The morphology of samples was studied by scanning electron microscopy (SEM). Before SEM
observation, samples were etched using the permanganic etching technique!'™. The etched
surfaces were sputter coated with a very thin layer of gold (~15 nm thick) to prevent charging
during imaging (SCD 050 ion-sputtering device, BALZERS, Switzerland) and were examined with
a CamScan MV2300D scanning electron microscope at 15 kV at magnifications from X 500 to X
10 000. X-ray measurements were performed on a DRON-3 diffractometer using Ni-filtered CuK,
irradiation. DSC curves were measured using the Perkin-Elmer DSC-2 apparatus, under nitrogen
or helium atmosphere, at the heating rates of 2.5-20 K min. The CRS method is based on
precise measuring of low creep rates as a function of temperature by using a laser interferometer

[11, 12]

based on Doppler effect . In this research, the CRS setup, operating under uniaxial

compression, was used.
Results and Discussion

Morphology

SEM investigations revealed very marked differences in POM morphologies depending on their
composition. The majority of the lab-made specimens exhibited well-defined large- or fine-
spherulitic morphology (Figure 1 b,c). However, Delrin 6-3 and commercial samples, Delrin®IIIP
(Figure la) and Celcon M25 (Figure 1d), did not manifest a distinct spherulitic morphology.
Delrin 6-3 and Delrin®IIIP consisted of close-packed lamellar stacks. Celcon M25 exhibited the
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hedritic morphology. On the whole, lamellar stacks in the samples studied had thicknesses

ranging from 0.2 to 5 um. The maximum thickness of 1.8-5.4 pm was found for Delrin 6-3.

Estimation of the average spherulite diameter has shown that introducing the nucleating agents

resulted in the formation of fine spherulites (Dg = 20 pum, Delrin 6-5, Figure 1c) or practically

non-spherulitic structure (Delrin 6-3). On the other hand, non-nucleated Delrin 6-2 displays two

populations of spherulites with the average diameters of 110 and 55 um (Figure 1b). Copolymers

Celcon M25 and Celcon M15HP distinctly showed more loose-packed lamellar morphologies
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Figure 1.

SEM images of the etched cut surfaces of the samples Delrin® IIIP (a), Delrin 6-2 (b), Delrin

6-5 (c) and Celcon M25 (d). Magnification: x500.

than homopolymers (Figure 1d), in accordance with their essentially lower densities (Table 2).

On the contrary, Delrins 6-3 and 6-5 had the maximum densities.

Crystalline structure

Structure parameters, estimated by WAXD, SAXS and DSC, and the measured densities are

listed in Table 2. In the WAXD profiles of all the samples studied, three typical reflections were
observed corresponding to 20 = 10.0-10.2°; 23.2° (strong), and 34.5-34.7°. WAXD data were

indexed in terms of the most probable hexagonal unit cell with a =4.42 1&, and ¢ = 17.48 A.
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Table 2. Structure parameters estimated by WAXD, SAXS, DSC and densitometry data.

Sample L. Ly Xwaxp Xpsc A Lg P
No. nm nm % % nm nm g/em’
Delrin®IIIP 2.3+0.2 13 46 51+3 9.5+0.5 21.1 1.4197
Delrin 6-1 2.3+0.2 10.5 43 50+3 9.5+0.5 18.9 1.4180
Delrin 6-2 1.8+0.2 13 24-38 493 10,0£0,5 18.2 1.4235
Delrin 6-3 1.6+0.2 17.5 46-54 503 10.5+0.5 182 1.4260
Delrin 6-4 22402 15 30-47 49+3 9.5+0.5 19.6 1.4206
Delrin 6-5 1.5+0.2 7 39-50 49+3 10.5+0.5 * 1.4245
Celcon MI5HP  2.0+0.2 13 48 4843 6.5+0.5 17.0 1.4107
Celcon M25  3.0+0.2 20 42 45+3 4.5+0.5 19.6 1.4001

The gyration radii of the scattering domains Ry ranged from 2.8-3.0 nm for Celcons to 3.10 nm

(Delrin 6-1 and 6-4), and to 3.33 nm (Delrin®IIIP). The maximum value of the long period Lg=

21.1 nm has also been observed for the commercial Delrin®IIIP. It should be noted that a long
period could not be discerned for Delrin 6-5. Combined WAXD/SAXS/DSC analysis indicated
the presence of both “thick” (/. = 5-10 nm, DSC data) and “thin” (L. = 1.5-3 nm, WAXD data)

lamellar crystallites in the POMs studied. Close real values of POM crystallinities (see below)

were obtained from both WAXD and DSC estimates. A large spread of Xpxp values was

obtained for Delrin 6-2 and Delrin 6-4 only, obviously associated with their large-spherulitic

morphology.



141

Properties

The DSC approach used to analyse POM segmental dynamics and true melting characteristics

was similar to that described elsewhere!® 7.

It included, in particular, the estimation of the
effective activation energy O of segmental motion as a function of temperature, and “parameter of
intrachain cooperativity of melting” v, characterizing the length of stereoregular sections in
chainst¥.

It was found that the endotherm, extending from ~323 to 453 K on the DSC curves of POMs,
must be subdivided into three temperature ranges relating to: melting of basic, “thick” lamellae
(thickness /. = 5-10 nm, ~433-453 K); melting of “thin” lamellae (L.~ 1.5-3 nm, 413-433 K), and
the endotherm associated with a gradual “unfreezing” of segmental dynamics within the

interlamellar, disordered layers (at ~323-413 K). In all cases, the weight ratio of “thick” and

“thin” lamellac was equal to ~3:1.

The found values of the parameter v~ (2-4)/, indicated the predominant role of “straightened out”
and slightly bent tie chains in intercrystalline layers of isotropic POMs that might imply their
constrained dynamics. Really, the “usual” cooperative glass transition (7, = 250-260 K) was
strongly suppressed whereas, depending on the thermal treatment regime, a heat capacity step as a
feature of glass transition-like behavior could arise on the DSC curve at any temperature over the
~300-400 K range. By scanning at different scanning rates, the Q(7) dependencies were

estimated.

The pronounced Q(7) dispersions were found, indicating large heterogeneity of segmental
dynamics over the Tp-T,, range. Thus, Figure 2 shows that O values range from ~150 to
600 kJ/mol under these conditions. This was interpreted in terms of the variable constraining
influence of crystallites on segmental motion in tie chains due to their “anchoring” to the rigid
crystalline constraints and some difference in the conformational state of chains. Larger
deviations of the activation energies from the Arrhenius Q(7) line corresponded to the stronger
constraining effect. Figure 2 shows that the latter is more pronounced in the close-packed

Delrin®IIP than in loose-packed Celcon M25.
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Figure 2. Activation energy of segmental motion versus temperature plots estimated by
DSC for Delrin“IIIP and Celcon M25 over the Tg - T_ range. Dotted line corresponds

to Arrhenius relation, 1.e. to noncooperative relaxation processes, at frequency of 10° Hz.
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Figure 3. CR spectra obtained for (a) commercial POM plastics, Delrin™IIP (1, 3)and
Celcon M25 (2, 4), and (b) lab-made Delrin compositions with (6-3 sample, curve 5) or
without (6-2 sample, curve 6) nucleating agents. Curve 3 indicates reproducibility for two
identical samples. Compression, 10 s, 3 MPa (curves 1 and 2) or 10 MPa (curves 3-6).
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Figure 5. Long-term creep resistance: POM creep deformation versus density
dependencies.
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The discrete creep rate spectra, with numerous CR peaks in their complicated contours, have
previously been obtained under tension for a series of POM compositions[6’7]. These
demonstrated both dynamic heterogeneity within the temperature regions of - and co-relaxations
and increasingly constrained segmental relaxations at elevated temperatures. Moreover, it was

shown that different small additives affected the CR spectrum.

In this work, the CR spectra, consisting of a few strongly overlapping peaks, were obtained for
POMs studied under compression over the 293-443 K range. These spectra also demonsrated a
gradual “unfreezing” of differently constrained segmental motions in the interlamellar layers. The
spectra of the samples given in Table 1 differed substantially, especially at intermediate
temperatures far from both T, and T,. Figure 3 illustrates the different relaxation behaviors of
commercial Delrin®IIIP and Celcon M25 (a), and the influence of nucleating agent (b). Really,
less constraining effect in Celcon than in Delrin (compare with Figure 2) results here in the
displacement of the Celcon spectrum by 303-313 K to lower temperatures, i.e., lesser creep
resistance at elevated temperatures. Besides, the Celcon spectrum was more sensitive to an
increase in stress (Figure 3a). Better behaviour at elevated temperatures was attained in POM due
to introducing the nucleating agent, e.g., for the “fine-spherulitic” 6-5 sample compared to that

for the non-nucleated, “large-spherulitic” 6-2 sample (Figure 3b).

Finally, the POM compositions studied differed in terms of their long-term creep resistance, even
at room temperature, and a certain LTCR versus morphology correlation was found. Figure 4
shows that LTCR increases in the following order. Celcons with loose-packed morphology and
large MWD — non-nucleated, “large-spherulitic” Delrins 6-2 and 6-4, with minimum amounts of
additives or with the lower molecular weight, respectively, - non-nucleated, “large-spherulitic”
Delrin 6-1 - close-packed, nucleated Delrin®IIP - nucleated Delrin 6-3 and 6-5 compositions
with fine or practically non-spherulitic morphologies. Figure 5 shows linear correlation (inverse
proportionality) found between LTCR and POM density. Anomalous high creep was observed
here only for Delrin 6-4 and Delrin 6-2.
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Conclusion

The combined study performed allowed us to determine the differences in morphology of a series

of POM (commercial and lab-made) engineering plastics and their correlations with the proprties.

Advantages of POM homopolymers compared to the copolymers and the positive role of some

small additives in the formation of finer morphology and better creep resistance.
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