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Polyacetal and thermoplastic polyurethane 
elastomer toughened polyacetal: crystallinity 
and fracture mechanics 
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The effect of thermoplastic polyurethane (TPU) elastomer on the melting point and the 
percentage crystallinity of polyacetal (POM) is studied by differential scanning calorimetry 
(DSC). Wide angle X-ray diffraction (WAXD) scans of POM, TPU and their blends have been 
taken and the results indicate that the crystalline structure of POM remains unaffected even 
after the addition of amorphous TPU. The influence of defects like holes and notches on the 
ultimate tensile strength has been examined. The resistance to crack initiation (Jc), the 
resistance to steady state crack propagation (tip) and the resistance to crack growth at 
maximum load (Rmax) are estimated. The POM/TPU blends display higher crack resistance 
values than pure POM. The hysteresis energy of blends is determined and is found to 
increase with TPU content. 

1. Introduction 
The technology of polymer blends has developed into 
an important segment of polymer science in the past 
two decades. Additionally, the utility of polymer 
blends has increased significantly and is expected to 
continue. With the advent of melt-processable ther- 
moplastic elastomers, the horizons of polymer blends 
have been widened from plastic-plastic systems to 
plastic-rubber ones, with toughness improvement of 
engineering plastics receiving the major emphasis. 
A small amount of discrete rubber particles in a plastic 
can greatly improve the crack and impact resistance of 
normally brittle plastic. The toughening of general- 
purpose plastics, such as polystyrene and PVC, has 
contributed considerably to the growth of the plastics 
industry. More important, the toughening of high- 
performance plastics, such as polyacetals, aromatic 
polyesters, and nylon, has provided second-generation 
materials that can outperform most classic construc- 
tion materials [1]. 

Polyacetal (polyoxymethylene, POM) is a semi- 
crystalline engineering thermoplastic of considerable 
commercial importance. However, POM is extremely 
brittle in notched impact, restricting its range of engin- 
eering applications. There[ore, POM is toughened 
with thermoplastic polyurethane (TPU) elastomer in 
order to widen its scope of applications into areas 
where it ought to have a high degree of impact 
strength. Flexman et  al. [2] developed POM composi- 
tions containing 5-40% TPU with an increased melt 
strength, a decreased crystallization rate, and in- 
creased and more consistent die swell for blow mould- 
ing applications. Flexman [3] also compared the 
impact resistance of toughened polyacetal and the 
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base resin and suggested some aspects of its fracture 
mechanism. 

Chang and Yang [4] investigated POM toughening 
with TPU elastomer in terms of rheological, mechan- 
ical and morphological properties. John et  al. [5] 
studied the effects of elongation rate and determined 
fracture mechanics parameters such as strain energy 
release rate, G, Rice's contour integral, J, and fracture 
toughness, K, under plane stress conditions for 
POM/TPU blends. Kloos and Wolters [6] reported 
that the notched impact strength of impact-modified 
POMs containing urethane rubber increased with de- 
creasing particle size of the dispersed TPU. Robert 
et  al. [7] disclosed POM/TPU compositions with en- 
hanced impact resistance even at low temperatures 
suitable for making exterior automobile body parts, 
from a mixture of oxymethylene copolymer and poly- 
urethane. 

The objectives of the present work are: (i) to study 
the effect of addition of TPU elastomer on the per- 
centage crystallinity and crystalline structure of POM, 
(ii) to investigate the influence of defects like holes and 
notches on the ultimate tensile strength of both POM 
and the blends, (iii) to determine the crack resistance 
values, and (iv) to estimate and compare the hyster- 
esis values of POM and the blends. 

2, Experimental procedure 
2,1. Materials 
POM, used in this study, is an injection moulding 
grade copolymer (Celcon M-t40) obtained from 
Hoechst Celanese, USA. 13 C nuclear magnetic reson- 
ance (CNMR) reveals that this copolymer contains 
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2-3% oxyethylene repeat units, the remainder being 
oxymethylene [8]. T P U  elastomer, Estane 58311, is of 
commercial type and was supplied by B. F. Goodrich 
Co., Belgium. It is a polyether-based TPU compound 
with a weight average molecular weight (Mw) of 1.5 x 105. 

2.2. Procedure 
The TP U elastomer and POM were melt-mixed in 
appropriate ratios using a 30 mm single-screw ex- 
truder (L/D = 20) with a screw speed of 50 r.p.m. 
A special mixing head was used for this purpose. 
Temperatures ranging from 170 to 200~ were em- 
ployed depending upon the needs of the individual 
formulations. After extrusion, the material was granu- 
lated. P OM blends containing 10, 20 and 30% TP U  
are denoted as AU91, AU82 and AU73, respectively, 
in this study. 

A Dupont  910 differential scanning calorimeter was 
used to study the melting behaviour of POM and the 
blends. About 10 mg of each sample was melted at 
200 ~ for at least five minutes and then cooled to 
30~ to allow the polymer to crystallize under the 
same thermal condition. At this point the sample was 
reheated at 5 ~ min-1 to 200 ~ The melting point 
was observed and recorded. The melting enthalpy was 
calculated by integrating the area under the melting 
endotherm of the DSC trace using the software pro- 
vided with the instrument. The crystallinity (Xc) of 
POM in the blend was computed according to 

Xc = \AHO] 100% (1) 

where AH ~ = 326 J g 1 is the fusion enthalpy of POM 
of 100% crystallinity [9]. AH is the enthalpy of P O M 
in the blend. 

Wide angle X-ray diffraction (WAXD) analysis of 
POM, T P U  and their blends were obtained with 
RICH-SEIFERT XRD 3000P X-ray diffractometer, 
Germany (CuK~-radiation; monochrome). The accel- 
erating voltage and electric current used were 35 kV 
and 30 mA, respectively. Blends of different composi- 
tion for WAXD analysis were obtained by hot-press- 
ing the samples at 195 ~ and allowing them to cool to 
room temperature at a rate of 4 ~ min-1. 

An injection moulding machine was used for mak- 
ing samples for fracture mechanics studies. To evalu- 
ate the influence of defects present in the materials, 
holes and side notches of various notch parameters 
were created in the tensile test specimens and load 
deflection curves were obtained [5]. For  this fracture 
study, dumbbell shaped test specimens of the dimen- 
sions 150 x 14 x 1.5 mm were made. The notch para- 
meters used are: (1) 2r/w, 0.128, 0.143, 0.157, and 
0.171 and (2) a/w, 0.0714, 0.143, 0.214, and 0.286, 
where r is the radius of the hole which is drilled at the 
middle of the specimens, w is the width and a is the 
notch length of the razor cut specimens. A crosshead 
speed of 5 mmmin  1 was employed using a Zwick 
universal testing machine (UTM, 1465). 

The fracture mechanics parameters, critical energy 
for Crack initiation (Jc), resistance to steady state crack 

growth (Rp), and resistance to crack growth at max- 
imum load (Rmax), were determined using the three- 
point bend method developed by Kim and Joe 
[10, 11]. The specimens measured 120, 14 and 5 mm 
for length, width, and thickness, respectively. For  this 
study, samples with different notch lengths from 1 to 
4 mm were made with a sharp razor to avoid crazing 
and crack branching. The distance between the two 
supports was 80mm and the loading rate was 
5 mmmin-1 .  The load versus load-point deflection 
curves were obtained using the Zwick UTM 1465 for 
further analysis. 

Hysteresis tests were carried out by loading to 
apredetermined load level and then returning at the 
same speed. The tests were performed on the same 
type of samples which were utilised for stress concen- 
tration studies. A constant crosshead speed of 
2.0 mm rain- 1 and different loading levels of 200, 175, 
150, and 125 N were applied using the Zwick UTM 
1465. 

3. Results and discussion 
3.1. Crystallinity 
DSC analysis was carried out to measure the melting 
point, enthalpies of fusion, and thereby the percentage 
crystallinity of POM and its blends with TPU. DSC 
was performed on the P O M and the blends in order to 
examine the effect that the added TP U  exert on the 
melting behaviour of the semi-crystalline POM. DSC 
thermograms, showing the crystalline melting en- 
dotherms, are presented for P O M and the blends in 
Fig. 1. The results are summarized in Table I. The 
enthalpies of fusion of P O M upon heating at constant 
rate decrease as T P U  is added. Table I also shows the 
Percentage crystallinity [12] which has been cal- 
culated from the melting enthalpies after normalizing 
for the P O M content of the blend. The percentage 
crystallinity of P O M decreases as the TP U  content in 
the blend increases [13]. At the same time, the melting 
point of POM is affected only marginally. Thus it can 
be concluded that crystallization in P O M is impeded 
to some extent due to the presence of the amorphous 
TP U  component. 

3.2. Crystalline s t r u c t u r e  
The X-ray diffraction scans of the P O M / T P U  blends 
as a function of Bragg angle (20) at room temperature 
are displayed in Fig. 2. P O M and the blends give 
a sharp crystalline peak and about three small peaks 
in the region of the Bragg angle (20) between 10 ~ and 
70 ~ indicating their semi-crystalline nature. The XRD 
peak of TP U  illustrates its amorphous nature. The 
strong diffraction peak in P O M is located at the 
diffraction angle (20) of 23.38. It is noticed that the 
incorporation of TP U  does not alter the crystal struc- 
ture of the POM at all, judging from the fact [14] that 
the four intensity peaks of P O M in the blends are 
observed in the same Bragg angles in all the cases. It is 
also exemplified from the fact that the d-spacings of 
P O M crystal planes do not vary much with TPU as 
seen in Table II. As the positions of peak maximum 
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Figure 1 DSC melting endotherms of POM and POM/TPU 
blends. 

TABLE I DSC analysis of POM and the blends 

Blend Tm nf  (J/g) He (J/g) Crystallinity 
sample (~ (based on (based on (%) 

total weight) POM weight) 

POM 166.9 166.3 166.3 51.0 
AU91 166.3 143.1 159.0 48.8 
AU82 165.2 120.4 150.5 46.2 
AU73 164.1 91.5 130.7 40.1 

are independent of the composition, it becomes clear 
that the unit cell dimensions of POM remain un- 
changed [-15]. 

Apparent crystallite size (ACS), which is a measure 
of both the size of the crystallites and the degree of 
crystalline imperfection, is determined from the full- 
width at half-maximum A(20) of the crystalline peaks 
using the Scberrer equation [16]. 

ACS = 0.9~L(A(Eo)COS0)- 1 (2) 

where X is the wavelength (0.1542 nm) and 20 is the 
position of the peak maximum. As seen from Table II, 
the ACS of blends is lower than that of the pure POM. 
This suggests that the growth of the crystallites is 
inhibited in the blends compared to that in pure 
POM. Such lower crystallinity and smaller or imper- 
fect crystallites might contribute towards improved 
fracture toughness/impact strength of the blends [16]. 

3.3. Stress concen t ra t ion  due to defects 
Design of engineering components requires sound 
understanding about the fracture behaviour of the 
materials under loads at various conditions. In con- 
ventional design, the material is assumed to be 
defect-free, and design practices do not consider pre- 
vention of failure initiation at the defects, or imperfec- 
tions that will be inherently present or caused in all 
materials, either during fabrication or in service. So 
the nature of the original flaw and its subsequent 
behaviour under load are of importance. If the flaw is 
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Figure2 X-ray diffraction scans of POM, TPU and their blends. 

TABLE II WAXD analysis of POM and the blends 

Blend FWHM 20 d-spacings ACS 
sample POM-crystal (nm) 

planes (nm) 

POM 0.524 23.280 0.38179 15.4728 
AU91 0.531 22.942 0.38162 15.2597 
AU82 0.570 23.314 0.38199 14.2254 
AU73 0.580 23.436 0.37927 13.9831 

small, it is possible that most of the life may be spent in 
an initiation phase or the flaw may not grow at all and 
in certain cases this could be controlled by yielding 
and crazing mechanisms. So if flaw size and its behav- 
iour are known, a safe working stress may be arrived 
at [5]. A component with a defect may not fail im- 
mediately on loading, but may experience a stable 
crack growth before final failure. If the load is kept 



below a certain value, the crack may not grow at all. 
Hence, it may be of immense importance if one can 
predict the load at which instability sets in when 
defects are present in structures. 

It is well known that stress concentration due to 
defects can adversely alter the strength of the mate- 
rials. The load deflection curves for POM and AU73 
with holes of various notch parameters are given in 
Fig. 3. It is clear that the stress concentration produc- 
ed by the holes reduced the strength and stiffness in all 
cases. Similar effects were exhibited by side-notched 
specimens in tensile strength and these results are 
presented in Fig. 4. From the above results, breaking 
strength based on nominal area (P/wt where P is the 
load at break, w the width and t thickness of the 
sample) is determined for both notched and unno- 
tched specimens. Their ratios are calculated and pre- 
sented as a function of notch parameters 2r/w or a/w 
as the case may be. This type of representation of 
material behaviour in a non-dimensional form will be 
useful to designers. The results are displayed in Fig. 5. 
Results demonstrate that a hole of particular diameter 
present in a material is less critical than a notch of the 
same dimension [5]. This is due to the high stress 
intensity at the notch tip. When holes are present up 
to a notch parameter of about 0.14, the strength is 
almost equal to that of an unnotched specimen. A fur- 
ther increase in hole diameter results in more reduc- 
tion in strength. A similar reduction in strength is 
observed with side-notched specimens and the reduc- 
tion starts even at the low values of a/w. Fig. 5 also 
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Figure4 Effect of notches on tensile strength for (a) POM and 
(b) AU73. The notch lengths in mm are shown on the correspond- 
ing curves. 
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Figure 3 Effect of holes on tensile strength for (a) P O M  and 
(b) AU73. Hole diameters in m m  are shown on the corresponding 
curves. 
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Figure 5 Relative strength based on crack parameters for notch/  
hole parameters for P O M  and AU73. O, hole; A, notch; - -  
A U 7 3 ; - -  , P O M .  

reveals that the strength retention is greater in the case 
of AU73 when compared to that of the POM. This 
indicates that the addition of elastomer helps in reduc- 
ing the notch sensitivity of POM. 

3.4. Crack resistance of blends 
In the present study, the fracture mechanics values 
were obtained using a technique developed by Kim 
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and Joe [10, 11] which has previously been used suc- 800 
cessfully on less complex polymeric materials. Their 
work has resulted in a simple method for determining 
crack resistance values. Otterson et al. [17] investi- 600 
gated the effects of compatibilizer level on the fracture 
mechanics values (J~, Rp, and Rmax) of a nylon 6/ABS 
polymer blend using this technique. The crack initia- "~ 400 
tion resistance can be found in terms of the critical 
J-integral value (J~) utilising the locus line of crack 

200 
initiation points (measured using a compound micro- 
scope) on load-displacement records. It has been 
shown that J~ can be computed from the following 600 
equation 

1 AU~ 
Jo - (3) 

B Aa 

where B is the sample thickness, a is the initial crack 
length, and Ur is the essential energy required to  
initiate the crack. It is possible to determine the resist- 
ance to crack growth at maximum load (Rmax) using 
the maximum load points on the load versus load 
point deflection curves as characteristic points. Deter- 
mination of a n  Rma x value depends upon whether or 
not the complete load versus deflection curve (R 
curve) exhibits a point of sharp curvature between the 
initiation and steady state resistance. 

1 AUL 
R ~  - ( 4 )  

B Aa 

w h e r e  U L is the area surrounded by the locus line of 
maximum load points, the load versus load-point de- 
flection curve, and the x-axis. The resistance to steady 
state crack propagation (Rp) is determined in a similar 
way using the formula 

1 AUf 
Rp - B Aa (5) 

where Uf is the total energy for fracture. The detailed 
procedure to determine the above parameters has 
been described in [17], 

Fig. 6 shows typical load versus load-point deflec- 
tion curves obtained for POM and AU73 using three- 
point bending. Crack initiation points are shown as 
black dots on each curve. The total energy required to 
initiate the crack (b~) was determined and plotted in 
accordance with Equation 3 for the set of specimens in 
which crack initiation could be observed. The result- 
ing plots for POM and TPU are given in Fig. 7. The 
slopes of each of these plots represent Jr for each 
material and these values are given in Table III. 

The total energy up to maximum load (UL) for each 
specimen was determined and plotted in accordance 
with Equation 4. These plots are also shown in 
Fig. 8(a). The slopes of these plots represent R~,x for 
each material and these values are provided in 
Table III. 

The total energy for fracture (Ue) for each specimen 
was determined and plotted in accordance with Equa- 
tion 5. These plots are shown in Fig. 8(b): The slopes 
of these plots represent Rp for each material and these 
values are given in Table IlL 
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Figure 6 Three-point bending test using various precracked sam- 
ples of(a) POM and (b) AU73. The crack lengths in mm are shown 
on the corresponding curves. 
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Figure 7 U~/B versus initial crack length for POM (0) and AU73 
([]). 

T A B L E  I I I  Crack, resistance values for POM and the blend 
AU73 

Crack resistance POM AU73 

Je (kJ m -2) 4.8 9.5 
Rm~ x (kJ m - 2) 11.2 14.7 
Rp{kJ m 2) 12,3 34.1 

It is seen that the addition of 30% TPU has in- 
creased the crack resistance values substantially. The 
blend AU73 has the crack initiation resistance (Jc) 
twice that of the POM. While there is only a marginal 
rise in Rma x value, there is a tremendous increase in J~ 
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Figure 9 Hysteresis curves at different loading levels for (a) POM; 
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Figure 10 Effect of TPU content on the hysteresis energy of POM/ 
TPU blends. Load = 200 N. 

and Rp values for the blend containing 30% TPU. The 
higher resistance value of blend is indicative of its 
improved crack resistance. 

3 . 5 .  H y s t e r e s i s  
Hysteresis is defined as the energy dissipated in the 
strain cycle where the unloading path is below the 
loading path. Strictly speaking, hysteresis can be ap- 
plied only when the deformed material returns to its 
original shape (i:e. zero strain). The hysteresis or the 
loss energy can be calculated from the energy differ- 
ence between the input and the recovery in a cyclic 
loading and unloading process 1-18]. Fig. 9 shows the 
hysteresis curves of POM and AU73. This reveals that 
higher load levels lead to higher percentage of hyster- 
esis energy [4] in both POM and the blend AU73. It is 
observed from Fig. 10 that the hysteresis energies of 
the blends increase monotonically as the TPU content 
in POM increases from 0 to 30%. This trend is almost 
synonymous with the impact strength suggesting that 
the increase of hysteresis energy may also be taken as 
an approximate measure of improvement in tough- 
ness/impact strength [18]. 

4.  C o n c l u s i o n s  
The percentage crystallinity of POM in the blends 
decreases as the TPU content increases. WAXD re- 
veals that the incorporation of amorphous TPU does 
not change the crystal structure of POM. The reduc- 
tion in ultimate tensile strength due to a notch is found 
to be larger than that due to a hole of the same 
diameter. The POM/TPU blends are less notch-sensi- 
tive when compared to pure POM. The addition of 
TPU to POM enhances the crack resistance values 
substantially. The hysteresis energy increases when 
TPU is added to POM, possibly signifying the im- 
provement in toughness. 

1 4 8 5  
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