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The influence of microstructure on fatigue
crack propagation in polyoxymethylene
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An analysis of the influence of crystalline microstructure on fatigue crack propagation in poly-
oxymethylene is presented. A series of test specimens containing a variety of diverse micro-
structures was prepared through controlled thermal treatments of plaques from four different
lots of polyoxymethylene. Extensive characterization of the crystalline microstructure was car-
ried .out in order to permit a direct comparison between the fatigue behaviour and crystalline
microstructure. The degree of crystallinity and tie molecule density were both found to have a
significant affect on fatigue crack propagation rate while average spherulite size did not appear
to influence fatigue behaviour. Additionally, the fatigue fracture surfaces of many of the test
specimens were examined. Three distinct surface topographies were observed and found to
correlate with different stages of crack growth. In the region near the end of fatigue crack
propagation, closely spaced surface markings that resemble fatigue striations were observed.

1. Introduction
Over the past few years we have been concerned with
elucidating the role of microstructure on the dynamic
fatigue behaviour of crystalline polymers. The focus of
this research follows from what we believe is the most
critical need at the present time; fundamental meas-
urements on well characterized samples. We have
_uncovered the competitive affects of degree of crystal-
linity and tie molecule density in a branched poly-
ethylene [1] as well as the importance of tie molecule
density in high density polyethylene [2] and a select-
ively degraded polyester [3]. In the present paper we
report on an extension of this research to a par-
ticularly fatigue resistant polymer, polyoxymethylene
(POM).

2. Experimental details

The polymers employed in this investigation were a
nucleated Celcon M90, an unnucleated Celcon M25
and two different lots of unnucleated Celcon M90 that
were generously provided in the form of injection
moulded plaques by Hoechst Celanese. In order to
differentiate between these materials a simple identi-
fication system will be used: the two lots of un-
nucleated Celcon M90 are designated M90-1 and
M90-2 respectively, the nucleated Celcon M90 is
designated as M90-3 and the unnucleated Celcon M25
as M25. Celcon is a POM-based copolymer and will
simply be referred to as polyoxymethylene. Molecular
weight determination using GPC-differential visco-
metry show the weight average molecular weight for
the M25 and M90 (all lots) to be 185000 and
131000 gmol ™!, respectively, with both having a
polydispersity of 1.6.
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2.1. Thermal treatments

Creating specimens with different microstructures is
essential to this investigation. The microstructure of
the samples can be selectively altered by carefully
controlling thermal history; it was found that an-
nealing and isothermal crystallization from different
melt temperatures were most successful in creating
useful samples for fatigue testing.

Many of the as-received injection-moulded plaques
were first melted at 180°C for 30 min and then
quenched into ice water in order to remove any
history of the injection moulding process. After this
quenching, some of the samples were annealed at
constant temperatures between 100 and 160°C for
24 h. Some as-received injection-moulded samples
were directly annealed without first removing the
injection-moulding history. Still others were iso-
thermally crystallized at 152°C for 21 h after being
melted at temperatures ranging from 171 to 200 °C for
30 min. A simple code to identify the thermal history
of each sample has been developed: Q indicates that a
sample has been quenched; QA refers to a sample that
has been quenched and subsequently annealed at the
temperature that directly follows the letters; AR is the
designation for an as-received injection-moulded
plaque with no additional thermal history; the
designation ARA refers to direct annealing of an AR
specimen and the digits which follow indicate
annealing temperature; and ISO designates the iso-
thermally crystallized samples with the melt temper-
ature following.

2.2. Microstructural characterization
Heats of fusion and melting points were determined
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using a 7 series Perkin-Flmer differential scanning
calorimeter (DSC). In order to obtain maximum ac-
curacy from the experiment, samples scanned to deter-
mine heats of fusion were large, 15 to 18 mg (in order
to lessen baseline effects) and samples scanned to
determine melting points weighed only 0.3 to 0.5 mg
(to minimize the influence of low polymer thermal
conductivity). At least two samples from each speci-
men type were tested. Percent crystallinity was dir-
ectly calculated from the measured heats of fusion,
using 58 calg™! as the heat of fusion of the 100%
crystalline phase [4]. Baselines defining the endo-
thermal area were drawn from 100 to 200 °C. Lamellar
thickness was not measured directly but was estimated
from the melting point using the Gibbs-Thomson
equation [5], using 88 ergscm ™2 for the end surface
free energy and 180°C as the equilibrium melting
point [4].

Optical microscopy was used to determine average
spherulite size. Sections, 3 pm thick, were cut from the
bulk polymer at room temperature using a
Reichert-Jung ultracut E microtome equipped with a
glass knife. The sections were coated with silicon oil of
refractive index 1.56, inserted on a glass slide with
cover slip and viewed under crossed polarizers in an
Olympus BHSP-300 optical microscope equipped
with a PM-10AD photomicrographic system. Average
spherulite size was obtained directly from recogniz-
able spherulites in the photomicrographs.

Tie molecule density was not measured directly but
evaluated from brittle tensile strength measurements
as suggested by Brown and Ward [6]. Although the
numerical values of the calculated tie chain densities
are somewhat arbitrary, this technique provides a
means to qualitatively compare and rank the various
samples. The model suggested by Brown and Ward
proposes that the low temperature brittle fracture
stress (o¢) is equal to the sum of the strengths of the tie
molecules and the van der Waals’ bonds in the inter-
lamellar area, therefore, f; (defined as the fraction of
the interlamellar area covered by tie molecules) can be
estimated from the brittle fracture stress as follows:

fT = (Cof - BEiso)/B(ET - Eiso) (1)

where Eq is the Young’s modulus of the tie molecules,
E,, Young’s modulus for the van der Waals’ bonds, J
a constant of proportionality and C a stress concen-
tration term. If identical brittle fracture tests are con-
ducted on different samples of the same polymer, the
values of C, B, E,, and E; should be constant. The
following values (expected to be reasonable for POM)
were used in our calculation: 120 GPa for E; [7],
8 GPa for the E,, (typical value for a glassy polymer),
0.1 for B[8]. C was chosen as 15 solely to avoid
negative values of a f;.

Measurements of brittle fracture strength were
made in tension on an Instron servohydraulic testing
machine, model 1331, at approximately — 120°C and
a rate of 10 cmmin~!. Dogbone-shaped specimens
were machined from plaques possessing the same
thermal histories as the samples used in the fatigue
crack propagation experiments. The dogbone samples
had the dimensions recommended in ASTM standard

D638-72 type IV with the exception that the specimen
thickness was 0.25” (1 inch = 2.54 cm). The brittle
fracture values reported in this publication are an
average of values from at least five specimens.

2.3. Fatigue crack propagation

Fatigue crack propagation (FCP) rates were measured
on compact-tension shaped specimens with dimen-
sions of 2.45 x 2.3 x 0.25”. Notches were cut into
each sample with a hacksaw to a length of 1.5”. The
notch tip was sharpened by cutting an additional 0.1”
with a jewellers saw and further sharpened with a
scalpel. An Instron servohydraulic testing machine,
model 1331 with a 2500 1b (11b = 0.453 kg) load cell,
was used for all the fatigue experiments. The testing
unit was operated in conjunction with a Hewlett—
Packard microcomputer using a modified version of
Instron’s fatigue crack propagation software. Samples
were tested in tension-tension using a sinusoidal wave-
form operating at 20 Hz and having a minimum to
maximum load ratio of 0.25. Fatigue crack propaga-
tion was recorded on videotape using a GE video
camera and a Magnovax video cassette recorder. Data
was collected by viewing the video on a monitor that
created a magnification of approximately 9x . The
fatigue crack propagation data collected from the
POM specimens was analysed by plotting values of
crack growth rate (da/dn) against the stress intensity
factor range (4K) defined in ASTM E399-83.

In order to gain some insight into the deformation
processes involved during crack propagation, the frac-
ture surfaces of the fatigued samples were examined by
scanning electron microscopy. An ISI-SX-40 Scanning
Electron Microscope was employed using an accelera-
ting voltage of 10keV for all samples. All fracture
surfaces were coated with a thin layer of gold to avoid
sample charging.

3. Results and discussion

When fatigue data are collected over a wide range of
4K, the log da/dn against log AK curve is often found
to have a sigmoidal shape in which three distinct
regions of crack growth rate can be identified [9]. Due
to the method of data collection used in this study, it
was possible in most cases to collect data over 3 to 4
decades of crack propagation rates and, for some
samples, data could be obtained in all three regions of
crack growth. A representative log plot of da/dn
against 4K for a POM specimen is illustrated in Fig.
1. Region I of Fig. 1 represents crack initiation. Region
IT represents stable crack propagation: it is in this
region where the power law, da/dn = AAK™ [9] pre-
vails (A and m are material variables which are a
function of frequency, temperature, etc.). Finally, re-
gion III corresponds to final fracture associated with
crack instability (i.e. crack growth acceleration). When
making inferences about the relative fatigue resistance
of the different POM samples, the available data from
each test was examined completely. The growth rate
data presented in this publication will, however, be
limited to the stable crack growth region since this
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TABLE I Microstructural characterization

Lot Thermal Crystallinity T, L Spherulite Brittle fracture fr
history (%) (WS (nm) diameter (um) (psi) (%)
M90-1
Q 66 163.1 12.8 173 £33 24200 + 1500 153+ 14
QA140 68 165.7 15.1 142 + 25 - -
QA150 68 165.6 15.0 162 + 41 - —
QA160 71 168.5 18.8 142 + 34 — —
ISG171 73 169.1 19.9 58 + 17 - -
I1SO180 73 168.6 19.0 129 + 30 — -
1SO190 73 168.6 19.0 127 + 37 19200 + 1100 106 + 1.1
I1SO198 72 168.7 19.2 141 + 40 - —
AR 67 162.7 12.5 96 + 25 - —
ARA130 70 162.9 12.7 116 + 27 26600 + 1000 174 £ 0.9
ARA160 71 165.5 14.9 102 + 20 24200 + 3100 152 429
M90-2
Q 64 161.6 11.8 52+ 13 22200 + 1300 134+ 12
QA100 68 162.8 12.6 49 + 20 19000 + 1200 104 + 1.1
QA130 66 163.6 13.2 38 £ 16 20400 + 2000 1.7+ 19
QA150 68 166.1 15.6 36 + 14 — —
QA160 68 167.1 16.8 65 £ 16 20400 + 2100 117+ 19
ISO17 72 170.0 21.7 3947 15100 + 3300 6.8 + 3.1
1SO180 72 168.9 19.5 73 + 18 15000 + 2200 67 +20
1SO200 71 169.5 20.6 83+ 20 10900 + 2000 19+ 19
M90-3
Q 66 163.0 127 1844 22600 + 900 137 £ 08
ISO180 74 170.8 235 — — —
1SO190 - - - 1945 - -
ISO200 72 1704 22.6 19+4 — —
M25
Q 63 161.1 11.5 34 +8 22300 £ 1300 134+ 1.2
- data was found to be the most reproducible. Addi-
0 tionally, multiple samples of each type were tested so
2 that the potential experimental error could be re-
] alized. Due to the fact that only relatively small
4 | microstructural differences exist between the samples,
B | only correspondingly small or subtle changes were
x expected in the FCP data, therefore, knowing the
T 0t *: scatter that can exist in the da/dn—-AK plots, it is less
L = | likely that any erroneous conclusions would be drawn.
2, i . Additionally, semi-log plots are often utilized when
° ] IIT | displaying the data in order for shifts in the da/dn-4K
E - N curve to be more easily distinguished.
< 4 As mentioned previously, in order to be able to
3 P directly relate the observed fatigue results to the
B 1074 _| :* microstructure, the microstructure of each sample
3 : | must be carefully characterized. The results of this
7 o IT **: extensive characterization can be seen in Table 1.
*
4 : i **35 :
7] I W |
. X | 3.1. Annealing
*i M90-2 quenched samples annealed between 100 and
107® — T 160°C were found to exhibit a slight increase in
z 3 ! > crystallinity (about 4%) and lamellar thickness upon
AK (MPa m /%) annealing and perhaps a reduction in tie molecule

Figure 1 Typical example (ARA160) of a POM fatigue crack
growth rate plot illustrating the sigmoidal shape of the curve and
the three regions of fatigue crack growth response.
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density although the change is not outside of the
quoted errors (see Table I). FCP results illustrated in
Fig. 2 reveal a general increase in fatigue resistance
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Figure 2 Comparison of the region IT FCP rates between quenched
(M) and quenched-annealed (N) samples.

upon annealing. The bands employed in Fig. 2 and
subsequent figures represent the entire variability of
the data and not just one standard deviation. The
same trend, increasing fatigue resistance upon an-
nealing, was also found among the QA-M90-1
samples. The small increase in crystallinity seems to
play a significant role in enhancing the fatigue resist-
ance, since the possible reduction in tie molecule
density would be expected to produce the opposite
effect. This result is in agreement with the findings of
others [1, 10] and is consistent with the idea that in a
more crystalline specimen a greater amount of energy
would be required to deform a unit volume of
material.

Generally, lamellar thickness (L) is not considered
as important as degree of crystallinity, supermolecular
structure or tie molecule density in dictating mechan-
ical properties. However, several publications [11-14]
have proposed the importance of L on yield strength
and modulus. For example, one of the earliest ideas
was one in which spherulitic crystalline polymers were
treated as fibre-reinforced composites. This theory
assumes that the lamellae are rigid rod-like structures
in an amorphous, rubbery matrix. The key parameter
in this composite theory is the aspect ratio which is
defined as the ratio of twice the length to the thickness
of the reinforcing fibre. For spherulitic polymers, the
arms of the spherulite are considered the fibres, and
the aspect ratio then becomes the spherulite
diameter lamellar thickness. For the POM specimens
under investigation here, the aspect ratios are, how-
ever, estimated to be in excess of 1000 and outside the
range expected to influence mechanical properties.

A small shift in the stable da/dn—AK region appears
to exist between samples annealed at 100 and 130°C
and those annealed at higher temperatures indicating
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Figure 3 FCP rates of M90-2 samples annealed at temperatures
between 100 °C and 160 °C (region II crack growth only). (A QA100,
®QA100, BQA130, MQA130, [JQA150, JQA150, AQAL60,
OQA160)

that annealing at a higher temperature increases fa-
tigue resistance (see Fig. 3). In this set of samples,
however, the only distinguishable difference in any of
the microstructural parameters is in lamellar thick-
ness. A similar trend was observed in samples an-
nealed directly from the as-received M90-1 lot, where
the ARA160 samples were found to be slightly more
fatigue resistant than the ARA 130 samples. Again, a
small increase in lamellar thickness was the only
detectable change in the microstructural parameters
(expected experimental error in L roughly + 1 nm). In
light of this observation, the possible influence of
lamellar thickness on fatigue behaviour cannot be
ruled out. Since the degree of crystallinity, however,
appears to be a dominating factor and is expected to
increase with annealing temperature, it is possible that
these relatively small reductions in FCP rate are due
to increases in degree of crystallinity that are too small
to be detected by DSC.

3.2. Isothermal crystallization

Among the isothermally crystallized samples the aver-
age spherulite diameter was found to change from
about 58 to 141 pm (ie. M90-1, ISO171 through
ISO198) while percent crystallinity and lamellar thick-
ness were found to remain constant. Based on the
available brittle fracture test results (from M90-2), tie
molecule density was also not expected to change
significantly with the possible exception of ISO198.
Therefore, any change in FCP rate was expected to be
directly related to average spherulite size. It can be
seen in Fig. 4 that no significant change in fatigue
resistance was detected, and therefore, average spher-
ulite size (at least in the size range under investigation)
has no apparent affect on FCP behaviour. This result
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Figure 4 FCP rate comparison among samples isothermally crys-
tallized at 152°C from different melt temperatures. (OISO171,
AISO171, +ISO180, x ISO180, MISO190, TJISO198).

is contrary to the findings of Friedrich [15] and
Andrews and Walker [16]. The propagating flaw is,
however, proceeded by a significant zone of plastic
deformation and is not expected to directly encounter
the spherulites. It seems, therefore, reasonable that the
fatigue behaviour would be unaffected by average
spherulite size, or for that matter, spherulite size
distribution.

Surprisingly, the isothermally crystallized samples
appear to have about the same fatigue resistance as
the quenched samples. With the 6 to 7% increase in
crystallinity and 6 to 10 nm increase in lamellar thick-
ness over the quenched materials, it may be anticip-
ated, based on the above observations, that the
isothermally crystallized samples would be more fa-
tigue resistant. There is also, however, a rather
significant reduction in tie molecule density in the
isothermal samples compared to those that have been
quenched. Previously, FCP rates have been found to
increase with decreasing tie molecule density [1-3]
and therefore, it seems likely that the affect of degree of
crystallinity (and perhaps L) has been more or less
balanced by the reduction in tie molecule density. A
reduction in fatigue resistance with decreasing tie
molecule density appears to be reasonable since tie
molecules interconnect crystalline regions and, there-
fore, by their nature tend to resist deformation. Addi-
tionally, tie molecules are also expected to play a
significant role in promoting crazing which is the
predominant mechanism through which the material
can dissipate energy to further resist deformation.

3.3. Nucleation
Nucleating the M90 Celcon resulted in a morphology
in which the average spherulite diameter was only
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about 19 pm. This leads nicely to another probe into
the influence of spherulite size on FCP. Quenched and
isothermally crystallized M90-3 POM samples were
prepared with the same thermal histories as the un-
nucleated Celcon M90. Samples were obtained with
average spherulite diameters ranging from 19 pm in
the nucleated samples to over 100 pm in the un-
nucleated ones while all the other measured micro-
structural parameters remained relatively constant.
Additionally, the average molecular weight and dis-
tribution of all of the Celcon M90 polymers were the
same within experimental error. No discernable differ-
ences were found between the FCP behaviour of the
nucleated and unnucleated samples, again indicating
that average spherulite size does not significantly in-
fluence fatigue resistance.

3.4. Molecular weight

Quenched samples from all four polymer lots were
tested, and comparisons were made based on molecu-
lar weight (M90 against M25). Among these samples,
average spherulite size was the only microstructural
parameter that was not found to be constant within
experimental error, but as previously concluded, it is
not expected to affect FCP behaviour. Still, the results
of the fatigue experiments indicate that the higher
molecular weight sample is slightly more fatigue re-
sistant (see Fig. 5). This result is consistent with recent
findings [2] in which an improvement 1n fatigue crack
resistance with molecular weight has been related to
enhanced tie molecule density. The same result is
expected here, but using the brittle fracture stress
estimate of f;, a difference in tie molecule density
between the M90 and M25 specimens could not be
detected.
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3.5. Fracture surfaces

In the POM specimens under investigation, three
distinct regions could be identified on all of the frac-
ture surfaces (see Fig. 6). The topography near the
beginning of the crack growth (Fig. 6a) was found to
be the most coarse, possessing a “drawn out” surface
structure indicating the remnants of crazes. Near the
end of stable crack propagation two abrupt changes in
the fracture surface topography were observed that
seem to indicate a change in fracture mode. One
change was observed at the point of catastrophic
failure and the topography from this region can be
seen in Fig. 6¢c. The other observed change in topo-
graphy occurred in a region just prior to catastrophic
failure. In this region fracture surface markings that
resemble fatigue striations were observed (Fig. 6b).
This is the first time markings of this kind have been
reported for POM. Previously, Hertzburg et al. [17]
have reported discontinuous growth bands in POM,
but nothing resembling fatigue striations. In most of
the fracture surfaces explored, the markings were ob-
served in a relatively narrow AK range, and the
microscopic growth rate calculated from the band
separation length and the macroscopically measured
growth rate were generally of the same order of mag-
nitude. In some .cases, however, the markings were
found to occur over several millimetres corresponding
to two or three orders of magnitude increase in macro-
scopic growth rate while the microscopic growth rates
calculated from the markings remained relatively con-
stant. In fact, the spacings between the fatigue mark-
ings among all samples examined are indicative of

Figure 6 Typical fatigue fracture surface topography of POM (ar-
rows indicate growth direction) (a) regions I and II of crack growth,
(b) region III of crack growth, (c) region of catastrophic failure.

growth rates only between 35 x 107% to 1 x
107 * mmcycle ™ 4.

Regions containing fatigue markings were found to
directly correspond with region III (illustrated in
Fig. 1) of the da/dn-4K plots. In all of the fracture
surfaces investigated, which display a discernible
da/dn-AK curve transition from region II to region
III, a corresponding change was observed on the
fracture surface from a region without markings to
one that contained markings. Some of the isothermal-
ly crystallized specimens were not found to contain a
detectable transition to region III, and correspond-
ingly, only a few fatigue markings immediately pre-
ceding catastrophic failure were observed.

Since fatigue tests are most often conducted at loads
sufficiently below the static fracture toughness of the
material, the specimens are generally in a plane strain
condition. The dramatic change observed in the crack
growth rate near the point of catastrophic failure
could, however, conceivably result from a transition
from a condition of plane strain to one of plane stress
(or a mixed mode). A crude probe into the stress state
of the POM compact tension specimens was made by
considering the following expression that must be
satisfied for the specimen to be considered to be in
plane strain

t > 25(K./o,) )

where ¢t is the sample thickness, K, the static fracture
toughness and o, the yield strength [18]. This equa-
tion is intended for use in static fracture toughness
testing, but it may provide an estimate of the stress
state of a dynamic test if K, and K, are substituted
for K. This approach to determining the stress condi-
tion in a fatigue test has also been suggested by Kim et
al. [19]. For both a quenched and an isothermally
crystallized sample, a value of 8000 psi was obtained
as the yield stress at a rate comparable to that experi-
enced during cyclic testing. These crude estimates of
the stress condition within the samples suggest that
plane strain conditions are encountered in the early
stages of crack growth, but before the point of cata-
strophic failure a mixed mode of plane strain and
plane stress may exist. Anticipating that the stress
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state changes somewhere before catastrophic failure, it
is possible that the transition in stress state occurs at a
AK value associated with the slope change in the
growth rate curves (see Fig. 1). Since the fatigue
fracture surface markings were only produced during
region III crack growth, these markings may be a
result of a change in fracture mode caused by the
transition to a mixed mode stress state.
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