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Polyurethanes were prepared from toluene dusocyanate (TDI), 14butane diol (BDO) and polycaprolac- 
tonebased triols with varying molecular weights. Among each molecular weight triol-based urethane, hard 
segment content was varied from 20% to 70%. Differential scanning calorimetry, tensile testing, and 
Iosipescu shear testing were done on all the various urethanes prepared. Thermal characterization data 
revealed the dependence of phase separation on hard segment content as well as on the trio1 molecular 
weight. Tensile data and Iosipcscu shear data further confirmed the observations made from the DSC data. 
The data further indicated that phase separation can greatly improve the modulus of cross-linked segmented 
urethanes. Adhesion of these urethanes to glass surface was evaluated wing soda-lime float glass plate. 
Urethane samples were cast on the air side of the glass plates and adhesion was measund in shear mode. 
Adhesion data indicated that in addition to hard segment content, modulus, cross-link density, and 
molecular weight of the trio4 phase separation seems to be a major factor in controlling adhesion. Surfaces 
of the failed adbesion samples were also analyzed and the failure mode was found to be cohesive, in varying 
degree, with the different urethane systems. 

KEY WORDS Adhesion; pol- glass; phase separation; hard segment content; molecular weight 
DSC; Iosipescu shear ttst; cross link density; modulus. 

Reinforced reaction injection molding (RRIM) and structural reaction injection mold- 
ing (SRIM) of urethanes are widely used in automotive industry to make body panels, 
fascias, bumper beams, etc. In these applications, good adhesion between the urethane 
matrix and the reinforcement (usually glass) is shown to be an important factor in 
determining overall mechanical properties of these composites.' -4  Another important 
and emerging application of RIM-urethane is integral molding of gaskets onto glass 
panels to produce modular window assemblies (e.g., Windshields) for automobiles5-' In 
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80 R. K. AGRAWAL A N D  L. T. DRZAL 

these modular windows, good adhesion between urethane gaskets and glass panels is 
essential for the structural integrity of these assemblies in the automobiles. 

In the above mentioned applications of RIM-urethane polymers, urethane matrix 
properties vary from one extreme to the other, from being very soft and elastometric 
in modular window application to very rigid and of high modulus in RRIM and 
SRIM applications. There are extensive data reported in the relating 
final properties of urethanes to various formulation parameters. These parameters 
control cross-linking density and phase separation in segmented polyurethanes, thus 
determining final matrix properties. It has been shown"- l 3  that phase separation 
depends on individual segment length, segment length distribution, intra- and interdo- 
main hydrogen bonding, and several other factors. Recent work by Rao and Drzal14 
has shown that, for the same surface chemistry and matrix chemistry, adhesion varies 
directly with the matrix modulus in glassy cross-linked epoxies. This study is an 
attempt to extend this relationship to other systems and to correlate the structure- 
property relationship of segmented polyurethane with its adhesion charcteristics to 
glass substrates. 

Model urethane matrix compositions have been developed that produce a transpar- 
ent matrix which can be easily prepared and studied in the laboratory. Thermal and 
mechanical characterization of the matrices have been done to establish matrix 
properties. Adhesion characteristics of the various matrices to soda-lime float glass 
plates have been evaluated and correlated with their compositions, structure and 
properties. 

SCOPE OF THE PRESENT WORK 

In this study, we have not used any catalyst in the urethane formulations, thus 
increasing handling time for sample preparation. Also, the polyol used is a triol, 
allowing us to prepare and study urethanes with a wide range of mechanical properties 
without having to change their chemistry. Urethane formulations have ranged from 
those with the lowest possible hard segment content to 100% hard segment content. In 
this paper, the hard segment content is defined as the percent by weight of the 
isocyanate and the chain extender in the polymer at fixed stoichiometry or isocyanate 
index. Thus, in the lowest possible hard segment formulation there is no chain extender, 
whereas in the 100% hard segment formulation there is no polyol. 

To study the role of polyol molecular weight, polyols with three different molecular 
weights were used to prepare urethane formulations with the same hard segment 
contents. 

EXPERIMENTAL 

Materials 

The polyurethanes used in this study were caprolactone-based trifunctional polyols 
available from Union Carbide under the trade name Tone@. Characterstics of these 
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ADHESION MECHANISMS OF POLYURETHANES 81 

polyols are listed below: 

Polyols Supplier 
Molecular H ydroxyl 
weight Number 

Tone 03 10 Union Carbide 900 187 
Tone 0305 Union Carbide 540 312 
Tone 0301 Union Carbide 300 560 

Hard segments were made from a 80%-20% mixture of toluene 2,4diisocyanate 
and toluene 2,6diisocyanate(TDI, Aldrich Chemical Co.), with 1, Cbutanediol (BDO) 
as a chain extender (Aldrich Chemical Co.). 

FH3 

Nco 

Toluene diisocysnate 

1,4 Butanediol 

The various urethane formulations studied in this work are shown in Table I. Their 
surface free energies, based on contact angle measurements, are between 40.5 and 45.2 
Dynes/~m.'~ Also shown in Table I are the weight percent hard segment content and 
the molecular weight per cross-link (MJ. M, is the unit weight of the polymer divided 
by the number of cross-link junctions in the unit weight of the polymer. 

The glass substrates used for adhesion testing were annealed 2" x 5" x 1/4" 
(5.1 x 12.7 x 0.64cm) soda-lime float glass plaques. Adhesion testing of urethanes was 
carried out on the air-side of the glass plaques. 

Sample Pnprnaion 

For Thermal and Mechanic81 Chsracterization 

A one-step urethane preparation approach was used to prepare all the samples. Trio1 
and B D O  chain extender were mixed and degassed for 2-4 hours at 60" C. Silicone 
rubber molds for casting tensile dogbone specimens and Iosipescu shear specimens 
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82 R. K. AGRAWAL AND L. T. DRZAL 

TABLE I 
Urethane Formulations at Isocyanate Index of 1.0 

~~ ~ 

Polyol Type 
Hard Molecular 

Sample Tone Tone Tone BDO TDI Segment Weight per 
Designation 0301@ 0305" 0310@ (Mole%) (Mole%) (wt%) Cross-Link (M,) 

10A 
10B 
1oc 
10 D 
10E 
5B 
5c 
5D 
5E 
1c 
1D 
1E 
HS 

0 
22 
31 
34 
41 
1 
20 
31 
36 
0 
18 
26 
50 

60 
56 
54 
53 
52 
58 
56 
54 
53 
60 
51 
55 
50 

22 
31 
41 
60 
61 
31 
41 
59 
67 
47 
59 
67 
100 

1160 
1424 
1692 
2222 
2752 
854 
1013 
1324 
1646 
563 
139 
912 
- 

were also subjected to degassing at the same time. Degassing the molds helps in 
void-free sample preparation by removing the trapped air and moisture in the micro 
voids present in the molds. The stoichiometric amount of TDI was then added to the 
triol-chain extender mixture and homogenized with a magnetic stirrer for about 
a minute. The resultant mixture was then quickly cast into the degassed silicone molds. 
The filled molds were then heated for 24 hours at 90°C in a convection oven. After 
curing, samples were taken out of the molds and were sanded and polished to achieve 
uniform thickness. 

For Adhesion Testing 

The air side of 2" x 5" x 1 / 4  (5.1 x 12.7 x 0.64cm) annealed soda-lime float glass 
plaques was cleaned with methyl ethyl ketone solvent and dried. Silicone molds with 
a 1 / 4  x 1 / 4  x 1 / 4  (0.64 x 0.64 x 0.64cm) cavity were placed on the air side of the 
glass plaques and were secured to the glass plaques using clamps. The degassed and 
homogenized mixture of the polyol, the chain extender, and the isocyanate was then 
poured into the 1 / 4  x 1 /4  x 1 / 4  (0.64 x 0.64 x 0.64cm) cavities formed by the glass 
plaques and silicone molds. The glass plaque-silicone mold assemblies were then cured 
for 24 hours at 90°C in a convection oven. Upon cooling, the silicone molds were 
separated from the glass plaques and the samples were stored for adhesion testing. 
Figure I shows the drawing of an adhesion sample with two urethane blocks cast on 
a soda-lime glass plate. 

Testing and Characterization 

Differenti81 Scanning Calorimetry 

DSC scans on all the cured urethane samples were done on a Shimadzu TA50 thermal 
analysis system. Sample weights used for the scans were approximately 20-25 mg. The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
1
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



ADHESION MECHANISMS OF POLYURETHANES 83 

DSC cell, with the sample inside the cell, was cooled down to - 80 "C by liquid nitrogen 
and scans were done at 10"C/min to up to 280°C. No visual sample degradation was 
observed after the first DSC run. For the second DSC scan on the same sample, the 
DSC cell was allowed to cool down to ambient temperaturein about 12 hours and then 
liquid nitrogen was used to cool it down further to - 80°C. 

Dynamic Mechanical Analysis (DMA) 

Rectangular bars (30mm x 4mm x 1.25 mm) of various urethane samples were used 
for dynamic mechanical analysis on a Seiko Instrument DMS-90 system. Values of E 
and tan 6 at various temperatures were obtained in clamped three-point bending 
oscillation mode of deformation at 1 Hz fixed frequency. The temperature was varied 
from - 70°C to 280°C at 10"C/min. 

Iosipescu Shear Testing 

All urethane samples for the Iosipescu testing were sanded and polished to a uniform 
thickness of 2.5 mm. Strain gage rosettes (from Micro Measurements Inc.) were 
attached to the front of each specimen. Testing was done on a servohydraulic testing 
machine using a modified Wyoming fixturei6 at O.OS"/minute (0.13 cm/minute) cross- 
head speed. A strain gage on each sample was connected to a Wheatstone bridge in 
a half-bridge configuration. The Wheatstone bridge was connected to a signal- 
conditioning amplifier, and the amplified analog signal was converted to digital signal 
through a circuit completion box which was connected to a microcomputer-controlled 
data acquisition system. At least three samples were tested for each urethane formula- 
tion. For softer urethane formulations such as 10 A and 10 B, reinforcing tabs were 
glued to the sample ends to facilitate testing. 

Tensile Testing 

Dogbone-shaped urethane samples were tested on a tabletop Instron 4201 testing 
machine using pneumatically-actuated grips. Grips were separated at 2"/minute 
(5.1 cm/minute) and the stress-strain curve of the sample to failure was recorded on 
a chart recorder. At least four samples were tested for each urethane formulation. 

Adhesion Testing 

Adhesion of urethane matrix to glass surface was evaluated using soda-lime float glass 
plates as the substrate. Plate glass was chosen rather than fibers as the glass-matrix 
interface/interphase in plate glass could further be analyzed with relative ease using 
visual, microscopic, spectroscopic, and chemical means. 

Urethane 

Glass Plate 

FIGURE 1 Glass-urethane adhesion sample. 
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84 R. K. AGRAWAL A N D  L. T. DRZAL 

The lap-shear configuration for adhesion testing with glass plates could not be used 
successfully due to the brittleness of the glass plates. In the lap-shear configuration 
trials, glass plates broke during sample loading or during sample testing due to the 
slight misalignment or bending. To overcome this, ASTM test method D4501 for 
measuring shear strength of adhesive bonds between rigid substrates by the block- 
shear method was modified for this study. Figure 2 shows the front and the rear view of 
the test fixture with an adhesion sample clamped in place. 

An Instron 4201 tabletop testing machine was utilized for the adhesion testing. 
The test fixture was mounted on the Instron and an adhesion sample was loaded 
in the test fixture carefully such that the cast urethane block of the sample would 
engage with the shearing bar of the test fixture. Upon the sample loading, the jaws 
of the Instron machine were moved apart at O.Z"/minute (0.51 cm/minute). In 
this fashion, the cast urethane block was shear loaded in a plane parallel to the glass 
plaque. The maximum load required for the detachment of the urethane block from the 
glass surface was recorded. At least five samples were tested for each urethane 
formulation. After failure, glass and urethane samples were saved for failure mode 
analysis. 

Scanning Electron Microscopy (SEM) 

Glass surfaces of the failed adhesion samples were examined by SEM. The surfaces 
were gold coated (approximately l00A thickness) by a Denton Vacuum DESK I1 
coater. An ISI-SS130 scanning electron microscope was used to examine the samples. 
A 50X magnification was utilized in the SEM examination. 

X-Ra y Photoelectron Spectroscopy (XPS) 

Subsequent to adhesion testing, failed glass surfaces were analyzed using Perkin- 
Elmer PHI5400 x-ray photoelectron spectrometer. An approximately 1 / 4  x 1 / 4  
(0.61 x 0.61 cm) square area was sectioned from the failed glass surface and was placed 
inside the XPS chamber. The XPS spectra were obtained at a base pressure of 
approximately lO-'Torr. The standard Mg K, source was used for all samples analysis 
and was operated at 300 W (15 kV, 20 m A). A continuously variable angle sample stage 
was used and was set to 45" (photoelectron take-off angle). The portion of the sample 
analyzed by the spectrometer is set through an initial lens system and was set for 
a 2.0mm diameter circle. Data were collected in the fixed analyzer transmission mode 
utilizing a position-sensitive detector and a180" hemispherical analyzer. Pass energies 
were set at 89.45eV for the survey scans (0-1OOOeV) and at 35.75 eV for the narrow 
scans of the elemental regions. Data collection and manipulation was performed with 
an Apollo 3500 workstation running PHI ESCA software. 

RESULTS AND DISCUSSION 

Figure 3 shows a simplified two-dimensional schematic representation of possible 
molecular arrangements in some of the urethane formulations studied in this work. 
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86 R. K. AGRAWAL AND L. T. DRZAL 

Figure 3A shows urethane formulation 10A which has no chain extender. From the 
schematic, it is clear that sample 10A is a cross-linked, single-phase urethane system. 
Figure 3B, C, and D represent urethane formulations 10E, 5E, and 1E respectively, all 
with the same hard segment content (-67%). Among these three samples, sample 10E 
has the highest amount of the chain extender. This can lead to longer hard segment 
chain lengths resulting in better phase separation.'-1° In Figure lD, the soft segment 
chain length is almost equal to the chain extender and, thus, very little phase separation 
is expected. 

Thermal Charactdtation 

Phase separation phenomena in segmented urethanes can be related to their thermal 
transition behavior. DSC analysis was used to study thermal transitions in all the 
synthesized urethane samples. DSC thermograms for urethanes based on Tone 03 10 
are shown in Figure4. There can be several thermal transitions in a segmented 
urethane related to soft segment, hard segment, hydrogen bonding between domains, 
crystallization, phase melting, etc."-". In Figure 4, the soft segment transition, which 
is below O"C, is dscul t  to detect consistently and reliably and, thus, is not reported 
here. The thermal transition above o"C, which is the most prominent in these scans, can 
be related to the hard segment. These hard segment thermal transition data are shown 
in Table I1 for all the samples based on Tone 0310@ (the highest molecular weight triol) 
based polyurethanes. The glass transition temperature for all the Tone@ polyols is 
approximately - 6O"C, whereas for the formulation with 100% hard segment (Sample 
HS, Table I) is 98.4"C. From Figure4 it is clear that in the Tone 0310@ system, as the 
hard segment content increases, the transition temperature increases. With higher hard 
segment content, hard segment chain length increases and longer chain lengths 
improve phase ~eparation.~- lo Thus, the increase of thermal transition temperature 
with increasing hard segment content in the Tone 0310@ system suggests that the 
degree of phase separation improves with hard segment content. Figure5 shows 
second DSC thermograms on the same samples after annealing and quenching. The 
thermal transition temperatures from the second DSC run are, in general, higher than 
the corresponding thermal transition temperatures from the first DSC run. This 
suggests that sample annealing and quenching improves phase separation in seg- 
mented p~lyurethanes.'~ The first and second DSC run thermograms of Tone 0305@ 
and Tone 0301@ polyol-based urethanes are shown in Figures 6,7,8,9, respectively, 
and the thermal transition temperature data are shown in Table 11. In the first and 
second DSC runs of the Tone 0305@ system, the thermal transition temperature 
increases with increasing hard segment content. But sample annealing and quenching 
does not seem to have much effect on the transition temperatures as evidenced by 
comparing the corresponding first and second DSC thnsition temperatures. In Tone 
0301@ based polyurethanes, transition temperature decreases with increasing hard 
segment content in the first DSC run and remains the same or increases somewhat in 
the second DSC run. We think the lower transition temperature of the 1 E sample in the 
first DSC run could be the result of extremely short gel time. This may explain why the 
transition temperature of 1 E increases to 106.9"C in the second DSC run from 86.7"C 
in the first DSC run. 
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FIGURE 3 Model of molecular arrangements in urethanes 
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FIGURE 4 DSC thennograms of Tone 0310@ based polyurethanes with varying hard segment content 
( 1 st Run). 
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88 R. K. AGRAWAL AND L. T. D U A L  

TABLE I1 
Effects of Hard Segment and Polyol Molecular Weight on Thermal Transitions i n  Cross-Linked 

Segmented Polyurethanes 
~ 

Polyol Hard 1st Run 2nd Run 
Segment Transition Transition Molecular 

Sample weight (wt %) Temperature ("C) Temperature ("C) 

10A 
10 B 
10 c 
10D 
10 E 
5 8  
5 c  
5 D  
5E 
1c 
1 D  
1E 
HS 

900 
900 
900 
900 
900 
540 
540 
540 
540 
300 
300 
300 
- 

22 
37 
47 
60 
67 
37 
47 
59 
67 
47 
59 
67 

100 

6.1 
19.2 
35.5 
46.1 
54.3 
44.4 
59.4 
64.0 
73.0 

100.6 
98.7 
86.7 
98.4 

5.3 
26.5 
36.3 
56.7 
68.2 
49.4 
59.9 
64.8 
72.2 

102.2 
101.3 
106.9 
109.8 

FIGURE 5 DSC thennograms of Tone 031w b a d  polyurethanes with varying hard segment content 
(2nd Run). 

The DSC transition temperature of Tone 0310@, 0305, and 0301 based poly- 
urethanes from the first run are graphed in Figure 10 and from the second run are 
graphed in Figure 11 as function of hard gegment content. From both of these graphs it 
is clear that the rate of increase of transition temperature with the hard segment content 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
1
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



ADHESION MECHANISMS OF POLYURETHANES 89 

5E 

\Lf 5D 

58 

q ,  , , , , 1, 
lW.00 200.00 0.00 

~ m P l C l  

FIGURE 6 DSC thermograms of Tone 0305" based polyurethanes with varying hard Jcgment Content 
(1st Run). 

is the highest for Tone 031P followed by Tone 0305" and Tone 0301". This suggests 
that the degree of phase separation increases with hard segment content at a greater 
rate for higher polyol molecular weight polyurethanes. 
These observations are also supported by the dynamic mechanical analysis. 

Figure 12 shows log (E) us. temperature for samples 1 E and 10E which have the same 
hard segment content. In the figure, we see that the modulus plateau in the rubbery 
region for the sample 10E is flatter than that for the sample 1E even though the 
cross-link density in 1OE is lower than in 1 E. This suggests that the hgree of phase 
separation in 10E is greater than in l E.I3 

Mechanical Characterization 

All the urethane samples were tested in the tensile mode at 2"/minute (5.1 cm/minute) 
cross-head separation speed. Load uersus displacement response of Tone 0310@ 
based polyurethanes is shown in Figure 13 and is found to be highly nonlinear. Samples 
10A and 10B showed typical nonlinear and high elongation characteristics of soft, 
rubbery material. This could be due to strain-induced crystallization in these 
sa rnp le~~* '~  even though the samples remained translucent at high strain. Higher hard 
segment content samples lOC, 10D, 10E and all other samples based on Tone 0309 
and Tone 0301@ polyols showed yield behavior. Strain at yield for these samples is 
shown in Table 111. 
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DSC 
mW 

FIGURE 7 DSC thermograms of Tone 0305" based polyurethanes with varying hard segment content 
(2nd Run). 

0.60 1w.w 2oo.w 
TmmD[CI 

FIGURE 8 DSC thermograms of Tone 0301" based polyurethanes with varying hard segment content 
(1 st Run). 
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wc 
mW 

0.00 tma, zoom 
IhWlCI 

FIGURE 9 DSC thcrmograms of Tone 0301" based polyurethanes with varying hard segment content 
(2nd Run). 

108.0 I 

97.2 

86 4 

75.6 

64.8 

54 0 

43.2 

32.4 

21 .6  

10.8 

0.0 

TONE 031 0 

22.4 30.2 37.9 45.7 53.4 61 .2  69.0 76.7 84.5 92.2 100.0 
Hard Segment (7.)  

FIGURE 10 Thermal transition temperature versus hard segment content in different mokcular weight 
t r i 0 l - M  urnthane ~ y ~ t c m ~  (1 st DSC RUII). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
1
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



92 

22.4 30.2 37.9 45.7 53.4 61.2 69.0 76.7 84 5 92.2 100.0 
Hord Segment (Z) 

FIGURE 11 Thermal transition temperature uerws hard segment content in different molecular weight 
triol-based urethane systems (2nd DSC Run). 

FIGURE 12 DMA scan of Tone 0310 and Tone 030lS polyols based urethanes with constant hard 
segment content. 

Figure 14 shows a semilogarithmic plot of 2% secant tensile modulus uersus hard 
segment content of all the urethane samples. The dependence of modulus on hard 
segment content is nonlinear for Tone 0310@ based urethanes whereas it is almost 
linear on this semilogarithmic plot for Tone 0301@ and Tone 0305@ based urethanes. 
The abrupt change in the slope of the Tone 0310@ system between sample 10B and 1OC 
suggests that modulus buildup is taking place due to phase ~eparation.~. '~ This further 
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FIGURE13 Load/displaament response of Tone 0316 b a d  polyurethanes at different hard 
segment content. 

TABLE 111 
Mechanical Properties of Various Polyurethane Systems 

Shear Tensile 

( h i )  (Ksi) Strain at Strength Hardness 
Samples 2% Secant 2% Secant Yield(%) (Ksi) (Shore D) 

ModulU.5 ModulW TCllSilC 

10A 
10B 
1oc 
10D 
10E 

5B 
5c 
5D 
5E 
1c 
1D 
1E 

- 
- 

67.0 
151 
179 

128 
150 
165 
172 

176 
185 
189 

__ 
0.950 
1.40 

103 
215 
250 

116 
277 
287 
306 
152 
310 
349 

- 
8.0 
8.2 
8.1 
8.0 
8.0 
8.5 
9.0 

11.0 
11.0 
9.5 

0.910 
8.70 
6.60 

10.6 
12.3 

11.6 
12.6 
13.6 
15.5 
16.5 
15.3 

8.00 

33 
50 
75 
80 
85 

80 
84 
85 
85 

87 
88 
88 

supports the observation made earlier from DSC data that higher polyol molecular 
weight increases the degree of phase separation. Data for tensile strength us. hard 
segment content for all the urethanes tested are shown in Table I11 and are graphed in 
Figure 15. It is clear that, for a given hard segment content, the lower molecular weight 
polyol systems have higher tensile strengths. This could be due to the higher cross- 
linking density associated with lower molecular weight triols. 
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Hard Segment (7.) 

FIGURE 14 2% secant tensile modulus versus hard segment content in various urethane systems. 

18000 

16200 - 

FIGURE 15 Tensile strength uersus hard segment content in various urethane systems. 

Because shear properties of an adhesive or a composite matrix have been shown to 
be key predictors and scaling parameters, Iosipescu shear testing of all the samples was 
conducted. Stress-strain data were recorded only up to 8% strain due to the strain gage 
limitation. Only the shear modulus was determined. Shear strength of most of the 
samples could not be determined as the samples could not be strained to failure due to 
limitations of the Iosipescu testing fixture. The samples that did fracture showed 
a failure pattern characteristic of pure planar shear loading (Figure 16). 

Reproducibledata for soft, low modulus samples 10A and 1OB could not be obtained 
and are not reported here. Stress-strain response for all the other samples are shown in 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
1
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



ADHESION MECHANISMS OF POLYURETHANES 95 

FIGURE 16 Fractured urethane sample after Iosipescu shear testing. 
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FIGURE 17 Stress/strain response of ditTemt mthanes in Iosipescu shear testing. 

Figure 17. A 2% secant modulus was calculated and is shown in Table 111. Good 
agreement was found between Iosipescu testing and tensile testing. Figure 18 shows 
shear modulus uersus hard segment contents for all the different types of urethanes. 
From the graph we see that, for the same hard segment content, lower molecular weight 
polyol-based urethanes have higher moduli. This is due to the higher cross-linking 
density for the same hard segment content in lower molecular weight triol-based 
systems. Figure 19 shows the effect of molecular weight per cross-link (M,) on shear 
modulus. As M, increases, cross-link density decreases (see Figure3) and shear 
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FIGURE 18 2% stcent shear modulus uerm hard segment content in various urethane systems. 
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FIGURE 19 2% secant shear modulus versus molecular weight per cross-link (M,) in various urethane 
systems. 

modulus increases. For the same M, lower molecular weight polyol systems exhibit 
higher modulus due to higher hard segment content. Also, in Figure 18, the slope of 
Tone 0310" based urethane system is higher than that of Tone 0305@ and Tone 0301" 
systems. This is consistent with the tensile testing and suggests that higher molecular 
weight polyol undergoes phase separation more readily. 
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TABLE IV 
Adhesion of Various Polyurethanes to Glass Surface 

Sample Shear Adhesion (Psi) 

10A 
10 B 
1oc  
10D 
10 E 
5B 
5c 
5D 
5E 
1 c  
1D 
1E 

706*4 
15% f 30 
26% f 60 
a * w  
5370 f. 300 
4160f 110 
4280 f 90 

5080*360 
825 f 340 

2120 f 530 
3020 f 1360 

5240 * 220 

5500 

5000 - 
4500 - 

& 4000 - 
6 3500 - 
5 o 3000 - 
.- 5 2500 

' 1500 

1000 

5 
v) 

w 

+ 

w 
r" 2000 

5 0 0 ' .  ' " ' I .  ' " " " ' I  ' 

- 
20 25 30 35 40 45 50 55 60 65 70 

Hord Segment (Z) 

FIGURE 20 Adhesion to glass versus hard segment content in various urethane systems. 

Adhodon to Glass 

Adhesion samples were tested in the shear fixture and the peak load values recorded are 
shown in Table IV. Samples with Tone 0310Q and Tone 030P showed very good 
reproducibility, whereas Tone 0301@ based samples had a larger variation, especially 
for sample 1E. Thus, a large number of 1E samples were tested to obtain a reliable mean 
and standard deviation. 

Figure 20 shows adhesion values to glass versus hard segment content for all of the 
three types of urethane systems. Within each family of urethane systems, adhesion 
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values increase with increasing hard segment content. For the same hard segment 
content (for example, lOC, 5C and 1C or 10D, 5D, and 1D) Tone 0305@ based 
urethane shows better adhesion than Tone 031P and Tone 0310@ based urethane 
shows better adhesion than Tone 0301@ based urethane. 

Rao etaZ.'4*20 have shown that adhesion of graphite fibers to epoxy resin is 
dependent on the shear modulus of the matrix. A similar plot is made between the shear 
modulus of the various urethanes and their respective adhesion values to glass in 
Figure 21. From this figure we see that adhesion does increase with modulus in all the 
urethane systems and different urethane systems show different dependencies. Higher 
modulus urethanes based on Tone 0301@ show poor adhesion to glass. From the least 
square fit lines, we see that same level of adhesion could be obtained from the lower 
modulus sample based on Tone 0310@ polyol. Tone 0310@ polyol has the highest 
molecular weight among all the polyols studied and based on thermal and mechanical 
characterization of these urethanes, we have seen that higher molecular weight polyol 
enhances phase separation. This suggests that, along with modulus and hard segment 
content, phase separation in a segmented urethane system can have significant effect on 
its adhesion to glass. 

After adhesion testing, the glass surfaces of the samples were observed for failure 
mode. Some of the samples had chunks of urethane left on the glass surface while other 
samples showed brittle failure and did not leave any visibly noticeable urethane. SEM 
micrographs of Tone 0310@ based urethane samples are shown in Figure 22. As was 
also seen under the optical microscope, SEM confirms the adhesive failure mode in 
samples 10A, 10B, and 1OC and cohesive failure mode in samples 10D and 10E. The 
circular patterns in micrographs of 10D and 10E could be due to the microvoids 
present in the sample. To analyze failure modes further, x-ray photoelectron spectros- 
copy was used for all the samples. A control sample of glass was also run to obtain 
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FIGURE 21 Adhesion to glass trerws shear modulus of various urethane systems. 
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TABLE V 
Atomic Concentration Ratio on Failed Glass Surface from X-ray Photoelectron Spectroscopy 

Samples N/lOOC Theoretical Value 

10A 2.8 6.8 
10B 3.5 9.0 
1oc 5.9 10.4 
10 D 6.2 12.2 
10E 9.0 13.3 
5B 3.7 10.1 
5C 6.2 11.4 
5 D  8.6 12.9 
5E 7.8 13.9 
1c 4.2 13.0 
1 D  5.7 14.1 
1E 8.1 14.7 
Glass 0.8 

baseline data. The presence of nitrogen on the surface was then used as the indicator of 
residual urethane. Surface atomic concentration ratios of nitrogen per 100 carbon 
atoms was calculated from the narrow scans of the elemental regions for all the samples 
and they are shown in Table V. The control sample has an N/100C atomic ratio of 0.84. 
All of the urethane samples showed higher N/100C ratios than the control glass. This 
suggests that all of the samples had some degree of cohesive failure in the urethanes. 
Table V also shows theoretically calculated values of N/lOoC for all the urethane 
samples. These values are higher than the experimental values obtained from the glass 
surfaces. Hearn et al.” have reported that air cured urethane surfaces in segmented 
polyurethanes tend to be richer in soft segments. This observation would help explain 
why surface concentration of nitrogen at the interface could be lower than the bulk 
nitrogen concentration. 

CONCLUSIONS 

Three different urethane systems were prepared from caprolactone-based triols with 
different molecular weights, the same chain extender and the same diisocyanate. 
Among each urethane system, hard segment content was varied by adding different 
amounts of the chain extender and the isocyanate. This type of experimental design 
allowed us to study the effects of hard segment and triol molecular weight on thermal, 
mechanical, and adhesion characteristics of cross-linked segmented polyurethanes. 
DSC results showed that the transition temperature related to the hard segment 

increased with increasing hard segment content. This could be due to the increased 
hard segment chain length at higher hard segment content, promoting phase separ- 
ation in the urethanes. Thus, in a urethane system, phase separation phenomena are 
favored by increasing hard segment content. Also, the rate of increase of thermal 
transition temperature in different molecular weight triol-based urethanes indicated that 
phase separation phenomena were also favored by the higher triol molecular weight. 
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Both tensile and Iosipescu testing of the urethane samples showed nonlinear stress- 
strain behavior. The tensile and shear modulus data indicated that with increasing hard 
segment content within a urethane system, as cross-linking density decreases, the 
urethane modulus increases. This could be due to several factors, including increased 
amount of aromatic isocyanate content, increased hydrogen bonding, increased phase 
separation, and other factors. The modulus of the same hard segment content 
urethanes was found to be higher for lower molecular weight triols. Thus, cross-linking 
density seems to be the determining factor for modulus in the constant hard segment 
content urethanes. In the case of higher molecular weight triol-based urethanes, the 
amount of increase of modulus with hard segment content is higher than that for the 
lower molecular weight triol-based polyurethanes. This indicates that phase separation 
is favored by larger polyol molecules. 

Adhesion to glass for these cross-linked polyurethanes seems to be a coupled 
phenomenon controlled by several factors, including hard segment content, modulus, 
molecular weight of triols, cross-linking density, and phase separation. In urethanes 
based on the same molecular weight triols, higher modulus and higher hard segment 
content increases adhesion to glass. However, equal levels of adhesion can be attained 
with urethanes having different moduli. Higher molecular weight polyol-based 
urethanes having lower modulus and lower hard segment content attained adhesion 
levels equal to urethanes made with lower molecular weight polyols having higher 
modulus and higher hard segment content. This suggests that, among many other 
factors, phase separation in cross-linked segmented urethanes can be a key factor in 
controlling adhesion to glass surfaces. 
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