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Viscoelastic Properties and Heat Generation in 
Urethane Elastomers 

C. J. ONG and ROBERT SAXON, Chemical Research Diuision, American 
Cyanamid Company, Bound Brook, New Jersey 08805 

Synopsis 

Static and dynamic properties were studied in a series of polyurethane elastomers as a func- 
tion of selected compositional variables such as curative system, curative level, catalyst level, and 
curing temperature. A number of physical properties including swelling ratio, density, glass 
transition temperature, stress-strain behavior, and thermal conductivity were also measured on 
these elastomers. The selected variables affect dynamic mechanical properties as well as heat 
buildup. A good correlation was noted between the loss modulus and the heat generation. The 
loss modulus and the heat generation decrease with decreasing curative level. The elastomers 
cured with a mixture of trio1 and diamine give lower loss modulus and heat buildup than those 
cured with diamine alone. These responses are believed due to the increase in covalent cross- 
links. The observed low heat generation of the elastomer cured with 0.2 phr azelaic acid as a cat- 
alyst level was also attributed to the high crosslink density. The curing temperature, in the 
range investigated, appears to have very little effect on the properties. Thus, the choice of for- 
mulation variables, especially the use of diamine-trio1 blends, provides an effective means of 
minimizing heat generation in dynamic applications of polyurethane elastomers. 

INTRODUCTION 

Polyurethane elastomers are block copolymers built up of relatively short 
urethane hard segments separating long, flexible polyether or polyester soft 
blocks. As a result of microphase separation or domain formation,' the soft 
blocks impart extensibility, whereas the hard segments give physical cross- 
links mainly through hydrogen bonding. These elastomers exhibit mechani- 
cal properties superior to those of conventional vulcanizates. Because of 
their superior strength and abrasion resistance, polyurethane elastomers are 
finding increasing use for industrial trucks, aircraft wheels, and materials 
handling equipment.2 

Elastomers are viscoelastic materials, that is, they are characterized by 
both a viscous and an elastic behavior. The dynamic properties of elasto- 
mers are a complex of their viscous and elastic properties. When a linear vis- 
coelastic material is subjected to a sinusoidal tensile strain, the stress re- 
sponse is also sinusoidal, but is out of phase with the strain. As a conse- 
quence of the phase difference between stress and strain, a part of the energy 
put into the elastomer during deformation is dissipated as heat.3 Thus, the 
heat generation occurring in an elastomer subjected to periodic deformation 
can be predicted from a knowledge of the dynamic mechanical properties. 
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TABLE I 
Formulas of Curing Agents 

Abbre- 
Name viation Formula 

4,4'-Methylenebis( 2-chloroani1ine)a MOCA 

2,6-Dichloro-l,4-phenylenediamineb DCPPD H,N 

CI' 

H,N 

/CH 

ICDB Cl+Uwn~H 'CH 
Isobutyl 4-chloro-3,5-diaminobenzoateC 

HzN 

Methylenedianiline MDA n N+H,+NH - - 

1 , l  ,l-Tris( hydroxyethoxymethy1)propaned THMP (HOCH,CH, OCH, ),CCH,CH, 
1,4-Butanediol BDO HO-(CH,),-OH 

a Cyanaset M, American Cyanamid Company, Bound Brook, New Jersey. 
b Cyanaset 26, American Cyanamid Company, Bound Brook, New Jersey. 
CCurative DD 1604,  Bayer AG, Leverkusen, Germany. 

Isonol 93, a 3 : l  adduct of ethylene oxide and trimethylolpropane, Upjohn Com- 
pany, Kalamazoo, Michigan. 

TABLE I1 
Compositions of Polyurethane Elastomers Prepared from 

Cyanaprene A-8 Prepolymera 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13 
1 4  
1 5  
1 6  
17 
18 

Curative 

7 0 p o  DCPPD/THMP 
85/15 DCPPD/THMP 
Sol20 DCPPD/MDA 

DCPPD 
DCPPD 
DCPPD 
DCPPD 
DCPPD 
DCPPD 
DCPPD 

70/30 DCPPD/THMP 
70/30 DCPPD/BDO 

DCPPD 
DCPPD 
DCPPD 
DCPPD 
MOCA 
ICDB 

TCP,b Stoichi- Azelaic Curing 
phr ometry, '% acid, phr temp, "C 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
- 

95 
95 
95 
95 
70 
80 
95 
95 
95 
95 
95 
95 
95 
80 
95 

110 
95 
95 

0.3 
0.3 
0.1 
0.3 
0.3 
0.3 
0.3 
0.2 
0.1 

0.3 
0.3 
0.3 
0.3 
0.3 
0 .3  

- 

- 
- 

1 0 0  
100 
1 0 0  
100 
100 
100 
1 0 0  
100 
100 
100 
100 
100 
110 
1 1 0  
1 2 0  
100 
100 
100 

a All samples were cured for 1 hr and postcured at  100°C for 16 hr. 
b Tricresyl phosphate. 
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Fig. 1. Stress-strain curves of different polyurethane formulations: (a) effect of stoichiome- 
try; (b) effect of curative; (c) effect of azelaic acid catalyst; (d) effect of cure temperature. 

Polyurethane elastomers display considerable damping, i.e., a high propor- 
tion of the energy of deformation is dissipated as heat. Therefore, these ma- 
terials are not suitable for prolonged use with heavy strain of high frequency 
because of heat buildup within the material. In an attempt to keep pace 
with dynamic applications for urethane elastomers, experiments have been 
conducted to relate curative type, curative level, catalyst level, and curing 
temperature to viscoelastic properties, heat buildup, and other physical prop- 
erties. 
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TABLE IV 
Thermal Conductivity of Polyurethane Elastomers 

Stoichiometry, Thermal conductivity 
Sample Curative % X, cal-cm/cm2-sec-oC 

5 DCPPD 70 5.33 x 10-4 
7 DCPPD 95 5.37 x 10-4 

17 MOCA 95  5.45 x 10-4 
1 6  DCPPD 110 5.15 x 

18 ICDB 95  5.04 X 

EXPERIMENTAL 

Materials 

The polyester-based polyurethane elastomers investigated in this work 
were prepared in a two-step process. The prepolymer was formed from poly- 
(ethylene adipate) glycol and toluene diisocyanate (TDI) (Cyanaprene A-8 
urethane prepolymer, American Cyanamid Company, Bound Brook, N.J.). 
Chain extension of the prepolymer was achieved by reaction with a curing 
agent such as a diol, a triol, a diamine, or'combinations thereof. The struc- 
tural formulas of the curing agents used are shown in Table I. These cura- 
tives are likewise commercially available. In selecting curing agents for 
study, emphasis was placed on 2,6-dichloro-1,4-phenylenediamine (DCPPD), 
which was developed as a replacement fo: the more traditional 4,4'-methy- 
lenebis(2-chloroaniline) when the latter was asserted4 to be a cancer suspect 
agent. DCPPD is often used with an acidic promoter or catalyst such as aze- 
laic acid. The compositions of the elastomers studied are listed in Table 11. 
All samples were compression molded at  looo, l l O o ,  or 120°C for 1 hr, fol- 
lowed by a 16-hr postcure at  100°C to yield sheets about 75 mils in thickness. 

TABLE V 
Effect of Formulation Variables on Collapse Timea 

(A) Sample 5 6 7 1 6  

Stoichiometry, % 70 80 95  110 
Collapse time, min 18 1 5  6 2.5 

10 
- 

(B) Sample 7 8 9 

Azelaic acid, phr 0.3 0.2 0.1 0 
Collapse time, min 6 20 5 4.5 

12  17  18 

Curative DCPPD 70/30 DCPPD/THMP 70/30 DCPPD/BDO MOCA ICDB 
Collapse time, 6 19 4.5 7 3 

min 

(D) Sample 7 13 1 5  

Curing temp, "C 100 110 120 
Collapse time, min 6 4.5 5 

aCollapse time is the time to reach a 5% vertical deflection. 
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Measurements 

Equilibrium Swelling. Small pieces of the elastomers, approximately 0.5 
g, were weighed, and each of these specimens was placed in a flask filled with 
dimethylacetamide (DMAC) until equilibrium swelling was reached (about 
three days). The swollen pieces were removed, blotted with filter paper, and 
reweighed. The volume fraction of elastomer at equilibrium swelling state 
was calculated from the equation 

d r  = (W2/d2)/( Wlldl) (1) 

where W1 and Wa are the weight of the solvent and the weight of the elasto- 
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Fig. 2 (continued) 
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mer, respectively, and d l  and d2 are the density of the solvent and the elasto- 
mer. 

Tensile Testing. The stress-strain behavior of the elastomers was mea- 
sured on an Instron tensile tester a t  room temperature and a constant exten- 
sion speed of 20 in/min. Dumbbell-shaped specimens were cut from the 
sheets of the elastomers (ASTM Method D 412, Die C). 

The dynamic mechanical properties, 
namely; the storage or elastic modulus (I?), the loss modulus (E") ,  and the 
loss tangent (tan 6) were measured as a function of temperature using a 
Rheovibron visc~elastometer~ at  a frequency of 110 Hz. The samples were 
heated at  1-2OC/min, under dry nitrogen, from -8OOC to melting point. 

Thermal Conductivity. The thermal conductivity of the elastomers was 
measured using a Colora thermoconductometer6 using water and trichloro- 

Dynamic Mechanical Testing. 
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Fig. 2 (continued) 
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ethylene as the liquid pair. Cylindrical test samples were die-cut from the 
test sheets. 

Heat Buildup. The evaluation of heat generation during compression flex 
was carried out using a Goodrich f le~ometer .~ The test specimens were com- 
pression molded and cylindrical in shape, having a diameter of 0.7 in. and a 
height of 1 in. The tests were conducted at  40°C with a compression stroke 
of 0.175 in. In order to measure the heat buildup in the elastomers under 
conditions closer to practical application, another set of experiments was also 
carried out on the Goodrich flexometer with a definite compression preload 
of 236 psi applied to the test piece. The temperature of the sample was de- 
termined by means of a thermocouple inserted at  the center of the specimen. 
It  should be noted that this placement is not the same as in the ASTM meth- 
od (D 623 Method A); but, as the temperature rise is necessarily greatest in 

SAMPLE CURVE AZELAIC ACID 

x 

-40 0 40 80 120 160 200 

TEMP., OC 

Fig. 2 (continued) 
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the center of the specimen, placing the thermocouple there was judged to be a 
worthwhile modification. 

RESULTS AND DISCUSSION 

Degree of Crosslinking 

The results of the swelling measurements are summarized in Table 111. 
The crosslink density of a polymer can be obtained from equilibrium swelling 
data by use of the Flory-Huggins relationship8 

(2) -[In (1 - 4 r )  + 4 r  + p4r2] = veV1(4r”~ - 4 r / 2 )  

-40 0 40 80 120 160 200 
TEMP., OC 

Fig. 2. Temperature dependence of E’ and E” for urethane elastomers cured (a) with DCPPD 
and DCPPD-containing mixed curatives; (b) a t  different levels of curative (DCPPD); (c) with 
DCPPD at  different azelaic acid concentrations; (d) with various curatives. Measurements a t  
110 Hz. In each chart, E’ is given by the upper family of curves, E“ by the lower family. 
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where & is the volume fraction of polymer at  equilibrium swelling state, p is 
the solvent-rubber interaction coefficient, V,  is the number of network 
chains per unit volume, and V1 is the solvent molar volume. At high degree 
of swelling, where $r is small, eq. (2) can be simplified as follows: 

Thus, V ,  may be deduced from eq. (3) by measurements of the degree of 
swelling when the values of V1 and p are known. Because the value of p can- 
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Fig. 3. Effect of formulation variables on temperature rise in a flexometer, tested at constant 
strain amplitude without preload: (a) effect of stoichiometry; (b) effect of azelaic acid concen- 
tration; (c) effect of curing temperature; (d) effect of curative. 

not easily be determined experimentally, the degree of crosslinking can best 
be obtained in a relative way from the volume fraction of elastomer at  the 
equilibrium swelling state. If the solvent-rubber interaction coefficient 1.1 is 
constant for the systems investigated, the crosslink density is proportional to 
&5/3. The effect of stoichiometry (curative equivalent/NCO equivalent) on 
crosslink density can be observed by comparing samples 5, 6, 7, and 16 in 
Table 11. As expected, the crosslink density increases with decreasing stoi- 
chiometry of the curative. The crosslinks observed in these samples are 
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Fig. 4 (continued) 

formed through the reaction of excess isocyanate with urea or urethane 
groups. A t  110% stoichiometry, essentially linear polymer was obtained. 
Trifunctional curatives, such as THMP, also lead to crosslinked polymers 
(compare sample 7 with sample 11). It was further observed that at  95% stoi- 
chiometry and curing temperature of 100°C, the crosslink density exhibits a 
maximum at an azelaic acid concentration of about 0.2 phr. A t  95% stoichi- 
ometry and 0.3 phr azelaic acid level, the curing temperature appears to have 
very little effect on crosslinking. 
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V 100°C CURE TEMP. 

0 110% 

A 12OoC 

2 4 6 8 10 12 

TIME, MIN. 

V DCPPDCURED 

0 70130 DCPPDITHMP 

0 70130 DCPPDIBDO 
K' - 

X MOCA 

A ICDB 

I 1 I I I I I I I I I J  

0 2 4 6 8 10 12 

TIME, MIN. 
Fig. 4. Effect of formulation variables on temperature rise in a flexometer, tested at constant 

strain amplitude with a preload: (a) effect of stoichiometry; (b) effect of azelaic acid concentra- 
tion; (c) effect of curing temperature; (d) effect of curative. 

Stress-Strain Behavior 

Stress-strain relationships observed for these elastomers are illustrated in 
Figure 1. As can be seen in Figure la,  for a curative stoichiometry of less 
than unity the modulus at  low strain increases with stoichiometry, resulting 
from an increase in the concentration of hard segments or urea linkages. In 
this region, the modulus is due to the elastic deformation of hard segments. 
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However, a t  high elongation, in the region of rubber-like elasticity, the modu- 
lus values increase as the curative stoichiometry decreases, presumably due 
to an increase in covalent crosslinks which restrict the slippage of the seg- 
ments. The stress in this region is probably transmitted primarily through 
the elastomeric matrix, that is, the soft segment domain. The tensile 
strength exhibits a maximum at 80% stoichiometry. Similar effects are also 
observed with different curative systems as shown in Figure lb ,  namely, an 
increase of covalent crosslink density results in a steep rise in stress at high 
strain. It is also noticed that at the same curative stoichiometry level the ini- 
tial modulus decreases when the concentration of THMP increases, indicat- 
ing a decrease in rigidity. I t  is believed that the addition of the triol, THMP, 
not only reduces urea concentration but also provides more chemical cross- 
links which disrupt the hard segment interaction. The specimens cured with 
DCPPD give better tensile strength than those cured with a mixture of this 
amine and a diol or triol. The tensile properties appear to be independent of 
curing temperature in the range investigated (see Fig. Id). 

Dynamic Mechanical Properties 

The elastic modulus-temperature and loss modulus-temperature profiles 
are shown in Figure 2. The addition of THMP to the prepolymer has very 
little effect on the soft segment behavior of the resulting elastomer; that is, 
there is little change in the glass transition temperature, as shown in Figure 
2a. However, the modulus in the rubbery plateau, which is associated with 
the hard segment contribution, is decreased by the introduction of THMP. 
The loss modulus-temperature profiles of these systems are quite similar to 
one another, except that the loss modulus of the sample cured wit.h a mixture 
of DCPPD and THMP is lower than that of the other two systems above 
room temperature. Figure 2b shows the temperature profiles of E’ and E” 
for the prepolymer cured at different levels of DCPPD. A decrease in cura- 
tive only slightly increases the glass transition temperature (loss modulus 
peak temperature). This result indicates that crosslinks were developed in 
the region of hard segments and have little effect on the mobility of soft seg- 
ments. However, both the elastic modulus (E’) and the loss modulus (E”) in 
the rubbery region increase as the concentration of curative increases. These 
results are, as already discussed under stress-strain behavior, due to a change 
in the concentration of urea linkages and the density of chemical crosslinking. 
Without catalyst, the elastomer shows very high loss modulus and very low 
elastic modulus in the rubbery region (see Fig. 2c). 

The concentration of azelaic acid in the range studied seems to have little 
effect on these dynamic properties. However, 0.2 phr seems to give some- 
what low values for loss modulus, presumably due to the high chemical cross- 
linking density obtained at this catalyst level. The loss modulus shows very 
little change with curing temperature. For prepolymers cured with DCPPD 
and ICDB, the elastic modulus and the loss modulus are essentially identical 
in the rubbery plateau. However, these moduli for the prepolymer cured 
with MOCA are relatively lower (see Fig. 2d). The glass transition tempera- 
ture of the MOCA-cured elastomer is slightly higher than that of the elasto- 
mer cured with DCPPD or ICBD. 
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Heat Buildup 

The results of heat generation on the elastomers during compression flex 
using a Goodrich flexometer without a preload are given in Figure 3. The 
temperature rise in a sample under cyclic load in a flexometer is proportional 
to the loss modulusg and inversely proportional to the thermal conductivitylO 
as follows: 

yo2wE”(w) 
AT a (4) x 

where yo is the strain amplitude, w is the frequency, and is the coefficient of 
thermal conductivity. The thermal conductivity values of the elastomers are 
listed in Table IV. With DCPPD at different stoichiometry levels, no signifi- 
cant difference was observed. Of the curatives evaluated, ICBD shows a 
slightly lower value of thermal conductivity than those with other curing 
agents a t  95% stoichiometry. The effect of curative stoichiometry on tem- 
perature rise in flexometer test is illustrated in Figure 3a. The temperature 
rise increases markedly with stoichiometry. This behavior is in line with the 
earlier finding concerning loss modulus. The effect of azelaic acid concentra- 
tion is presented in Figure 3b. Although the difference in temperature rise is 
larger than that expected from the magnitudes of the loss modulus, the rela- 
tive order is in good agreement. 

Figure 3d shows the effect of the choice of curative system. It is obvious 
that the heat generation can be reduced by increasing the chemical crosslink- 
ing through the addition of a multifunctional curative. Among the three cu- 
ratives, DCPPD, MOCA, and ICDB, the heat buildup shows only slight dif- 
ferences. The somewhat lower thermal conductivity of the elastomer cured 
with ICDB may be responsible for the slightly higher heat buildup in this 
case. Figure 4 shows the results of the flexometer test with a compression 
preload. The heat generation data are similar to those observed without a 
preload, except that the elastomer cured with ICDB shows a much higher 
heat buildup than it does without a preload. 

The collapse time, which was chosen as the time to reach a 5% vertical de- 
flection during the dynamic flexing test, is reported in Table V. As would be 
expected, the higher the heat buildup, the shorter the collapse time. Thus, 
collapse time can be regarded as an index for heat buildup. 

CONCLUSIONS 

The compositional variables of a polyurethane elastomer have an impor- 
tant influence on dynamic properties. A good correlation was observed be- 
tween the loss modulus and heat generation in the elastomers. The visco- 
elastic properties can be affected by curative type, curative level, and catalyst 
level, which would result in a change in covalent crosslink density. These 
properties are almost independent of curing temperature in the range investi- 
gated. Similar effects are also observed on heat buildup in dynamic tests. 
These observations suggest that the heat generation is reduced in cases where 
the chemical crosslink density is increased. Thus, proper formulation can 
provide a means of minimizing heat generation in dynamic applications for 
polyurethane elastomers. 
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