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SYNOPSIS 

The relaxation behavior of the load in compression and the stress in tension was monitored 
at constant temperature and/or relative humidity for a set of four slabstock foams with 
varying hard-segment content as well as two of the compression molded plaques of these 
foams. The majority of the compression relaxation tests were done a t  a 65% strain level 
in order to be consistent with the common ILD test. The tensile stress relaxation tests 
were performed a t  a 25% strain level. Over the 3-h testing period, a linear relationship 
between the log of compressive load or the log of tensile stress versus log time is observed 
for most testing conditions. For linear behavior, the values of the slope or the load/stress 
decay rate are comparable in both the tension and compression modes with the values 
being slightly higher in magnitude for the compression mode. These rates of decay are in 
the range of -2.2 X lo-' to -1.7 X lo-' for a 21 wt % hard-segment foam and -3.2 X lo-' 
to -2.4 X lo-' for a 34 wt % hard-segment foam. Increasing %RH a t  a given temperature 
does bring about a steady decrease in the initial load or initial stress as well as a slight 
increase in the rate of relaxation. The effect of temperature on the relaxation behavior is 
most significant at temperatures near 125°C and above. The FTIR thermal analysis of the 
plaques indicates that this significant increase is due to additional hydrogen bond disruption 
and possible chain scission taking place in the urea and urethane linkages that are principally 
present in the hard segment regions. The relaxation behavior in both tension and compres- 
sion is believed to be mostly independent of the cellular texture of the foam at the strain 
levels given above. This conclusion is based on the similar relaxation behavior between 
the plaques and the foams. 0 1994 John Wiley & Sons, Inc. 

I NTRO DUCT10 N 

The viscoelastic behavior in flexible polyurethane 
foams is of importance due to its relationship to the 
recoverability in the foam's shape and behavior after 
it has been compressed or fatigued. This behavior 
has been generally characterized by ASTM tests 
which mimic the application of these materials. 
Thus, these tests are normally carried out in 
compression and include such tests as compression 
set as well as static and dynamic fatigue.'-7 Also, 
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the viscoelastic behavior described by these tests in 
polyurethane foams have been shown to be a func- 
tion of the environmental conditions and to depend 
on the foam formulation. Therefore, in order to fur- 
ther understand the viscoelastic behavior of flexible 
polyurethane foams, stress relaxation and creep 
measurements under controlled conditions of tem- 
perature and relative humidity have been made on 
a series of variable hard-segment flexible water- 
blown foams as well as the compression molded 
plaques of these same foams. Stress relaxation and 
creep are commonly utilized to characterize the vis- 
coelastic behavior of polymeric materials by mea- 
suring the stress decay or change in strain with time 
at a constant strain or load, respectively. Thus, these 

649 



550 MORELAND ET AL. 

tests enable one to be able to monitor the changes 
that are taking place with time during compression 
set or static fatigue tests. Also, of importance in 
characterizing the viscoelastic behavior of flexible 
foams is to have an understanding of the morphol- 
ogy, both macroscopic and microscopic. It so hap- 
pens that the work presented in this paper is on the 
same series of foams utilized in recent morphological 
studies. Thus, before reviewing previous viscoelastic 
measurements on flexible polyurethane foams, 
mainly those of compression set, a brief overview of 
the morphology of the foams used in this present 
study is given. 

In the previous studies, a systematic series of four 
slabstock foams which varied in hard-segment con- 

tent ( 21-34 wt % ) were characterized by using sev- 
eral different morphological and structural tech- 
niques.&'* In addition, the thermal compression- 
molded plaques of these foams were also studied in 
order to analyze the material comprising the foam 
independent of its cellular geometry. The general cel- 
lular morphology of these foams is presented in Fig- 
ure 1-looking both perpendicular and parallel to 
the blow direction and thus showing the anisotropy 
of the cells for these materials. This distinct an- 
isotropy is of importance especially when charac- 
terizing the mechanical properties of foams and does 
result in higher stress levels upon either Compressing 
or stretching the foam parallel to the blow axis. 
However, its effect on the viscoelastic properties of 

PARALLEL 

PARALLEL 

PERPENDICULAR PERPENDI~ULAR 
Figure 1 
(top) and perpendicular (bottom to the blow direction). 

SEM micrographs of foams F l  (a)  and F4 (b f . Observation direction is parallel 
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flexible foams is not known and thus will be ad- 
dressed within this paper. One of the main reasons 
behind carrying out these morphological and struc- 
ture-property studies, was to better understand the 
morphology of the solid portion of the foam or in 
other words the struts and the cellular wall material 
seen in Figure 1. While, the results from the different 
techniques could be summarized here, only the latest 
proposed schematic model based on the results from 
these techniques is given in Figure 2. The interested 
reader is referred to references 8-10 for further de- 
tail. As shown in Figure 2, a fairly well phase-sep- 
arated system exists similar to that of urethane and 
urea-urethane elastomers. The larger structures 
specified as “polyurea” represent the urea-based ag- 
gregates which were thought to be of a reinforcing 
nature within the system. Also represented in Figure 
2 are the smaller hard domains which should not be 
confused with the larger aggregate structures. The 
smaller hard domains are believed to be rather typ- 
ical in size of those that exist in urea-urethane and 
urethane elastomers of comparable hard-segment 
content. An important difference, however, from 
that of the elastomers is the presence of a covalent 

PO Sofl Segment 

Figure 2 Schematic morphological model for the solid 
portion of the flexible slabstock polyurethane foam. The 
polyurea aggregates are shown as lamella-like particles, 
whereas the hard-segment domains are less lamella like 
and would be of considerably smaller size than the polyurea 
aggregates (not shown to scale). (From Ref. 10). 

network in the foams promoted by the soft-segment 
glycerin extended polypropylene oxide units. This, 
of course, will have an influence on the long-term 
creep, stress relaxation, and level of extensibility as 
will be demonstrated to some extent in this article. 

As mentioned above, compression set is one of 
the common properties measured to characterize the 
viscoelastic nature of flexible polyurethane foams. 
Compression set is basically a measure of the re- 
covery of the foam height after subjecting a foam to 
a constant deflection at a given set of conditions 
[usually 23OC-50% relative humidity (RH) ] for an 
extended period of time (usually 22 h )  . Several au- 
thors have measured the compression set in slab- 
stock foams and more so in high-resilient (HR)  
foams.’-5 Most of these studies have concentrated 
on the effects of formulation variables as well as 
temperature and relative humidity effects on 
Compression set. The water content has shown the 
largest effect on compression set, especially under 
humid Herrington and Klarfeld, for 
example, reported humid aged compression set 
( HASET) values increasing with water content, that 
is, urea content, after exposing the foams for 5 h of 
121OC and 100% RH conditions and then a 50% 
deflection for 22 h at the usual compression set con- 
ditions.2 Patten and Seefried also observed the same 
trend for 50% HASET values under similar testing 
conditions.’ In addition, Saotome et al. reported a 
more significant increase in compression set with 
increasing water content for compression set tests 
that were carried out under conditions of 50°C and 
95% RH for 22 h.3 The above results indicate that 
the urea content or the hard-segment content has a 
significant effect on the humid aged compression 
set. A more detailed explanation is given in the next 
paragraph. 

Herrington and Klarfeld also reported on the ef- 
fects of temperature and relative humidity from their 
compression set study of HR foams. These authors 
observed lower 50% HASET values upon humid ag- 
ing at  104OC rather than at 121OC as well as by 
exposing the foams to low humidity versus high hu- 
midity at 12loC2 In addition, the change in the 50% 
HASET values were almost negligible with increas- 
ing water content at the lower temperature and there 
were no changes with water content at the lower 
humidity. These results indicate that both temper- 
ature and humidity are affecting the recovery of the 
foam’s thickness. In the case of relative humidity, 
it has been suggested by several authors that water 
acts as a plasticizer thereby allowing for more chain 
slippage to Along these lines, Herrington 
and Klarfeld proposed a model that suggested that 
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hydrogen bonds to the urea carbonyls of the hard 
segments are replaced by water molecules during 
humid aging. Upon compressing the foam, many of 
the water to water hydrogen bonds are broken which 
allows for chain slippage to occur. Thus, in the com- 
pressed state, a new equilibrium takes place, and, 
upon release, a rather significant loss in the foams 
thickness results.’ 

In a different study, Lee measured the compres- 
sion set and the hysteresis Ioss, that is, the energy 
loss during the compression set for an HR flexible 
foam.” Lee concluded from his tests that the 
compression set depends heavily on the hysteresis 
loss. Dwyer also observed that the %ILD loss was 
also related to the hysteresis loss.” The authors of 
these studies attributed the hysteresis to the large 
amount of stress relaxation that takes place during 
the prolonged compression (22 h )  , 

The above reports from the literature do provide 
information on how the formulation components as 
well as the surrounding conditions effect the recov- 
erability of the shape and strength of flexible foam. 
However, the reports in the literature have not fo- 
cused on the actual viscoefastic behavior, that is the 
stress relaxation behavior or in other words the 
change in stress over time while under a constant 
strain level. In addition, the effects of temperature 
and relative humidity on this behavior during de- 
formation have not been examined thoroughly as 
well as over a wide range of controlled conditions. 
Also, the effect of the foam’s cellular texture on the 
viscoelastic behavior has not been reported on in 
the literature. In addressing these points, the effects 
of temperature and relative humidity on the stress 
relaxation behavior in tension and cornpression are 
presented in this paper for a systematic series of 

foams that were mentioned above. It is also impor- 
tant to note that while the tensile stress relaxation 
test is not “applications oriented” toward polyure- 
thane foams, it does offer the ability to easily probe 
the struts and the cellular wall material. In addition, 
it allows direct comparison to the solid plaques of 
the foams which cannot be easily studied in the 
compressive mode. 

The foams utilized in this work were a series of vari- 
able hard-segment content flexible slabstock foams 
used and described in earlier studies (mentioned 
above) .&I* The nomenclature as well as the com- 
position variables and density of these foams are 
summarized in Table I. The formulation compo- 
nents used to produce these foams were a 80 : 20 
mixture of 2,4 and 2,6 isomers of toluene diisocyan- 
ate, TDI (T-80, DOW) 3000 MW polypropylene ox- 
ide-glycerine initiated polyol (DOW) , water, silicone 
surfactant Goldschmidt, as well as tin and amine 
catalysts. As shown in Table I, isocyanate and water 
content levefs have only been adjusted while keeping 
other ~omponent levels constant. The two main 
foams used in this work were foam F1 and foam F4 
which consist of the extremes in composition for 
this series (see Table I ) . The compression-molded 
plaques of foams Fl and F4 were also utilized in this 
study. These plaques are referred to as P1 and P4 
and were made by compressing their respective foam 
at  204OC for 10 min. Note that plaques P1 and P4 
offer the advantage of being able to study the foams 
independent of the cellular geometry since the mor- 
phological features of the solid portion of the foam 
and its plaque are believed to be rather similar based 

Table I Compositiond and Physical Parameters of Foams Fl-F4 and 
Plaques PI and P4 

Materiats 
Density 

wt % HS Foarn/Plaque pph TDI wft3) 

F1 
F2 
F3 
F4 

P1 
P4 

30.79 2.85 21.1 
41.43 1.92 25.8 
52.06 1.43 30.1 
62.70 1.24 33.8 

30.79 - 21.1 
62.70 __ 33.8 

Note: A 3000-MW glycerine initiated poly(propy1ene oxide) polyol was used. Formulations based 
on 100 parts by weight of polyol. All other component levefs were held constant; 110 TDI index. 
Plaques were compression molded from foams Fl-F4 at 2M0C for 10 min. 
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on earlier studies? In addition to studying the foams 
and the plaques, we also utilized a chemically similar 
polyurea-urethane (PUU) elastomer that had no 
covalent network structure for comparison purposes 
to the foams since the foams are also urea-urethane 
materials. The formulation components were 11-80, 
2000 MW PO diol, and methylene-bis (2-chloroan- 
iline) MOCA chain extender. The elastomer was 
prepared at  Dow Chemical by utilizing a two-step 
reaction with 5% extra NCO groups. The resulting 
elastomer contained a 31 wt % hard-segment. Its 
films were cast from a DMF solution which was fol- 
lowed by a thorough drying process. 

The controlled temperature tensile stress relax- 
ation experiments were carried out on a Tensilon 
tensile tester equipped with a 550-g load cell and a 
homemade thermal chamber. The controlled hu- 
midity-temperature tests were done using an MTS 
tensile tester equipped with the same load cell and 
a Thermitron environmental chamber. The variable 
temperature studies were done at 25, 50, 75, 100, 
125, and 140°C. The controlled humidity test were 
carried out a t  temperatures of 30,60, and 90°C with 
%RH levels a t  either low (2-15%), 50%, or high 
(95-100% ) . Dogbone samples cut from the ambient 
temperature stored foams with a 10-mm gauge 
length and 5 mm in thickness were used for both 
setups. Dogbone samples with a 10-mm gauge length 
were used for the plaques which were 5-8 mm in 
thickness as well as for the PUU elastomer which 
were 2-4 mm in thickness. These latter samples were 
only for the controlled temperature experiments. 
After mounting the samples in the clamps, the ap- 
propriate conditions were obtained and then main- 
tained for 30 min before stretching the samples to 
a constant elongation of 25% at  a 40 mm/min strain 
rate. The stress relaxation behavior was monitored 
by a computer over a 3-h time period. The experi- 
ment was repeated in the case of the controlled tem- 
perature tests three to four times on fresh samples. 
In the case of the controlled temperature and relative 
humidity tests for foams F1 and F4, the experiments 
were not repeated at  all conditions, but were found 
to be quite reproducible a t  those conditions where 
additional tests were performed. 

The experimental procedures followed for the 
compression load relaxation studies were not stan- 
dardized tests given by ASTM standards for flexible 
foams.I3 However, these experiments were developed 
based on the review of the literature and the need 
for a better understanding of the relaxation behavior 
as a function of time for flexible foams.'* The 
compression load relaxation tests were carried out 
on an Model 1122 Instron equipped with a 10-lb. 

compression load cell as shown schematically in 
Figure 3. The conditions of the test were controlled 
by a Russells Technical Products environmental 
chamber (see Figure 3). The testing conditions 
ranged from 30 to 140°C (lowest possible RH) for 
the variable temperature tests. The effect of humid- 
ity was determined by varying the relative humidity 
from low (0-15%) to intermediate (50 t 3%) to 
high (95-100% ) at  each of the temperatures of 30, 
60, and 85OC. The foam samples used were 4" X 4" 
and were approximately 1" in thickness. They were 
cut so that they would be compressed parallel to the 
blow direction. A typical test involved placing a foam 
sample on the testing plate (5" X 5") and lowering 
a 2" diameter indenter so that it just touched the 
top of foam (see Fig. 3). The desired testing con- 
ditions were allowed to reach equilibrium and then 
were maintained for 30-45 min. At this point, the 
sample was compressed twice at  a 350 mm/min 
cross-head speed in cyclic fashion to a 70% strain 
level to mimic the indentation load deflection (ILD ) 
tests given in the ASTM procedural standards for 
flexible foams. At 5 min later the foam was com- 
pressed at  the same cross-head speed to a constant 
strain level that was usually 65%. Upon reaching 
the constant strain level, the load was monitored 
periodically for 3 h and stored on computer (see Fig. 
3 ) .  At most testing conditions, only one sample was 
used to measure the relaxation behavior. However, 

INSTRON 111 

Environmental 
Chamber 

Figure 3 Experimental setup for compression load re- 
laxation tests. 
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for some experimental conditions two or three sam- 
ples for a given foam were tested to obtain a range 
of error in the measurements. 

The effect of temperature on the foams was also 
carried out by analyzing the thermally compression- 
molded plaques with a Nicolet 5DXB FTIR spec- 
trometer equipped with a homemade thermal cham- 
ber. This evaluation was done to determine the ex- 
tent of hydrogen bond disruption with increasing 
temperature and furthermore to determine if any 
chain scission was taking place. The hydrogen 
bonding changes were evaluated by analyzing 
the IR spectra in the (N-HI-bonded (3300 
cm-l, C = 0 ) -urea/ bonded ( 1640 cm-' 1, and the 
{ C = 0 ) -urethane ( 1700-1730 em-' ) regions. The 
chemical degradation was evaluated through mon- 
itoring the free isocyanate band at 2270 cm-' . From 
a qualitative standpoint, peak areas were measured 
for the ( C = 0 ) -urea / bonded, and peak heights 
were obtained for the other bands. In the latter case, 
peak heights were utilized due to band overlap in 
these areas of the spectra. 

Within this paper, results obtained for the free 
isocyanate band will only be shown due to the high 
absorbance levels that were obtained for the other 
bands f> 0.7 or greater than the detector limits). 
However, the authors do believe that the results ob- 
tained in their analysis for the bands related to hy- 
drogen bonding are reproducible as well as consistent 
with other findings from investigators of polyure- 
thane and polyurethane materials. Thus, comments 
from these results will only be made and the inter- 
ested reader is referred to reference 14 for further 
details. 

U 
0.0 0. I 0.2 0.3 0.4 0.5 

X Strain 

Figure 4 Tensile stress-strain curve for foam F4(40 
mmfmin initial extension rate f . 

3.d t 
-3 -2 1 0 i 2 3 

Lag Time(min> 

Figure 5 Stress relaxation behavior of foam F4 in ten- 
sion at 25% elongation (a) linear stress versus linear time 
and (b) log stress versus log time. 

RESULTS AND DISCUSSION 

Tensile Stress Relaxation Behavior 

In Figure 4, the typical stress strain profile for foams 
Fl-F4 that was obtained at ambient conditions is 
displayed. As expected, there is very little curvature 
for the stress-strain behavior for these flexible 
f01uns.l~7'~ The stress relaxation behavior for foams 
Fl-F4 was obtained by stretching the samples par- 
allel to the blow direction to a constant strain level: 
of 25%. The samples were only elongated parallel 
to the blow direction since earlier studies have shown 
similar relaxation behavior upon stretching the 
foams parallel and perpendicular to the stretch di- 
rection." This previous result also suggested that 
the viscoelastic behavior in tension is independent 
of the celluular texture of the foam and this point 
will be addressed further in later discussion, Before 
discussing the effects of temperature and relative 
humidity on the relaxation behavior in tension, the 
general relaxation behavior is shown at a 25% strain 
level for F4 in Figure 5, In Figure 5 (a) ,  the decay 
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of the stress is seen over time and in Figure 5 ( b  ) , 
the decay of the log stress with log time is displayed. 
As shown in Figure 5 ( b  ) , there is rather linear be- 
havior for the log a( t )  versus log time. This type of 
behavior is observed at  most conditions as will be 
shown below. Although, this particular relationship 
between stress and time has no molecular basis, it 
does provide a means of obtaining a stress decay 
rate ( a d )  by calculating the slope over the 3-h time 
period using linear least squares. Similar behavior 
for log a( t )  versus log time has also been observed 
for other polyurethanes as well as for other cross- 
linked polymeric materials.‘8-21 

Effect of Temperature on Tensile Stress 
Relaxation Behavior 

For the constant temperature tests in the range of 
25-14OoC, the relative humidity was not controlled 
due to the testing chamber that was utilized. While 
obtaining this data, the relative humidity was ap- 
proximately 50% at  25°C and decreased as temper- 
ature was increased. The effect of relative humidity, 
however, in conjunction with temperature on the 
tensile stress relaxation behavior will be later ad- 
dressed. 

The log a( t )  - log t variable temperature stress 
relaxation behavior is displayed as a three-dimen- 
sional surface in Figure 6 for the lower hard-segment 
foam, F1. The surface in Figure 6 was generated by 
applying a three-dimensional grid conversion de- 
veloped by Cohort Software to the log u( t) - log t 
data obtained at  various temperatures. As shown, 
the initial and 3-h stress levels go through a maxi- 
mum with temperature at 100°C. The increase in 
the stress level up to 100°C is believed to be rather 
consistent with the theory of rubber elasticity which 

3.6 1 F1-Var. Temp. 

p 3.5 
2 x 
b 3.4 

3 
3 3.3 

rn 

* 

-2.75 3.2 
-1. 

Temperature( ‘C) 

Figure 6 
relaxation behavior for foam F1. 

Log a( t )  - Log t variable temperature stress 

F4-Variable T e m p  
Elong=25% 

Temperature( “C) 

Figure 7 
relaxation behavior for foam F4. 

Log u( t )  - Log t variable temperature stress 

predicts an increase in the level of stress with tem- 
perature a t  “equilibrium” conditions. In confirming 
this hypothesis, “equilibrium” stress values were 
calculated from the 3-h stress level at 25°C and 
compared to the values that were obtained experi- 
mentally. As displayed in Table 11, a small negative 
deviation from predictions obtained by rubber elas- 
ticity exists up to 100°C which is not surprising since 
true equilibrium is not manifested in the results. 
Furthermore and more importantly, classical theory 
is not expected to directly apply to these microphase- 
separated systems, even though they do contain a 
covalent network structure through the glycerine- 
extended propylene oxide soft segment. Thus, the 
small deviations are thought to be mostly related to 
disruption and reformation of secondary bonding. 
This type of disruption has been indicated through 
FTIR thermal analysis which showed a steady de- 
crease in the absorbance levels of the (N-H)-  
bonded and the ( C = 0) -urea bonded vibrations 
with increasing temperature. It could not be deter- 
mined from the analysis if the hydrogen bond dis- 
ruption was taken place mostly in the urea segments 
or the urethane segments due to (1) difficulty in 
quantifying the urea carbonyl vibrations between 
1700 to 1740 cm-’ and (2)  the unknown tem- 
perature dependence absorptivity coefficient for the 
( N  - H ) -bonded vibration. However, it was clear 
that with increasing temperature there was a con- 
sistent increase in the hydrogen bond disruption. 

The variable temperature stress relaxation be- 
havior for log a( t )  versus log t is shown in Figure 7 
for the highest hard-segment containing material, 
foam F4. As shown in Table 11, the initial stress 
levels are higher in F4 in comparison to those of F1. 
In addition, the initial stress level as well as the 
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3-h stress level decreases with increasing tempera- 
ture for F4. This decrease in the stress levels and, 
in particular, the three-stress level is not consistent 
with rubber elasticity theory as shown in Table 11. 
As stated above, this theory does not account for 
changes in secondary bonding which are thought to 
be fairly significant in F4 (at  least in comparison to 
Fl). Thus, it is believed that the disruption and 
reformation of hydrogen bonding in F4 is strongly 
contributing to the decrease in the initial as well as 
the final stress levels with increasing temperature. 

For both foams F1 and F4, there is rather linear 
behavior for log a( t )  - log t up to 100°C and there- 
after there is nonlinear behavior (see Figs. 6 and 
7). The values for the slope or stress decay rates, 
Ud, are given in Table I1 for both foams. The rates 
of decay do decrease slightly with increasing tem- 
perature up to 100°C for F1 and F4. Also shown in 
Table I1 are the percent stress decay values which 
decrease slightly from 25 to 100°C and then begin 
to increase with temperature thereafter. 

The values for the stress decay rates and the per- 
cent stress decay values within the temperature 
range of 25-1OO0C indicate that stress relaxation is 
approaching equilibrium conditions faster with in- 
creasing temperature for both Fl and F4. Several 
factors are thought to contribute to this acceleration 
of stress relaxation with increasing temperature. 
First, the relative humidity has not been controlled 
for these tests and it is believed that the humidity 
level as well as the ef€ect of humidity on the stress 
relaxation behavior decreases with increasing tem- 
perature. Recall that the relative humidity was ap- 
proximately 50% at  ambient conditions ca. 25OC. 
Another factor is the amount of stress relaxation 
that takes place while reaching the constant strain 
level, this is thought to increase with temperature. 
This increase can be attributed to several processes. 
One thermally activated process is that soft seg- 
ments relax much faster or are on a shorter time 
scale due to more mobility in their chains. Another 
mechanism is hydrogen bond disruption which leads 
to chain slippage between molecular chains includ- 
ing the hard-segment units. This type of disruption 
is most likely a result of a weakening of hydrogen 
bonds with increasing temperature which has been 
supported by the FTIR-thermal study of the 
compression molded plaques of foams F1 and F4.14 

At temperatures greater than lOO"C, a more sig- 
nificant increase in the amount of stress relaxation 
is observed in foams F1 and F4 as shown in Figures 
6 and 7, respectively as well as in Table I1 for both 
foams. This increase is indicated by the higher per- 
cent of stress decay values and the nonlinear be- 

havior in the log a( t )  versus the log t plots for F1 
and F4. One reason for these more rapid changes in 
the stress relaxation rate a t  higher temperatures is 
due to an increase in the disruption of hydrogen 
bonds with increasing temperature that has been 
indicated by the FTIR-thermal behavior for plaques 
P1 and P4.'* Another reason suggested by the FTIR- 
thermal studies, is possible chain scission that is 
thought to be taking place in the urethane and urea 
linkages. In Figures 8 ( a and b) , support for possible 
chain scission in foams F1 and F4 is given by the 
observation of free isocyanate (ca. 2275 cm-l) a t  
temperatures greater than 100°C. Both of these 
changes, that is, hydrogen bond disruption and 
chemical degradation in the structure of the foam 
will lead to further local chain slippage, which, in 
turn, causes more stress relaxation to occur. 

Some additional comments are necessary when 
comparing the stress relaxation behavior of foams 
F1 and F4. As shown in Figure 9, the amount of 
stress relaxation as a function of temperature is 
higher for foam F4 than for foam F1, except a t  
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Figure 8 (A) Free isocyanate region of FTIR spectrum 
for plaque-as a function of temperature for plaques P1 
and P4. ( B )  Absorbance of free isocyanate as a function 
of temperature for plaques made from foams F1 and F4. 
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Figure 9 Pemnt stress decay at different temperatures 
for foams F1 and F4 (data points have been fitted by eq. 
(1). 

140°C. Also, the stress decay rates are higher in 
magnitude for foam F4 than F l  at a given temper- 
ature (see Table 11). Finally, the negative deviation 
from rubber elasticity predictions increase system- 
atically with increasing temperature for both foams 
F1 and F4, but to a greater extent for F4. Most of 
these differences can be related to the higher hard- 
segment content of foam F4 and thus more available 
hydrogen bonds to undergo disruption. On the other 
hand, the behavior at 140°C suggests that additional 
mechanisms for stress relaxation are taking place 
in foam F1 and certainly in foam F4 as well (see 
Figure 9 1. As men~~oned above, the FT~R-therma~ 
studies for the plaques of these foams, indicated that 
additional hydrogen bond disruption to the urea and 
urethane groups is believed to occur thereby soft- 
ening the hard-segment interactions. Furthermore, 
chain scission is also speculated to be taking place 
in the urethane linkages as well as in the urea link- 
ages. In addition, based on the results from the FTIR 
thermal analysis shown in Figure 8, these structural 
changes are believed to be greater in foam F l  in 
comparison to foam F4; thus giving reason for the 
larger amount of relaxation observed at 140'C for 
F1. Greater changes at the higher temperatures are 
likely to occur in F1 since it is believed to have a 
lower structural order and less hydrogen bonding to 
the urea hard segments in comparison to the higher 
hard-segment foam, F4. 

In further evaluating the stress relaxation be- 
havior for foams Fl and F4, the results given in Fig- 
ure 9 for the thermal dependence of stress decay 
have been fit using a two-parameter model. As shown 
in Figure 9, there are two distinct portions of the 

response for foams FI and F4. Thus, one require- 
ment of the model is to account for the slight de- 
crease in the stress decay values up to 100°C. The 
second is to account for the significant increase in 
the amount of stress relaxation at temperatures 
greater than 100°C. This two-parameter model, 
though empirical, does somewhat resemble a gen- 
eralized two component Maxwell-Wiechert model, 
and is as follows: 

Stress Decay 

where Cl and Cz are constants (front factors), 7 1  
and 7 2  are temperature relaxation constants with 
units of reciprocal "C, and To ( "C ) is a constant 
which takes on a value (ca. 100°C 1 near the up-turn 
in the stress decay-temperature behavior (see Figure 
9 ) . The constants in eq. ( f 1 were obtained by setting 
To and CI to constant values and letting 8 BASIC 
program designed by R. W. Ramette of Carliton 
College obtain the best fit for the data by changing 
the other variables. As shown in Figure 9, the two- 
parameter model fits the data very well and does 
account for the two different parts of the curve. Also, 
the temperature relaxation constant, 71, for F4 (q  
= 252) is slightly lower than 71 for Fl(71 = 258). 
This small difference indicates that increasing tem- 
perature in the range of 25-100°C results in a some- 
what greater acceleration of the stress relaxation 
process for F4 in comparison to that of 331. On the 
other hand, 7 2  is greater for F1( 14.9) than F4 ( 18.3) 
which signifies a more significant thermal effect on 
the stress relaxation of foam F1 at the highest tem- 
peratures. Further utility of this empirical model 
will be demonstrated later within this paper. 

As mentioned earlier, the compression-molded 
plaques of the foams were also utilized to charac- 
terize the relaxation behavior of the solid portion of 
the foam independent of its cellular geometry. Re- 
call, for example, that P1 is compression molded 
from foam F1. In Figure 10, the variable temperature 
log u( t )  - fog t relaxation behavior for P1 is shown 
in the three-dimensional form. As noted, the initial 
stress level increases very systematically with in- 
creasing temperature and as in the case of Fly the 
3-h stress level goes through a maximum near 100°C 
f compare Figs. 6 and 10 1. The stress relaxation be- 
havior is nearly linear for the log o(t) versus log t- 
plots up to lO0"C and thereafter exhibits nonlinear 
behavior. For the '%nem" behavior, the stress decay 
rates for P1 are analogous to those of F1 as given 
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Figure 10 Log (r( t )  - Log t variable temperature stress 
relaxation behavior for plaque PI. 

in Tables I1 and 111, respectively. In addition, as 
shown in Figure 11 the stress decay values as a func- 
tion of temperature are very similar for F1 and P1. 
Also shown in Figure 11 is very comparable behavior 
between the stress decay values for F4 and its re- 
spective plaque, P4. Although, the stress relaxation 
behavior is not shown here for P4, it has many sim- 
ilarities to that of F4 as well (compare Tables I1 and 
111). In short, the similar behavior in Figure 11 gives 
further indication that the stress relaxation behavior 
is independent of celluhr texture and thus is depen- 
dent on the solid portion of the foam. 

In further evaluating the effect of temperature on 
the stress relaxation behavior for microphase-sep- 
arated segmented materials, the PUU thermoplastic 
elastomer was utilized. It is recalled that the PUU 
elastomer was made with many chemically similar 
components to those used in preparing the foams. 
However, the noteworthy point is that the linear 
TPU elastomer has a segmented morphology, 
whereas the foams also possess a covalent network 
structure in addition to a two-phase hard/soft do- 
main texture with large urea aggregates. 

The log a( t )  - log t stress relaxation behavior a t  
temperatures ranging from 25 to 125°C is shown for 
the PUU elastomer in Figure 12 as determined at  a 
constant elongation of 25%. The stress decay rates 
along with the initial stress levels and percent stress 
decay values are given in Table IV. As shown in 
Figure 11, the behavior again is rather linear up to 
temperatures of 100°C and then begins to exhibit 
negative deviation at 125°C. The linear behavior is 
quite similar to that displayed earlier in Figures 5 
and 6 for foams F1 and F4. However, there is a more 
significant increase in the amount of stress relaxa- 
tion taking place from 100 to 125°C for the PUU 
elastomer than in the case for F1 and F4 (see Tables 
I1 and IV). A similar transition in the same tem- 
perature region has also been reported for stress re- 
laxation results obtained at a 25% elongation for 
another segmented polyether polyurethane elasto- 

Table I1 Summary of Results for Variable Temperature Stress Relaxation 

In i t i a 1 
Stress" % Stress Slope 
(kPa) Decayb (X 102)CPd % Deviation" 

Temperature ("C) F1 F4 F1 F4 F1 F4 F1 F4 

25 32 98 20 27 -2.2 -2.9 - __ 
50 34 93 17 26 -1.8 -3.0 0 -11 
75 35 88 16 23 -1.7 -2.6 -2 -19 

100 37 83 16 22 -1.7 -2.4 -4 -26 
125 36 77 23 27 -2.3 -2.9 -20 -42 
140 32 78 40 36 -4.2 -3.9 -46 -50 

Initial stress level obtained in ca. 0.3 s following elongation. 
Time frame is from 0 to 180 min. 
' Slope is obtained by linear least squares of log stress-log time data points; correlation coefficient 

within 0.995-0.999 except a t  125 and 14OoC. 
The reader should note that a linear least square regression analysis was also applied to the data 

obtained at  the higher temperatures where clearly nonlinearity occurs. However, this calculated 3-h 
slope still provides a base of comparison with the lower temperature data which does behave quite 
linearly. Hence, as the comparisons are made, the reader should keep this in mind for certainly the 
higher temperature data at longer times is decaying even more rapidly than the linear regression 
analysis would indicate. 

* % Deviation from predictions given by rubber elasticity theory; predictions based on the stress 
level a t  25OC and 180 min. 
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Table 111 
for Plaques P1 and P4 

Summary of Results for Variable Temperature Stress Relaxation 

% Stress 
S, fMPa) Decay" Slope (X 

Temperature ("C) P1 P4 P1 P4 P1 P4 

25 1.4 6.7 18 29 -2.0 -3.2 
75 1.5 6.85 17 24 -1.9 -2.7 

100 1.5 6.3 18 24 -1.9 -2.7 
125 1.6 6.15 25 29 
140 1.6 5.6 37 35 

- I_ 

._ - 

a Time frame is from 0 to 180 min. 
Correlation coefficient within 0.995-0.999 except a t  125 and 140°C. 

mer by Seymour et al." Based on the FTIR-thermal 
analysis of the PUU elastomer, this significant in- 
crease in the amount of stress relaxation for the 
PUU elastomer is attributed to the disruption of 
hydrogen bonds and to possible chain scission taking 
place in the urea and urethane linkages.'* This con- 
clusion is also consistent with and gives support to 
the above arguments presented for the foams in ex- 
plaining the large changes in the stress relaxation 
behavior a t  temperatures greater than 100°C. It is 
clearly noted that the rates of relaxation as well as 
the stress decay values are higher for the PUU elas- 
tomer in comparison to the foams (see Tables I1 
and IV) . This type of behavior is certainly expected 
since the elastomer has a linear segmented mor- 
phology, whereas the foams also possess a covalent 

45 
0 Fl A F4 

0 P1 I P4 

.- 
0 26 50 76 la, 126 150 

Temperature(°C) 

Figure 11 Percent stress decay at  different tempera- 
tures for foams F1 and F4 and their respective plaques. 
The solid lines through the data for the foams were gen- 
erated by the emperical model. The dotted lines through 
the data from the plaques have no particular significance. 

network. Also, these materials are chemically dif- 
ferent since the PUU elastomer contains an MOCA 
chain extender, whereas the foams do not. 

Effect of Relative Humidity on Tensile Stress 
Relaxation Behavior 

As mentioned in the discussion for the variable 
temperature studies, the percent relative humidity 
was not controlled or monitored. Since humidity is 
known to effect the properties of flexible polyure- 
thane foams, results are presented in this section 
from tests where both temperature and relative hu- 
midity have been controlled. Before discussing these 
results, it is of importance to have some idea of how 
water may interact with the foams and potentially 
how it might affect the physical properties of these 
materials. Some potential sites for water to interact 
to the chemical structure of the foam are ether link- 
age of the soft segment and the carbonyl and N - H 
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Figure 12 
relaxation behavior for PUU elastomer. 
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Table IV Variable Temperature Stress Relaxation Results for the PUU Elastomer 

Temperature ("C) uo (MPa) % Stress Decay -Slope (X 10~)~ 

25 2.8 37 4.4 
75 2.85 37 4.6 

100 2.7 43 5.4 
125 2.45 59 8.1 

Note: Correlation coefficient was in the range of 0.995-0.999, except at 25 and 125°C. 

groups on the urethane linkages (interface) and urea 
linkages (hard segment). At the molecular level wa- 
ter is thought to interact more with the hard segment 
due to more possible chemical sites and a greater 
affinity with these sites. On the other hand, for the 
chain structure (see Fig. 2) ,  the extent of water in- 
teraction with the different morphological units 
(hard vs. soft) is not known, and, furthermore, it is 
not known how the extent of this interaction 
changes with temperature and relative humidity. In 
obtaining a better understanding of these unknown 
facts, some weight uptake measurements on the solid 
plaques of foams F1 and F4 were carried out a t  sat- 
urated conditions at  23°C and 38°C. It was also de- 
sired to quantify the weight uptake at  higher tem- 
peratures, that is, 9O"C, but due to experimental 
difficulties, this was not successful.~4 The results ob- 
tained for the equilibrium weight uptake of water a t  
23°C for the plaques of foams F1 and F4 were the 
same. However, a t  38"C, the percent weight uptake 
is higher for both plaques and was about 20% more 
higher for P4 than Pl.14 This rather significant dif- 
ference in weight uptake between the two plaques 
was somewhat expected since there are four times 
as many urea linkages available in F4 versus F1. As 
discussed above, the urea-based hard segments are 
thought to have a greater affinity for water than 
that of the soft segments. In an attempt to further 
answer the above questions on the affinity of water 
for these materials and how humidity effects the 
viscoelastic behavior, the stress relaxation results 
for F1 and F4, are now discussed. 

The log IT( t )  - log t stress relaxation behavior a t  
30 and 90°C from low to high humidity is shown for 
foams F1 and F4 in Figures 13 (a, b )  and 14 (a, b )  , 
respectively. The stress decay rates and the percent 
stress decay values at 30, 60, and 90°C are sum- 
marized in Table 5 for both foams F1 and F4. At 
these three temperatures, the stress level at a given 
time does decrease systematically with increasing 
relative humidity as shown in Figures 13 and 14. 
This behavior is consistent with reports in the lit- 
erature for studies performed in compression under 

controlled humidity and In addition, 
it also indicates that water is acting as a plasticizing 
agent by causing increased chain slippage. 

Interestingly, the effect of humidity on the stress 
relaxation behavior is not that significant a t  30 and 
60°C for both F1 and F4 as indicated by the numbers 
in Table V. The change in the amount of stress decay 
for F1 ( 15% ) is actually slightly greater than that 
of F4 (7%) at 30°C and about the same at 60°C. 
Thus, this indicates the effect of humidity on the 

1.6 ) F1-30C 

xRH 

2.1 3 F4-30 C 

00 -80 60 '40 '20 

mi 

Figure 13 Effect on humidity on the stress relaxation 
behavior at 30°C for ( a )  F1 and (b)  F4. 
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Figure 14 Effect on humidity on the stress relaxation 
behavior at 90°C for (a) F1 and (b) F4. 

relaxation behavior at 30°C is greater for F1 than 
F4 and hence suggests that the interaction of water 
with F1 is greater than that for F4 at the lower tem- 
perature. At 90°C, the effect of humidity on the 
stress relaxation behavior is more significant for 
both foams F1 and F4 (see Table V and Figure 14). 
Interestingly, this effect is now greater for F4 than 
F1 as shown by comparing the response surfaces in 

Figure 14. In addition, the change in the percent 
stress decay for F4 (54% ) is higher than that of F1 
(35% ) . These differences in the relaxation behavior 
at the higher temperature for both foams F1 and F4 
indicate that water is interacting more with F4 due 
to its higher hard-segment content. It also appears 
from the change in the amount of relaxation occur- 
ring at 30 and 90°C that the weight uptake of water 
increases to a greater extent with temperature for 
F4 in comparison to F1. This trend is also consistent 
with the few results obtained from the weight-uptake 
studies at 23 and 38°C. One possible reason for this 
increased effect of humidity on the stress relaxation 
behavior of F4 at the higher temperatures, is that 
the ability of water to enter into the hard domains 
is more facilitated by the weakening of the hydrogen 
bonding with increasing temperature. 

In summarizing the results for the effect of hu- 
midity as well as temperature (up to 90°C) on the 
tensile stress relaxation behavior for the 3-h time 
period, the three-dimensional response surfaces are 
shown in Figures 15 and 16 for foams F1 and F4, 
respectively. Both F1 as well as F4 show that as one 
increases temperature, the rate of relaxation for the 
most part is lower, except at the highest relative 
humidities and especially for F4 at 90°C. At low 
relative humidities, the thermal dependence of the 
stress decay rates indicate that the approach to an 
equilibrium stress level is faster and has been ac- 
celerated by increasing the temperature. However, 
this is not the case at the higher temperatures of 
125 and 140°C as displayed in Figures 5 and 6. As 
shown there is rather nonlinear behavior at these 
higher temperatures and, furthermore, there is an 
increase in the amount of relaxation taking place 
over the 3-hour time period (see Table 11). Finally, 
as shown in Figures 15 and 16, the effect of increas- 
ing relative humidity a t  30 and 60°C is small, but 
is much greater at 90°C. Therefore, based on results 
presented and discussed for the stress relaxation be- 

Table V Percent Stress Decay at Different Temperature-Humidity Conditions 

% Stress Decay 
(from 0 to 180 min) 

Temperature 
Foam ("C) % RH = 0.15 50 95-100 

F1 
F4 
F1 
F4 
F1 
F4 

30 
30 
60 
60 
90 
90 

20 
30 
20 
28 
17 
24 

21 22 
31 32 
22 23 
29 32 
19 23 
28 37 
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Figure 15 Effects of temperature and humidity on the 
stress relaxation behavior for F1. 

havior of these materials, it is concluded that tem- 
perature has a more significant effect than relative 
humidity on the viscoelastic nature of flexible poly- 
urethane foams. It is clear, however, that the hu- 
midity is also an important parameter. In contin- 
uation of the understanding of these effects as well 
as others on the viscoelastic behavior of flexible 
foams, results from a more applications-oriented 
test, that is, compression load relaxation, are pre- 
sented below. 

Compression load Relaxation Behavior 

The compressive load-strain behavior along with the 
different “regimes” for this behavior are presented 

F4-Variable Temp/zRH 

-2.5 1 A 
-2.8 

-3.1 

-3.4 

-3.7 

-4 

Figure 16 Effects of temperature and humidity on the 
stress relaxation behavior for F4. 
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Figure 17 Compressive load-strain behavior for foam 
F3. (Insert drawings of model structures are from Ref. 
16.) 

Compressive Strain 

in Figure 17 using the response for F3. Generally 
speaking, the shape of the load-strain behavior for 
the other foams tested is very similar. As noted, a 
linear elastic region takes place up to an approximate 
10% strain level-at which point elastic buckling of 
the struts is believed to begin-and continues up to 
60-70% strain. In the last region, the cellular walls 
begin to densify near a 60% strain level. Other in- 
vestigators of flexible polyurethane foams have also 
observed and attributed the different “regimes” for 
the compressive load-strain behavior to similar 
ranges of strain level as shown in Figure 16.21,22 
Based on the nonlinear behavior observed in Figure 
17, it is expected that the changes in the cellular 
textures with strain are likely to influence the vis- 
coelastic behavior of the load and/or the thickness 
of the foam. Before addressing this point, the general 
load relaxation behavior is discussed. An example 
of this behavior is shown in Figure 18 for F4 at 30- 
50% RH and at  a constant strain level of 65%. In 
attempt to quantify the relaxation rate of these ma- 
terials, the load relaxation has also been plotted in 
the form of log load (t ) versus log t in Figure 18 (b)  . 
From the slope of this rather linear relationship, the 
rate of relaxation or the load decay rate is obtained. 
As discussed earlier, a similar power law fit has also 
been observed for the tensile stress relaxation data 
of these same foams. A similar fit of the data has 
also been reported by a few investigators of flexible 
polyurethane foams, polyurethane elastomers, and 
some other polymeric network  material^.'^'^ 

By utilizing the above method of evaluation for 
the load relaxation data, the load decay rate as a 
function of strain level was obtained and is displayed 
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Figure 18 Compression load relaxation behavior at  
30°C for foam F4 at a 65% strain level and 50% RH ( a )  
linear load versus linear time and (b)  log load versus log 
time. 

in Figure 19 for Foam F3 at  30°C and 50% RH. As 
shown, the rate of relaxation is fairly constant up 
to a strain level of 65% or right a t  the verge of where 
densification is thought to begin to take place. At 
strains greater than 65%, the load decay rate in- 
creases and reaches a maximum near 75%. Similar 
behavior in this same region has also been observed 
for foams F1 and F4, but is not shown here.'* The 
increase in the rate of relaxation at  the higher strain 
near 65% and greater is thought to be related to an 
intensification of the local strain of the cellular wall 
material. This local strain on the solid material is 
likely caused by the densification of the foam as ex- 
hibited in Figure 17 for the compressive load-strain 
curve. Based on the results shown in Figure 19 for 
the effect of strain level on the load decay rate and 
the common indentation load deflection ( ILD ) 
ASTM test used in testing flexible foams, the results 
presented in the paragraphs to follow were obtained 
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Figure 19 Effect of strain on load relaxation behavior 
for foam F3. 

at an initial 65% strain 1e~el . I~ The results that are 
discussed will consider the effects of temperature as 
well as humidity on the load relaxation behavior. 
Comparisons between results obtained in tension 
and compression are also made even though the 
strain levels were different and the behavior in the 
regimes of stress-strain curves are different. 

The three-dimensional surfaces for the log 
load ( t )  - log t variable temperature compression 
load relaxation curves for foams F1 and F4 are pre- 
sented in Figures 20 and 21, respectively. In addition, 
the initial load levels, the stress decay rates, and the 
percent load decay values at the different temper- 
atures are summarized for F1 and F4 in Table VI. 
The initial load for F1 increases with temperature 
up to 100°C, whereas the initial load level for F4 
changes very little with increasing temperature ex- 
cept for the decrease in this level near 85 to 100OC. 

3 ~ 3  1 F1-Var. Temp. 

-0.75 '"\ \// \ 

Temper at ure ( "C ) 

Figure 20 
relaxation behavior for F1. 

Log Load( t )  - Log t variable temperature 
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Figure 21 
relaxation behavior for F4. 

Log Load( t )  - Log t variable temperature 

The 3-h load level for both foams behave similarly 
with increasing temperature as shown in Figures 22 
and 23. As displayed in Figures 20 and 21 for F1 and 
F4, fairly linear behavior for the log load( t )  versus 
log time over the 3-h testing period is exhibited up 
to temperatures of 100°C. In addition, the rate of 
relaxation and percent load decay values both de- 
crease (even more so in F4) with increasing tem- 
perature in the range of 25 to 100°C (see Table I11 
and Figure 21 ) . This decrease in the amount of re- 
laxation indicates, as suggested earlier for the tensile 
relaxation studies of these same foams, that the ap- 
proach to an equilibrium load level appears to be 
accelerated with increasing temperature. 

Based on the decrease in the relaxation rate with 
temperature, one might also speculate that addi- 
tional cross-linking is taking place since these foams 

0 25 50 75 100 125 150 
Temperature ["C] 

15 

Figure 22 Compressive load decay at different tem- 
peratures for foams F1 and F4 (data points have been 
fitted by eq. ( 1 ) . 
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Figure 23 Comparison of percent decay values in ten- 
sion and compression at different temperatures for foam 
F4. 

are made with an excess of TDI. In determining if 
further cross-linking was occurring and, in turn, in- 
fluencing the load relaxation response, the foams 
were thermally annealed at 100°C over short (3-4 
h )  and long (1 week) time periods. However, the 
effect of thermal annealing the foams at  100°C over 
both time periods had very little effect on the load 
relaxation behavior; thereby, giving further credi- 
bility to the data presented in Figures 20 and 21, 
that is, little decrease in either percent stress or load 
decay. Higher temperatures above 100°C, however, 
may well promote chemical changes with time as 
already discussed. 

As shown in Figure 22 as well as in Table VI, 
there is a significant increase in the percent load 

Table VI Summary of Results for Variable 
Temperature Compression Load Relaxation" 

% Load Slope 
Lo (kg)b Decay' (X -- 

Temperature ("C) F1 F4 F1 F4 F1 F4 

30 3.1 2.7 22 30 -2.2 -3.2 
60 3.2 2.7 20 27 -2.0 -2.9 
85 3.3 2.1 20 26 -2.0 -2.7 

100 3.5 2.7 20 26 -1.9 -2.6 
125 3.4 2.6 26 30 -2.4 -2.8 
140 3.1 2.6 44 37 -4.2 -3.6 

* The relative humidity was less than 1% for these data. 

' Time frame is from 0 to 180 min. 
Initial load level obtained in ca. 0.2 see following compression. 

Slope is obtained by taking linear least squares of log load 
- log time data points; correlation coefficient is within 0.995- 
0.999 except at 125 and 14OoC. 
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decay values for foams F1 and F4 at temperatures 
greater than 100°C. In addition, nonlinear behavior 
is observed in Figures 20 and 21 for both foams at  
temperatures greater than 100°C. As explained ear- 
lier for the variable temperature tensile stress re- 
laxation behavior of these same foams, this signif- 
icant increase in the amount of relaxation is attrib- 
uted to an increase in the amount of hydrogen bonds 
that are being disrupted with increasing temperature 
as well as chain scission that is thought to take place 
within the urea and urethane linkages. Both of these 
changes in the microstructure of the foams have 
been indicated by FTIR thermal analysis of the 
plaques of these foams and will lead to further load 
decay.7 It is also important to note that some per- 
manent set was observed at  temperatures greater 
than 100°C and especially at 140°C for both foams.'* 
This observation gives further indication that some 
degradation is taking place at  the higher tempera- 
tures. 

In comparing Figure 22 (compression) with Fig- 
ure 9 (tension), one will note that there are many 
striking similarities. First, the behavior of the per- 
cent load decay with temperature does fit the em- 
pirical model quite well given earlier in eq. [ l ]  as 
demonstrated in Figure 21. The values for r1 and r2 
obtained for the compression load relaxation behavior 
of foams F1 and F4 are comparable to those obtained 
from the tensile stress rehat ion data, with the ex- 
ception of r1 being somewhat different for the two 
modes for foam F1 (see Table VII) . This difference 
is noticeable by the greater change in the stress decay 
values from 25 to 100°C in Figure 8 for F1 in com- 
parison to the behavior in Figure 21. Also, the load 
decay values for F4 are higher than for F1 with the 
exception of the values a t  140°C. As mentioned ear- 
lier, this difference is believed to be mostly related 
to F4 having the higher hard segment of the two 
foams and thus more available hydrogen bonds to 
undergo disruption. At 14OoC, on the other hand, 
the reverse behavior is observed which is thought 

to be related to degradation that occurs a t  temper- 
atures greater than 100°C for both the urea and ure- 
thane linkages. As discussed earlier, the FTIR ther- 
mal analysis of the plaques of the foams suggested 
that chain scission is more significant in the lo- 
wer hard-segment foam, F1, versus that of the 
higher, F4.7 

The two response surfaces for F1 in compression 
(Fig. 20) and in tension (Fig. 6 )  are very comparable. 
In addition, the load or stress at a given time behaves 
similar with increasing temperature for the results 
obtained in tension and compression for F1. The 
surfaces for F4 in compression (Fig. 21 ) and tension 
(Fig. 7)  are also similar with some differences in 
load and stress values a t  a given time with increasing 
temperature. In comparing the load decay values 
obtained in compression to the stress decay values 
in tension, results are shown as a function of tem- 
perature in Figure 23 for F4. It is noted here that 
the load decay values obtained in compression were 
adjusted slightly since the first data point was ob- 
tained on a shorter time scale in compression in 
comparison to that for the tensile studies. As shown 
in Figure 23, the values obtained in the two modes 
are comparable and thus suggests that the compres- 
sion load relaxation behavior is rather independent 
of the cellular texture-the same conclusion that 
was drawn earlier for the tensile stress relaxation 
behavior of the foams! 

Effect of Relative Humidity on Compression load 
Relaxation Behavior 

The log load-log t load relaxation behavior at 30 
and 85°C from low to high humidity is shown for 
foams F1 and F4 in Figures 24 and 25, respectively. 
A summary of the load decay rates and the percent 
load decay values is given for both foams F1 and F4 
in Table VII. As shown in Figures 24 and 25, the 
load level a t  a given time does decrease rather sys- 
tematically with increasing relative humidity for 

Table VII Constants for the Two-Parameter Model Describing 
the Thermal Dependence of Relaxation Behavior 

Tension mode 
F1 
F4 

258 
252 

60 
90 

14.9 
18.3 

1.19 373 
2.33 375 

Compression mode 
F1 494 40 12.5 1.09 373 
F4 272 90 21.5 3.71 375 
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Figure 24 Effect of relative humidity on compression 
load relaxation behavior at 30°C €or foams (a) F1 and [ b) 
F4. 

both foams at 30 and 85°C. As suggested earlier in 
the tensile relaxation studies, this decrease is at- 
tributed to water acting as a plasticizing agent. 

At  30"C, the relaxation behavior for the 3-h test- 
ing period is near linear for log load of both foams 
F l  and F4 as exemplified by the results in Figure 
24. In comparing the results of Fl with F4 (at 30OC) 
the percentage change in the relaxation behavior is 
slightly greater for Fl as shown by the results given 
in Table Vfl. A t  60"C, however, the percentage 
change in the rates of decay are the same for F1 and 
F4. The results obtained at 3OoC, therefore, imply 
that water interacts more with F1 in comparison to 
F4, whereas at 6OoC, this interaction is similar for 
the two foams. This trend in the results at 30 and 
60°C is comparable to the results obtained for the 
tensile stress relaxation behavior. One will also note 
that the rates of relaxation and the decay values in 
tension and compression are similar upon comparing 
the results in Tables V and VII, respectively. In ad- 

dition, the response surfaces are rather comparable 
(compare Figure 12 with 23). 

As shown in Figure 25 at 85'C for both foams, 
the relaxation behavior is also rather linear for the 
log ioadf t )  for the 3-h time period, except for a small 
deviation from linearity at 85"C-95% RH. At 85'C, 
the percentage change in the relaxation behavior is 
greater for F4 than F1 which suggests the influence 
of water is greater for F4 at the higher temperatures. 
Again, this is believed to be related to the greater 
ability of water to interact with the hard segments 
due to a weakening of hydrogen bonds in the hard 
domains with increasing temperature. In comparing 
the results in tension and compression at the higher 
temperature, one will observe a comparable trend 
for the change in relaxation rates for F1 and F4 as 
well as similar relaxation behavior (see Tables V 
and VII, and Figures 14 and 25 1. The only exception 
to this last statement is the significant difference in 
the amount of relaxation observed at 85"C-95% RW 
in compression to that in tension at 90"C-95% RH 
for F4. 

3 ' 6 \  F1-85C 

3.3 

-2.75 3.2 
-1.7 

U 
3 

01 
-I 3 4  

- 

ton . 0.25 k., - 
_* 1.25 \ 

'C \ 
100 80 60 40 20 

2.25 ' 
zRH 

3'51 F4-85C 
3 4  

2 3 3  
i 

01 
i 
0 3 2  

3 1  

-275 3 
-1  

2'25 'I00 ' 80  '60 '40 '20 

ZRH 

Figure 25 Effect of relative humidity on compression 
load relaxation behavior at 85°C for foams (a) F1 and (b)  
F4. 
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Table VIII 
Different Temperature/Humidity Conditions 

Compression Load Relaxation Behavior at 

% Load Decay" (-Load Decay Rate X 10-2)b 
Temperature 

Foam ("C)  % RH = 0-15 50 95-100 

F1 30 22 (2.2) 22 (2.3) 25 (2.6) 
F4 30 30 (3.2) 31 (3.3) 33 (3.6) 
F1 60 20 (2.0) 21 (2.1) 25.5 (2.5) 
F4 60 28 (2.8) 30 (3.25) 32 (3.5) 
F1 85 20 (2.0) 22 (2.2) 24 (2.4) 
F4 85 26 (2.7) 30 (3.1) 32 (3.5) 

Time frame is from 0 to 180 min for load decay values. 
Correlation coefficient is within 0.995-0.999, except a t  85"C-95% RH. 

Overall, many similarities are observed in the 
compression and tension deformation modes, even 
though the constant level of strain utilized was 
higher in compression. Although there are some dif- 
ferences in the relaxation behavior, the resemblance 
exemplified by the corresponding response surfaces 
and furthermore by the comparable load and stress 
decay rates as well as the load and stress decay values 
are much more noteworthy than these differences. 
It is also important to recall that the studies in ten- 
sion revealed that the stress relaxation behavior for 
the foams is governed by the solid portion of the 
foam. Thus, based on the many similarities in the 
relaxation behavior in tension and compression as 
well as the conclusions drawn for the results in ten- 
sion, it is believed that the relaxation behavior in 
compression ( a t  65% strain) is rather independent 
of the cellular texture of the foams used in these 
systems. This latter statement may not necessarily 
be valid, however, for other cellular structures. 

CONCLUDING REMARKS 

The stress relaxation behavior in tension at 25% 
elongation for flexible slabstock polyurethane foams 
is dependent on the solid portion of the foam and 
thus independent of its cellular texture. This con- 
clusion is not only supported by the similar rates of 
relaxation obtained by stretching the foams parallel 
and perpendicular to the blow axis, but also by the 
similar thermal dependence on stress decay for 
foams F1 and F4 and their respective plaques. For 
compressive strain levels up to 65%, the compression 
load relaxation behavior for slabstock foams is 
rather independent of the cellular texture of the 
foam. This conclusion is based on the similar relax- 

ation behavior in compression and tension for foams 
FI  and F4 and the conclusion drawn above for the 
tensile stress relaxation behavior concerning its de- 
pendence on the solid portion of the foam. 

Temperature as well as relative humidity have 
similar effects on the tensile stress relaxation and 
compression load relaxation for flexible slabstock 
foams. By increasing temperature in the range of 
25-1OO0C, the viscoelastic decay, that is, tensile 
stress relaxation and compression load relaxation 
over 3 h is accelerated. This conclusion is based on 
the observance of a small decrease in the 3-h relax- 
ation rates in tension and compression. For both 
viscoelastic tests, a significant increase in the vis- 
coelastic decay at temperatures greater than 100°C 
is observed. This increase is attributed to additional 
mechanisms for relaxation and creep that are be- 
lieved mostly related to hydrogen bond disruption 
in the hard segment regions and degradation of urea 
and urethane linkages. Within the temperature 
range of 25-125"C, higher rates of relaxation as well 
as a greater amount of relaxation is observed for the 
higher hard-segment foam due mostly to its higher 
hydrogen bonding content. At temperatures greater 
than 125"C, a larger amount of relaxation is ob- 
served for foam F1. This change in behavior is be- 
lieved to be due to the lower structural order in foam 
F1 in comparison to F4. Increasing relative humidity 
at a given temperature does cause an increase in the 
viscoelastic decay as well as a decrease in the load 
of flexible foams. Such changes are believed to be 
due to water acting as a plasticizer and thus pro- 
moting localized chain slippage to take place. The 
effects of relative humidity on the tensile stress re- 
laxation and compression load relaxation are greater 
on foam F1, than that of foam F4 at  the lower tem- 
peratures and more significant on F4 at the higher 
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temperatures. This difference in behavior is believed 
to be due to water interacting more with the hard 
domains with increasing temperature. In comparing 
the effects of temperature and relative humidity on 
the viscoelastic decay as described by stress relax- 
ation, compression load relaxation, and compression 
creep, temperature does have a greater effect than 
humidity on the relaxation behavior of flexible slab- 
stock polyurethane foams. In adding to the under- 
standing of the viscoelastic behavior of flexible 
polyurethane foams, results obtained for the com- 
pressive creep behavior of foams F1 and F4 will be 
presented in a later paper. 

G.L.W. and J.C.M. would like to thank Dow Chemical for 
financial support of this research and preparation of the 
well-defined foam samples. A special thanks goes to Bob 
Kuklies of Dow Chemical for his efforts in preparing the 
foam samples for the compression load relaxation studies. 
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