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SYNOPSIS 

A series of eight thermoplastic polyurethane elastomers were synthesized from 4,4'-methylene 
diphenyl diisocyanate (MDI) and 1,4-butanediol (BDO) chain extender, with 
poly(hexamethy1ene oxide) (PHMO) macrodiol soft segments. The soft segment molecular 
weights employed ranged from 433 g/mol to 1180 g/mol. All materials contained 60% (w/w) 
of the soft segment macrodiol. Differential scanning calorimetry (DSC), dynamic mechanical 
thermal analysis (DMTA), wide angle x-ray diffraction (WAXD), and small angle x-ray 
scattering (SAXS) techniques were employed to characterize morphology. Tensile and Shore 
hardness tests were also performed. Materials were tested in the annealed state. It was found 
that an increase in segment length was accompanied by an increase in the degree of microphase 
separation, average interdomain spacing, hard domain order, hardness, stiffness, and opacity. 
DSC experiments showed the existence of several hard segment melting regions that were 
postulated to result from the disordering or melting of various hard segment length populations. 
For the system and composition ratio employed, it was found that optimum tensile properties 
(UTS and breaking strain) were achieved when a PHMO molecular weight of between 650 
and 850 was utilized. 0 1996 John Wiley & Sons, Inc. 

I NTRO D U CTl ON 

Polyurethane elastomers are linear segmented co- 
polymers with an [HS],-type structure, where H and 
S represent hard and soft segments, respectively, 
and where H and S both involve a distribution of 
sequence lengths. In the solid state, unique elasto- 
meric properties are observed due to microdomain 
formation. The so-called hard domains provide both 
physical crosslink sites and filler-like reinforcement 
to the soft segment matrix. At higher temperatures, 
a homogeneous melt can be formed allowing the 
material to be thermally processed. 

An understanding of morphology is critical to the 
rational design of improved polyurethanes. Mor- 
phological factors such as degree of hard/soft phase 
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separation, crystallinity, and domain size/shape in- 
fluence properties such as hardness, stiffness, tensile 
strength, and clarity. 

The morphology and properties of thermoplastic 
polyurethane elastomers are greatly influenced by 
the compatibility of staking compounds,'-4 the ratio 
of hard and soft block  component^,^*^-'^ the average 
block lengths employed (including molecular weight 
di~tr ibut ion) , '~-~~ the thermal history of the mate- 
rial,l 1,19,22,33 and the mechanical history experienced 
by the 

This article reports the effects of changing the 
length of the soft and hard segments in a series of 
fixed soft segment concentration (wt % soft segment 
= 60%) polymers. 

In this study it has been advantageous to have a 
large series of polyurethanes made from macrodiols 
with relatively small molecular weight differences. 
Previous studies of this kind'4-'7*'9 have utilized 
fewer polymers with soft segments having larger 
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molecular weight differences (e.g., ca 1000,2000, and 
3000) and have not involved PHMO soft segment. 
The range of soft segment molecular weights chosen 
for this series envelopes the "useful" range of pos- 
sibilities for this particular system and composition 
ratio. 

EXPERIMENTAL SECTION 

Materials and Synthesis 

All eight polyurethanes included hard segments 
comprised of MDI and BDO, and a macrodiol weight 
percent of 60%. A molar isocyanate excess of 3% 
was employed. The poly(hexamethy1ene oxide) 
macrodiols employed had the general structure: 

These PHMO macrodiols were synthesized by 
condensation polymerization of 1,6-he~anediol.~~ As 
the condensation polymerization proceeded, samples 
of polyol were extracted from the reaction vessel at 
predetermined time intervals. The hydroxyl num- 
bers of all macrodiols were determined by a standard 
procedure (ASTM D2849-method C).39 The MDI 
and BDO were distilled and degassed, respectively, 
and all polyols were dried thoroughly under a vac- 
uum of better than 0.1 Torr at 105°C for at least 12 
h prior to synthesis. 

Synthesis of the polyurethanes involved one-step 
bulk polymerization. Dried macrodiol was accurately 
weighed into a clean, dry polypropylene beaker, and 
kept dry at 105OC in an oven under a vacuum of 0.1 
Torr prior to polymerization. Degassed BDO was 
weighed into a prewet, tared polypropylene syringe 
and added to the dried macrodiol in the reaction 
beaker. Freshly distilled MDI was weighed into a 
wet tared polypropylene beaker and immediately 
added to the reaction beaker, which was then stirred 
continuously with a spatula for 1 min to ensure uni- 
form mixing of all ingredients. The contents of the 
reaction beaker were poured onto a Fibreglas-rein- 

forced Teflon sheet, covered with a second sheet and 
pressed by hand to a thickness of less than 5 mm. 
The as-poured material was then placed in an oven 
to cure at 120°C for 4 h under a steady flow of dry 
nitrogen. 

The polymers were compression molded into ei- 
ther 0.5 mm thick sheets (for SAXS and DSC sam- 
ples) or 1.3 mm thick plaques (for other tests) a t  a 
temperature of 200°C using a water-cooled hydraulic 
press. The cooling procedure was kept uniform for 
all materials by carefully controlling the water flow 
rate. 

Annealing was carried out on predried sheets/ 
plaques (0.1 Torr at 40°C overnight) under a dry 
nitrogen purge at 135°C for 10 h. The sheets were 
allowed to cool to room temperature slowly in the 
oven. All morphological tests were carried out on 
annealed samples. Tensile, hardness, and GPC 
measurements were carried out on material in the 
as-molded condition only. 

Instrumentation and Methods 

Molecular weight analysis of the as-molded mate- 
rials was carried out on a Spectra Physics GPC sys- 
tem using N,N-dimethylformamide containing 
0.05M LiBr as the mobile phase. Columns of pore 
size lo2, lo3, and lo5 A were employed, and the sys- 
tem was calibrated against six polystyrene stan- 
dards. 

DSC measurements for the polyurethane samples 
were performed on a T A  Instruments DSC2920 with 
a 1O0C/min heating rate. DSC samples were dried 
(0.1 Torr at 4OoC overnight) prior to testing, and a 
sample weight of about 10 mg was used. The pure 
PHMO macrodiols were tested on a Mettler DSC 
30 using the same run conditions. 

Dynamic mechanical testing was carried out on 
a Polymer Laboratories DMTA equipped with ten- 
sile head and reducing force option, with a heating 
rate of 2"C/min and frequency setting of 2 Hz. 

Wide-angle x-ray diffraction work was carried out 
on a Siemens D5000 diffractometer using CuK, ra- 
diation. 

Small-angle x-ray scattering was performed on 
the SAXS facility at the Research School of Chem- 
istry, the Australian National University (ANU), 
Canberra. This machine has been briefly described 
el~ewhere.~' The radiation used was CuK,. A pre- 
liminary set of measurements was made on 1.3 mm 
thick samples. Strong scattering functions were re- 
corded, but the multiple scattering present was 
unacceptable and so samples 0.4 mm thick were 
prepared and utilized. The data were corrected 
for detector sensitivity and electronic background. 
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Table I 
and Thermal Transitions 

PHMO Macrodiol Molecular Weights 

Melting Enthalpy 
PHMO Molecular Temperature of Fusion 
Weight (g * mol-’) (“C) (J - g-’) 

As would be expected, the macrodiols in Table I 
show an increase in melting temperature and en- 
thalpy of fusion accompanying higher molecular 
weights. The relatively high enthalpy of fusion val- 
ues indicate a high degree of crystallinity. 

433 
476 
650 
708 
793 
851 
998 

1180 

30.0 
36.8 
39.1 
41.2 
42.5 
44.5 
47.0 
47.2 

102.8 
114.6 
116.9 
122.2 
126.3 
128.2 
129.8 
128.4 

Characterization of Polyurethane Series 

Nomenclature Employed 

The nomenclature used for this series is of the form 
H####, where the number following H represents 
the molecular weight of PHMO macrodiol employed 
in the polymer. 

Transmission and flux measurements were carried 
out before and after each test. The sample-to-de- 
tector distance was 890 mm. No desmearing of the 
data was performed. All data were corrected using 
a water-scattering function to an absolute scattering 
intensity scale (units of cm-’). Data were processed 
using the BLISS program at the Research School 
of Chemistry, ANU, and the ANU-ORNL data 
analysis software. 

Tensile testing was carried out on five replicates 
of each material with an Instron model 4032 uni- 
versal testing machine. Smaller-than-standard ten- 
sile dumbbell samples were punched from the 
moulded sheet stock. The smaller samples (t = 1.3 
mm, w = 4.3 mm, 1 = 30 mm) were required to allow 
for large elongation behavior and to enable a com- 
parison with previous tensile r e s ~ l t s ; , ~ ~ - * ~  which 
employed the same sized dumbbell samples. A 1 kN 
load cell was used and the crosshead speed was 500 
mm/min. Gauge lengths of 20 mm were used, and 
pneumatic grips were required to hold the test spec- 
imens. Shore hardness values were measured at 22°C 
with calibrated A and D scale indentors by stacking 
five 1.3 mm thick moldings together on a flat surface. 

RESULTS AND DISCUSSION 

Characterisation of Pure Macrodiols 

Table I shows the molecular weight, melting tem- 
perature, and enthalpy of fusion values for the pure 
macrodiols. In a previous study: the glass transition 
temperature for rapidly quenched pure PHMO of 
1000 molecular weight was determined to be -35OC. 
In the same study, wide angle x-ray diffraction was 
carried out on the waxy PHMO compound, and very 
strong diffraction peaks were found with lattice 
spacings of 4.52 8, and 3.69 A. 

Polyurethane Formulations 

When synthesizing this series two parameters were 
held constant. A constant wt % fraction of 60% soft 
segment, and a 3% molar excess of isocyanate groups 
with respect to hydroxyl groups. This means that 
the materials containing shorter soft segments must 
include a larger number of shorter hard segments 
with more isocyanate end groups to satisfy these 
above requirements. That is, as the average soft seg- 
ment length is decreased, the average hard segment 
lengths are also decreased and hard segments be- 
come more rich in MDI content (less BDO). This 
change in hard segment lengths and compositions 
is more easily seen in Table I1 and Figures 1 and 2. 
As the soft segment length is increased, the resultant 
copolymer changes from what is essentially an al- 
ternating MDI-PHMO structure (e.g., H433) con- 
taining very few “real hard segments” (i.e., those 
including BDO), through to a copolymer including 
a larger number of hard segments containing an av- 
erage of approximately 2 MDI units and 1 BDO unit 
(e.g., H708), and finally, in the copolymer with the 
longest soft segments (H1180) we would expect to 
find large numbers of both MDI-BDO-MDI and 
MDI-BDO-MDI-BDO-MDI hard segment se- 

Table I1 
Series 

Molar Ratio of Ingredients for PU 

PHMO MDI BDO 
Material (mol) (mol) (mol) 

H433 
H476 
H650 
H708 
H793 
H851 
H998 
H1180 

1.12 
1.21 
1.55 
1.67 
1.84 
1.96 
2.25 
2.59 

0.09 
0.17 
0.51 
0.62 
0.78 
0.89 
1.18 
1.52 
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Figure 1 Composition by weight of the series. 

quences. In all cases there will be a broader distri- 
bution of sequence lengths than shown in Figure 2, 
and in all cases there will be a t  least a small number 
of single MDI hard segments p r e ~ e n t . ~ ~ . ~ ~  

Differential Scanning Calorimetry 

Figure 3 shows the DSC thermograms for the poly- 
urethane series after annealing a t  135°C for 10 h. 
Peak temperatures and enthalpy values are listed in 
Table 111. An increase in soft segment length causes 
a decrease in the soft microphase Tg (indicated by 

Hexamethylene Oxide Repeat Unit Q 

BDO Chain Extender 

MDI (associated with BDO) 

MDI (associated with PHMO) 

1. H433 

2. H708 

3. H1180 

Figure 2 
H1180 chain sections. 

Schematic representation of H433, H708, and 

I 
0 V 

v” 

-100 0 100 200 
TemperaturePC 

Figure 3 
135°C and tested at a heating rate of 10”C/min. 

DSC thermograms for the series annealed at 

arrows) and also a decrease in the associated change 
in specific heat. These trends indicate an increase 
in soft domain purity. 

Thermograms for the H998 and H1180 samples 
include broad endotherms, which follow the soft 
segment Tr Similar endotherms were encountered 
in a previous study for poly(octamethy1ene oxide) 
(POMO) and poly(decamethy1ene oxide) (PDM0)- 
based polyurethanes and were attributed to soft seg- 
ment “paracrystallinity.” 

The large, sharp endotherm observed in the H433 
thermogram is believed to arise from either the 
melting of a fringed micelle microstructure or from 
the disruption of non-ideally-packed single MDI- 
derived urethane linkages. This type of structure is 
afforded by the materials very short block lengths 
and more homogeneous urethane group distribution 
and, hence, hydrogen bonding capacity along the 
polymer chains. More evidence for this structure is 
shown in the SAXS results where no contrast in 
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Table I11 Summary of DSC Features for Series 2 Materials Annealed at 135°C 

Hard 
Hard Phase Phase 

Soft Phase Soft Phase Hard Phase Intermediate Endotherm Melting/”C AH/Jg-’ 
Material T,/”C Disorderingd/”C T J ” C  Melting/”C, (AH/Jg-’) (Ist, 2nd) (lst,  2nd)” 

H433 
476 

H650 
H708 
H793 
H851 
H998 
H1180 

~ 

14.2 
-5.0 

-15.9 
-19.2 
-30.5 
-34.0 
-38.4 
-40.5 

* 
* 
* 
* 
* 
* 

15.3 
15.6 

* 58.8, ( 14.8)b 
* 64.6, (6.2)b 

62.7 68.1, (0.9)‘ 
62.2 67.2, (0.7)“ 
62.3 67.3, (0.5)‘ 
63.2 68.8, (0.4)‘ 
61.3 
61.2 

* 
* 

* 
* 

143.1 
145.2 
144.7 

147.4, 206.3 
154.4, 207.0 
142.2b’, 215.9 

* 
* 
6.3 

10.0 
16.0 

11.3, 8.3 
13.8, 26.8 
25.3b’, 12.8 

~~ ~~ ~ ~ 

a Enthalpy of fusion values for hard phase melting were calculated “per gram of hard segment” rather than per gram 
of polymer. 

These endotherms seen for the H433 and H476 polymer were ascribed to melting of a fringed micelle morphology 
where “whole chain” folding occurs rather than the “bundle crystallinity” common to the hard microphases in the other 
samples. 

Small endotherms due to enthalpy relaxation in the interface between hard and soft domains. 
Broad endotherms attributed to enthalpy relaxation of soft segments that have “partially ordered” at low temperatures 

during the DSC run. 
* No transition observed. 
hr Very broad peak. 

electron density was encountered. This signature is 
also present in the thermogram for H476 and to a 
decreasing extent through to H851. In H650 through 
to H851 it is believed the feature seen in this tem- 
perature region is actually a glass transition of the 
hard microphase and/or interfacial region, which is 
followed by a small endotherm associated with an 
enthalpy relaxation phenomena. In this process, a 
time-dependent densification of the initially amor- 
phous hard domain fraction (including the hard- 
soft interface) occurs during aging at a temperature 
below the hard microphase Tg. This process is likely 
to involve the fraction of MDI units not associated 
with BDO, of which there are an increasing number 
as soft segment length is decreased (see Fig. 2). 
These single MDI units would be capable of a slow 
rearrangement because of their mobility and in- 
terurethane hydrogen bonding capacity. The hard 
domain glass transition is also observed in H998 
and H1180; however, no enthalpy relaxation peaks 
are observed. Most of the MDI in these polymers 
would be associated with BDO in higher melting 
structures. 

In H650 and above, a melting endotherm is pres- 
ent at around 145°C. In H650, H708, and H793 this 
is the only hard phase melting region, and the en- 
thalpy of fusion values increase with segment length. 
It is believed that this endotherm, which is highly 
sensitive to annealing temperature (as shown in the 

SAXS-DSC annealing study in the following article) 
occurs due to the disordering of hard domain struc- 
tures containing predominantly MDI-BDO-MDI 
hard segments (see molar ratios in Table 11). We 
shall label this endotherm “T2.” 

A second higher endotherm appears at 207°C for 
H851 and H998, and is seen as a shoulder in H1180, 
which also has a sharp endotherm at 216°C. In these 
materials the T2 endotherm increases in enthalpy 
value but also broadens with further increase in seg- 
ment length suggesting a more diverse range of hard 
segment “situations.” 

If we label the 207°C endotherms “T3” and the 
216°C endotherm “T4,” we can postulate that T3 
and T4 represent melting of hard domain regions, 
which include predominantly MD13-BD02 and 
MD1,-BD03 hard segments where these structures 
represent the longest extended hard segment se- 
quences that are possible for the thermal conditions 
imposed and the degree of hard-soft compatibility 
in each particular material. Sequences longer than 
MD13-BD02 and/or MD14-BD03 must compete for 
space by somehow folding and reentering the hard 
domains and, thus, introducing defects in the struc- 
ture. This phenomena could be an explanation for 
the broadening and increasing enthalpy observed for 
the T2 endotherms in the thermograms of H998 and 
€31180 that have the highest average segment 
lengths. 
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Figure 4 Dynamic mechanical behavior of the series 
tested at  a heating rate of P°C/min and at  a frequency of 
2 Hz. (a )  Log storage modulus (E‘) vs. temperature. ( b )  
Dissipation factor ( tan  6 )  vs. temperature. 

Dynamic Mechanical Behavior 

Figure 4 illustrates the dynamic mechanical behavior 
of each material. The storage modulus (E’) vs. tem- 
perature plot shows a drop in stiffness for each ma- 
terial accompanying the soft domain glass transition. 
At room temperature, apart from H433, which is 
above its Tg in this instance, an increase in soft seg- 
ment length is accompanied by an increase in stiff- 
ness. This is due to a more developed microdomain 
structure in the longer block materials. The tan 6 
vs. temperature curves display loss peaks associated 
with the glass transition and damping capacity of 
the soft domains. The sharpness and height of the 
damping peaks give information about the degree of 
order and the freedom of motion of molecules in the 
soft domains. A flattening and broadening of the 
loss peaks occurs as longer soft segments are em- 
ployed. This is also accompanied by a shift of the 
damping peaks to lower temperatures (as low as 
-17°C for H1180) indicating purer soft domains. 

The presence of crystallites is known to have an 
inhibiting effect on molecular motion in the amor- 
phous regions; hence, a broadening and flattening 
effect on DMTA loss This phenomena ex- 
plains why the damping peak for H433 with its more 
crystalline structure is smaller than that of the more 
amorphous H476. Similarly, a more developed mi- 
crodomain structure and purer soft domains in the 
polymers containing longer block lengths makes for 
an environment in which the motion of PHMO seg- 
ments is more restricted. 

Wide-Angle X-Ray Diffraction 

Diffraction patterns for the annealed materials are 
shown in Figure 5. A diffraction peak at 16.4 degrees 
(d = 5.4 A) was present in all samples (see Table 
IV). This peak is present for every material, regard- 
less of the degree of phase separation or degree of 
crystallinity present. 

This peak has also been reported in a previous 
s t ~ d y , ~  and in other similar studies by the authors47 
wherever a 3% molar excess of diisocyanate was 
employed. This peak position also does not match 
with literature values for MDI-BDO crystallin- 
ity.’2,22,29*48-52 It  was thought that this peak may be 
due to a spacing between adjacent “single MDI” 

L 
400 

0 1  
4 8 12 16 20 24 28 32 36 40 

2Theta (Degrees) 
Figure 5 
135OC. 

WAXD patterns for the series annealed at  
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h 
N 

0.06 - * 
v. 

0.05 - 
e( * 2 0.04 - 
0 

0.03 - 

0.02 - 

0.01 - 

0 7  

Table IV 
Polyurethanes 

Material Diffraction Angles, 20 d-spacings (A) 

WAXD Peak Positions for 

H433 
H476 
H650 
H708 
H793 
H851 
H998 
H1180 

16.38 
16.43 
16.38 
16.44 
16.43 

16.38, 19.58 
16.32, 19.54 
16.32, 19.49 

5.41 
5.39 
5.41 
5.39 
5.39 

5.39, 4.53a 
5.43, 4.54" 
5.43, 4.55a 

35 1 

a d-spacing matches with literature MDI-BDO lattice 
spacings. 

0 1  I 

hard segments. To test this postulation a compound 
of MDI end capped with ethanol was synthesized 
and characterized by DSC and WAXD. This com- 
pound had a melting point of approximately 90°C. 
The diffraction pattern for this compound is shown 
in Figure 6.  Importantly, a small diffraction peak 
matching with the 5.4 A peak described above is 
observed, suggesting that it could be a result of sin- 
gle MDI hard segment stacking. 

In Figure 5, the intensity of the central maxima 
is seen to grow and sharpen as segment length 
increases. H851, H998, and H1180 display a sec- 
ond peak at  4.54 A due to hard domain crystal- 
linity. This lattice spacing has been reported in 
the literature for the MDI-BDO unit ce11.'2,29,48,51 
Interestingly, the DSC thermograms for H851, 
H998, and H1180 (see Fig. 3) were the only ones 
that showed hard segment melting endotherms 
a t  temperatures above 200°C (T3 and T4 endo- 
therms). 

Small-Angle X-Ray Scattering 

The SAXS camera used had a one-dimensional po- 
sition sensitive detector and, therefore, the data col- 
lected required Lorentz correction. In this treatment 
the intensity is multiplied by Q2, where Q is the scat- 
tering vector (defined by Q = 4a/X sin 8,  where 8 is 
half the scattering angle). The intensity ( I (Q))  of 
the small-angle scattering from a polyurethane de- 
pends on the difference in electron scattering length 
density (ph-p,) between the hard and soft micro- 
phases as given by: 

4 8 12 16 20 24 28 32 36 40 
2 Theta (Degrees) 

Figure 6 
MDI compound showing a small 5.4 A diffraction peak. 

WAXD patterns for the ethanol end-capped 

where Q is the scattering vector, K is an instrument 
constant, and S(Q) is the scattering function from 
the atomic particle distribution in the sample. 

The intensity of the SAXS data also relates to 
the composition ratio of a material. The mean square 
electron density fluctuation, (p2 ) ,  is described by the 
relationship: 

where 4h and 4s are the respective volume fractions 
of hard and soft segments, which in turn, have elec- 

0.08 

0.07 & H998 

0.01 0.03 0.06 0.09 0.11 0.14 0.16 0.19 

Scattering vector, Q (reciprocal angstroms) 

Lorentz-corrected SAXS curves for the series Figure 7 
annealed at 135OC. 
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Table V 
Values 

SAXS Average Interdomain Spacing 

H433 
H476 
H650 
H708 
H 793 
H85 1 
H998 
H1180 

- 
0.0868 
0.0640 
0.0589 
0.0564 
0.0538 
0.0494 
0.0437 

- 
72 
98 

107 
111 
117 
127 
144 

tron densities P h  and ps .  Lorentz corrected SAXS 
data are shown in Figure 7. 
The position of the scattering maxima, Qmax, can be 
used to estimate the average one-dimensional in- 
terdomain spacing, dBragg, by using Bragg’s Law. The 
relationship between dBragg and Qmax for the camera 
used, is 

where dBragg represents the average interdomain 
spacial periodicity or “long period.” 

Calculated long periods for the as-molded and 
annealed materials are shown in Table V. 

The value obtained for this interdomain spacing 
is not a domain thickness value but rather an average 
spatial periodicity as presented in the very simplistic 
diagram below. 

Longer segment lengths are accompanied by an 
increase in scattering intensity, indicating an in- 
crease in phase separation. As would be expected 
for this series, a gradual increase in average inter- 
domain spacing was observed as segment length in- 
creased. 

The presence of an increasing number of single 
MDI units linking PHMO segments significantly 
reduces the electron density contrast between hard 
and soft domains, so much so in the case of H433 
that no scattering occurs. Inclusion of more BDO 
in the system and longer segments introduces more 
incompatibility between hard and soft segments, and 
produces hard segments more capable of aggregation 
and crystallization. 

Physical Testing 

Tensile properties for this series of polyurethanes 
are given in Table VI, and typical tensile curves for 
the eight materials are shown in Figure 8. The initial 
slopes and stress values a t  low strains (- 50%) show 
a stiffening of the materials as block length and de- 

gree of phase separation increase. H433 is below its 
Tg at  room temperature, and also includes a signif- 
icant amount of “fringed micelle” crystallinity, and 
is, therefore, the stiffest of all of the materials. 

The polymers that have soft segments of molec- 
ular weights between 476 and 851 generally produce 
steep tensile curves in the region above 150% strain, 
and the slope of these curve sections decreases 
slightly for increasing block length. This is due to a 
higher concentration of urethane linkages in the soft 
domains of the “shorter block” materials, which in 
turn, enables stronger secondary bonding to take 
place during the stress crystallization process (the 
relatively poor tensile properties of H793 are pos- 
sibly due to its lower molecular weight) (Table VII). 

The tensile curves for H998 and H1180 indicate 
that very little stress crystallisation takes place in 
these materials and that the rigid networks present 
(possibly involving spherulites) impart high shear 
stresses at the domain interface causing permanent 
deformation and lower elongation values. 

Shore-A hardness values increased for an increase 
in block length (apart from H433). The shore-D val- 
ues also showed a general increase; however, the na- 

15 

h 

2 
E 
w 

10 2 
tj 

5 

0 75 150 225 300 375 450 

% Strain 

Figure 8 Typical tensile curves for the eight materials. 
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Table VI Tensile Properties 

UTS Fail Strain Permanent Set Stress at  100% Strain 
Material (MPa) (%I (%) (MPa) 

H433 
H476 
H650 
H708 
H793 
H851 
H998 
H1180 

17 
22 
17 
17 
12 
17 
11 
11 

348 
327 
462 
479 
416 
478 
384 
255 

27 
38 
61 
71 
78 
85 
99 
67 

11 
8 
8 
8 
8 
8 
9 

10 

Values displayed represent an  average of five tests. 

ture of this particular hardness test, which employs 
a sharper indentor a t  higher loads, means that the 
tear-resistance of the sample also has a bearing on 
the results. This phenomena may explain the lack 
of similar hardness rankings shown for the two in- 
dentors. Table VII also shows a general increase in 
molecular weight in the polyurethane series as seg- 
ment length decreases. This is because the shorter 
segments are more mobile and compatible during 
the reaction/mixing procedure yielding a greater 
number of successful reactions. 

CONCLUSIONS 

The following conclusions have been drawn from 
this study: 
increasing the segment length caused an increase in 
phase separation, average interdomain spacing, 
hardness, stiffness, and opacity. This was evidenced 
by a decrease in the soft microphase Tg, and an in- 
crease in the hard segment melting temperature ( s )  , 

Table VII 
Values 

Molecular Weight and Hardness 

Shore Hardness at 
22°C 

Material Mn/1000 Shore A Shore D 

H433 
H476 
H650 
H708 
H793 
H851 
H998 
H1180 

98 
101 
89 
93 
53 
85 
63 
61 

88 
70 
80 
81 
81 
85 
89 
90 

47 
33 
38 
40 
37 
42 
41 
41 

the degree of crystallinity, and the SAXS intensity 
of polymers in the series. 

Four DSC melting endotherms of interest were en- 
countered in the series and these were labeled T1, T2, 
T3, and T4. The results provided enough evidence to 
hypothesize that these four endotherms were a result 
of the disordering of structures including predomi- 
nantly single MDI (whole chain, fringed micelle crys- 
tallinity), MDI,BDO, MD13BDOz, and MDI,BD03 
hard segments, respectively. It was also proposed that 
the sometimes broad T2 endotherm may be associated 
with the disordering of folded, longer hard segments. 

For this system and composition ratio, optimum 
tensile properties (UTS and breaking strain) were 
achieved when a PHMO molecular weight of be- 
tween 650 and 850 was employed. Longer soft seg- 
ments provided soft domains that were partly par- 
acrystalline. These soft domains also did not include 
as many hydrogen-bondable urethane linkages and, 
hence, were not as capable of forming effective stress 
crystallisable regions. This translated into a loss of 
the characteristic upturn in the stress-strain curves 
for H998 and H1180. 
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