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Fracture study of a polyacetal resin 
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Fracture experiments have been carried out with unnotched and notched tensile specimens of 
a polyacetal resin at room temperature at various rates of extension. An increase of 
approximately 13% in yield stress was observed in the unnotched tests with increased 
deformation rates from 1-1000 mm min -1, whilst strain to failure was reduced from about 85% 
to approximately 0.05%. In all specimens, failure appeared to have taken place by initiation of 
a microscopic flaw upon yielding, and this flaw then slowly grew into a critical size when 
catastrophic fracture set in. In the slow-growth region, the mechanism of failure was by void 
growth whereby the lamellar texture was transformed into a fibrillar one. However, on the 
rapid fracture surface, there was evidence of lamellar texture being retained, but with small 
voids in the stacks of lamellae, In notched fracture specimens containing sharp razor cut, a 
fracture toughness, Kic, of approximately 5 MPa m 1/2 was obtained between crosshead speeds 
of 0.5 and 50 mmmin -1. At speeds of 500 and 1000 mmmin -1, the Kic was reduced to 4 
MPa m 1/2. In the absence of a starter crack, blunt notch fracture toughness of about 
6.3 MPa m ~/2 was observed at all test speeds. In specimens with a razor cut, the slow-growth 
region decreased as test speed increased; this can be used to construct an R-curve. 

1. I n t r o d u c t i o n  
Polyacetal resins have a useful combination of 
strength and stiffness (e.g. ultimate tensile strength 
(UTS) = 65 MPa, E = 3 GPa are common), and this 
makes polyacetal an attractive material for highly 
stressed parts, bearings, bushings and anti-friction 
components. 

Although polyacetals are semi-crystalline polymers, 
their elongation to failure is much less than other 
semi-crystalline polymers such as nylon or polyethyl- 
ene (strain to failure for polyacetal is often reported as 
typically 50%, compared to 400%-500% for the 
other materials). At room temperature, polyethylene 
and nylon generally exhibit necking and extensive 
cold drawing upon yielding, but polyacetals are norm- 
ally known to fail shortly after yielding, i.e~ soon after 
reaching the maximum load. 

Studies of mechanical properties, fracture and 
fatigue-crack propagation of neat and toughened 
polyacetal resins have received considerable attention 
in the literature [-1-6]. Chang and Yang [2] observed 
that at room temperature, only under very slow de- 
formation rate (0.5 mm rain- 1 and below), polyacetals 
fractured in a ductile mode, and the transition de- 
formation rate increased with increased addition of a 
rubbery phase used to toughen the polymer. Flexman 
et  al. [6] reported that in unnotched tensile tests, neat 
polyacetal resins deformed principally by dilatation, 
whereas nylon 66 deformed mainly by shear yielding. 
However, in "super-tough" polyacetal, the deforma- 

tion mechanism was a combination of dilatation and 
shear yielding. Hashemi and Williams [5] studied 
fracture as a function of temperature, and observed 
that failure of polyacetal could be divided into three 
categories, namely (a) brittle below approximately 
- 80 ~ (b) semi-brittle between - 80 and 20 ~ and 
(c) ductile above 20 ~ 

In the present work, fracture experiments have been 
carried out with a polyacetal resin using (a) unnotched 
tensile specimens, and (b) single-edge notched speci- 
mens with and without a sharp razor starter crack at 
the notch tip. The experiments were conducted at 
room temperature, and at various rates of extension. 
Scanning electron microscopic (SEM) examination of 
fracture surfaces was undertaken for studying the 
microscopic aspects of deformation and fracture. 

2. M a t e r i a l s  a n d  m e t h o d s  
2.1. Materials 
The polymer used in this study was Delrin 107, a 
DuPont material which was injection moulded in the 
form of (a) tensile specimens approximately 10 mm 
wide, 4 mm thick and 60 mm gauge length (ASTM D- 
638 M-I), and (b) notched strips, approximately 
127 mm long, 12 mm wide, 4 mm thick and a single- 
edge notch (SEN) of depth 2.5 mm in the middle of the 
length (similar to ASTM D-256 Charpy type speci- 
mens). 
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According to the manufacturer's technical specifica- 
tion, Delrin 107 is a polyacetal with high toughness, 
recommended for use as a highly stressed part, with 
specified tensile strength of 69 MPa, and modulus of 
elasticity of 3.1 GPa at room temperature. A differ- 
ential scanning calorimetric study of the polymer at 
10 ~ rain- 1 gave a distinct melting point of approx- 
imately 173 ~ and the material recrystallized well 
upon cooling. 

2.2. Test  m e t h o d s  
An Instron 1121 machine with a load-cell capacity of 
10 kN was used to carry out the test programme. For 
the unnotched tensile tests, the following crosshead 
speeds (CHS) were employed: 1, 5, 10, 50, 100, 200, 500 
and 1000 mm min- 1 and a minimum of two specimens 
were tested at each CHS. 

The SEN (sharp crack) specimens were tested to 
fracture at CHS of 0.5, 5, 10, 20, 50, 500 and 
1000 mmmin -~, with a minimum of two specimens 
tested at each CHS. The sharp crack was initiated in 
these specimens by gently pressing a razor blade at the 
tip of the notch. Another set of SEN specimens, 1 
without any sharp crack, was also tested to fracture at 5 
the same CHSs; however, for this condition, only one 
specimen was tested at each CHS. The stress intensity 10 
factor, K, was determined by using the following 
calibration equation [-7] 5o 

p 100 
K - n~,,1al/211.99 - 0.41 (a/W) + 18.70 (a/W) 2 

D VV 200 
- 38.48 (a/W) 3 + 53.85 (a/W) 4] (1) 

5OO 
where P is the load, B the thickness, W the width, and 
a the crack length. 

SEM studies were conducted in a Cambridge S.250 
1000 

microscope after coating th e fracture surfaces with 
gold. 
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Figure I Representative load displacement traces of unnotched 
tensile specimens showing a yield point followed by rapid failure. 

TABLE I Extension to failure of the polyacetal sepcimens at 
various test speeds 

CHS (rnm min-1) Approximate failure strain (%) 
(individual specimens) 

58.38 
124.95 
23.10 
24.15 
10.29 
11.55 

1.78 
1.78 
0.74 
0.74 
0.28 
0.34 
0.06 
0.06 
0.14 
0.15 
0.05 
0.07 
0.09 

3.  R e s u l t s  a n d  d i s c u s s i o n  
Representative load displacement curves of un- 
notched test specimens are shown in Fig. 1, where 
traces are given for test speeds of 50, 100, 200 and 
500 mmmin-1.  It can be seen in Fig. 1 that (a) the 
specimens show a maximum load following which 
they fail without much further extension, and (b) the 
maximum load is higher for the higher speed. In Fig. 1, 
two traces are given for specimens tested at 100 
mmmin -1, to illustrate the reproducibility of test 
results so far as the load is considered. I t  was also 
observed during the tests that extension was generally 
uniform, without any obvious sign of necking or cold 
drawing. Usually at the onset of non-linearity of the 
curve, the material showed evidence of stress white- 
ning which for slow test speeds extended over a large 
portion of the gauge length, but was localized for the 
high-speed tests. The strain to failure reduced drasti- 
cally with increase in test speed (Table I ). 

Fig. 2 gives the yield stress (taken at the max- 
imum load) as a function of CHS for the unnotched 
tensile specimens, which shows that between CHS of 1 
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and 1000 mmmin -1, there is approximately 13% in- 
crease in yield stress. In general, the data points are 
seen to lie on a straight line, and such behaviour for 
semi-crystalline polymers has been attributed to activ- 
ated rate-process-controlled yielding [8]. Fracture of 
the polyacetal specimens was mostly square, indicat- 
ing that failure was predominantly plane strain. 
Examination of the fracture surface reveals that yield- 
ing was followed by slow growth of a microscopic 
sized flaw, which when reaching a critical size, led to 
catastrophic failure. The flaws were generally circular, 
sometimes elliptical, and they initiated internally, or at 
the surface usually at a change of section. Similar 
initiation and growth of internal flaws in polymers 
were reported by Hashemi and Williams I-5]. 

Fig. 3 shows a low magnification view of the 
fracture surface of a specimen tested at CHS 
= 50 mm min- a, which shows a circular slow-growth 
region in the centre of the specimen. In Fig. 4, the 
central part of Fig. 2 has been presented at a higher 
magnification. Fig. 5 shows the slow-growth region, 
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Figure 2 Yield stress versus log crosshead speed for unnotched 
tensile specimens. 

Figure 5 Much higher magnification view of fracture surface in the 
slow growth region showing drawn fibrillar texture. 

Figure 3 Low-magnification view of the fracture surface of a poly- 
acetal unnotched tensile specimen showing initiation and growth of 
an internal circular flaw, and the rapid fracture area outside the 
flaw. Note the fracture is generally square; CHS = 50 mm rain- 1. 

Figure 4 Higher magnification SEM view of the slow growth region 
of Fig. 3. 

and Fig. 6 the fast-fracture region at still higher but 
the same magnification. It is clearly seen that the slow- 
growth region (Fig. 5) features with drawn fibrillar 
texture, that has presumably resulted from the trans- 

Figure 6 A totally different appearance of the fracture surface of 
Fig. 4 in the rapid fracture region, taken at the same magnification 
as Fig. 5. The features are reminiscent of spherulites that were not 
transformed into a fibrillar texture (see [10]). 

formation of the lamellar texture, a phenomenon 
which has been reported for low- and high-density 
polyethylenes under plane strain failure at moderately 
slow crack speed [9, 10]. Such transformation usually 
occurs at comparatively higher energy level, when 
small voids first appear in the stacks of lamellae within 
the spherulites, and the voids then grow into a fibrillar 
texture at the expense of the lamellae. A contrasting 
feature is seen in the fast-fracture region (Fig. 6), 
showing the presence of rather undeformed spherul- 
ites, most likely as a result of interlamellar failure, as 
was seen in high-density polyethylene by Bandyopad- 
hyay and Brown [10]. In fact, prolonged electron 
radiation at a still higher magnification (Fig. 7) con- 
firms the presence oflamellar texture in this part of the 
fracture surface, albeit there are a number of small 
voids in the lamellae. Clearly, the speed of fast fracture 
did not allow transformation of the lamellar texture 
into a fibrillar one. It may be of interest to note that 
trans-spherulitic failure [4, 7] and also secondary 
cracking along spherulite boundaries [4] have been 
suggested as modes of crack propagation in fatigue 
studies of polyacetal [-4, 11]. 

The results of notched fracture tests are given in 
Table II, where fracture toughness data for specimens 
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Figure 7 Higher magnification view of Fig. 6 after prolonged elec- 
tron irradiation in the SEM, highlighting the lamellar texture of the 
sperulites, with a number of small holes initiated in the lamellar 
stacks. 

with sharp crack, K~c, and blunt notch, K8 are pre- 
sented as a function of testing speed. It is seen from 
Table II that between CHS of 0.5 50 mm min-  1, one 
obtains a (consistent) K~c around 5 MPa m 1/2. But at 
CHS of 500 and 1000 mm min-1, the K~o is reduced to 
about 4 MPa m 1/2. One explanation for this difference 
in K~c would be in the increased yield strength of 
the polymer at higher CHS (Fig. 2). It should 
be noted that for sharp-crack specimens, the 
load-displacement traces at the lower speeds showed 
some degree of non-linearity, compared to specimens 
tested at higher speed (Fig. 8). The blunt notch speci- 
mens, as can be seen also in Fig. 8, showed non- 
linearity at all speeds. K~c and K a were calculated from 
fracture loads. Hashemi and Williams [5] reported Kic 
of approximately 4 M P a m  1/2 for polyacetal at room 
temperature, while Kjc of 2.8-3.6 MPa m 1/2 have been 
reported from catastrophic failure data in fatigue- 
crack propagation experiments [3, 4]. On the other 
hand, KB values are higher and again consistent at all 
testing speeds (mean KB = 6.29 with a standard devi- 
ation of 0.21). 

T A B L E  II Fracture toughness: sharp crack, K~c, and blunt 
notch, KB, at different test speeds 

Test speed (mmmin 1) K~ c MPaml/2 KB (MPaml/2) 

0.5 4.95 6.30 
4.95 

5 4.95 6.56 
4.63 

10 4.94 6.56 
4.89 

20 5.02 6.43 
4.95 

50 5,14 - -  
5.02 
4.89 

500 3.92 6.17 
3.86 

1000 4.05 6.24 
3.79 6.11 

5.98 
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Figure 8 Load displacement traces of SEN specimens, with (left) 
and without (right) a razor cut(a) at CHS 0.5 mm min-  1, (b) at CHS 
500 mmmin -1. Note: The load axis is to the same scale for all 
specimens, whereas the displacement axes differ between (a) and (b). 

Examination of fracture surfaces showed that in the 
blunt-notch specimens, there is a flaw-initiation region 
similar to that in unnotched specimens. This flaw then 
grows slowly followed by rapid fracture, and the 
whole process takes higher energy, KB. In comparison, 
specimens containing razor cuts already provide an 
initiation site, so that the major energy-absorbing 
mechanisms include formation and slow advance of a 
natural crack, followed by rapid failure. An estimate of 
the plane-strain crack-tip plastic zone size, rp, can be 
made by using rp = (l/67t)(K2/cyf) which gives, for 
example, rp = 275 gm for a CHS of 5 mm rain- 1, and 
146 gm for a CHS of 1000 mm min- 1, which are usual 
for semi-ductile polymers [5, 12]. Fracture-surface 
examinations (Figs 9 and 10) show that the features in 
slow- and fast-growth regions are similar to those in 
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Figure 9 Fracture s~rface in the slow-growth region in an SEN 
specimen with a razor cut appears similar to that in Fig. 5. Evidence 
of fibrils and a large number  of voids/microcracks are seen. 

Figure 11 Comparative sizes of the slow crack-growth region in 
SEN specimens with a razor cut, as a function of test speed; (a) 500, 
(b) 50, (c) 10, (d) 5 and (e) 0.5 m m m i n  1. 

Figure 10 Fracture surface in the fast-growth region in an SEN 
specimen with a razor cut appears similar to that in Fig. 5. Evidence 
of fibrils and a large number  of voids/microcracks are seen. 

the case of unnotched specimens; however, there is 
evidence of more voiding and microcracking in Figs 9 
and 10. 

The size of the slow-growth region in specimens 
containing a razor cut is clearly influenced by the 
testing speed, as is evident in Fig. 11. When these are 
compared with those for unnotched specimens, the 
trend appears to be similar, and only with a difference 
in degree (Fig. 12). 

From the slow-crack extension information of 
Fig. 11, if K is recalculated taking into account the 
amount of slow-crack extension, then one obtains an 
R-curve as shown in Fig. 13. Similar behaviour has 
been reported in the literature for some deformable 
polymers such as toughened epoxies [12]. 

4. Conclus ions 
1. In unn0tched tensile tests, the material shows a 

maximum stress followed by a slow crack extension 
leading to rapid fracture. 

2. The material behaves in a more ductile way at a 
slow crosshead speed such as 1 mm rain- ~, but as the 
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Figure 12 A comparison of the slow-growth (critical) flaw sizes in 
unnotched tensile 'specimens with those in the SEN specimens with 
a sharp crack:( ) notched, fracture; ( -  - ) unnotched, tensile. 
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Figure 13 R-curve for the polyacetaI SEN specimens. 
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crosshead speed is increased, the ductility quickly 
diminishes. 

3. The yield stress (taken at the maximum load) 
shows a linear increase with log testing speed. 

4. Failure of the unnotched specimens involves in- 
itiation of a flaw, internal or on the surface, which then 
grows slowly internally, until it reaches a critical size 
when rapid fracture sets in, and the size of the critical 
flaw decreases with increasing test speed. In the slow 
crack-growth region, failure appears to be by a void- 
growth mechanism, lamellar texture changing to a 
fibrillar one. In the fast-fracture region, the lamellar 
texture of the spherulites appears to be retained, how- 
ever, with small voids formed in the lamellar stack. 

5. In SEN specimens containing a razor cut, the 
fracture toughness remains constant at approximately 
5 M P a m  1/z for a CHS between 0.5 and 50 mmmin -1. 
However, at a CHS of 500 and 1000 mm min 1, there 
is about 20% drop in  the fracture toughness. The 
plane-strain plastic zone size accordingly reduces at 
higher speeds. On the other hand, blunt-notch fracture 
toughness appears to be unaffected bytest  speed and 
is approximately 6.3 MPa m 1/2. In these materials, the 
extra amount of energy is apparently utilized in initia- 
ting a flaw within the material, which subsequently 
grows. 

6. In the SEN specimens with a razor cut, the slow 
crack-growth zone size increases with decreasing 
crack speed. The data have been utilized to construct 
an R-curve. 
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