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Abstract

Correlations between polyurethane foam formulation and foam aging are shown to simplify when sufficient data are available to eliminate
casual relationships. The numerous factors that are purported to result in faster or slower foam aging are shown to primarily reflect how those
factors influence polyurethane hard segment structure. Specifically, changes in formulation that results in better phase separated (but co-contin-
uous) structures exhibit less humid and heat aging than foams with poorer phase separation (broader interfacial phase mixing). This is demon-
strated for aging tests that probe the polymer phase structure at higher stress or strain levels than that sometimes used. Tests that do not
adequately stress the foam do not truly probe differences in foam structure that result in property decrements. Humid aged compression set
and heat aged load loss data for a large number of foams are related to their formulation, catalysis, foaming rheology, and their hard segment

structure determined by AFM and X-ray analyses.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Flexible polyurethane foams are ubiquitous in our lives and
have been studied in an amount almost proportional to their
use [1—10]. In the mass of research there is a tremendous
amount of work on foam fatigue properties. Fatigue, in its
most generic definition, can be any decrement in foam perfor-
mance as a function of aging. However, fatigue as a material
property suffers from several confusions, one being that it is
poorly defined by test methodology. Given the variety of tests,
the same foam may exhibit very low fatigue in one venue and
very high fatigue in another. For example, while two articles
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may purport to monitor the loss of foam load bearing capacity
with age, one may age the foam under a constant load and the
other may not, and so do not provide a common frame of ref-
erence. Furthermore, a laboratory may make a systematic
change in foam formulation and observe a change in its
measurement of fatigue. This casual relationship between
dependent and independent variables may then be suggested
as causative, when in fact there is an underlying cause that
remains undetected. Modern techniques have improved this
situation, but the number of reported causes for foam fatigue
still remains discouragingly large [11—16].

In 1965 Kane [17] discussed different methods of measur-
ing flexible polyurethane foam fatigue and several formulation
factors that affect fatigue such as foam density and isocyanate
index. Subsequently, Smith and Degisi [18] studied the effect
of thermal aging on polyurethane foams as a function of hard
segment structure and filler content. Campbell et al. [19]
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looked at the effect of several formulation variables in humid
aged compression set (HACS) and discussed the role of poorly
networked urea oligomers on the measurement. Saotome et al.
[20] discussed the relative fatigue properties of foams humid
aged at different levels of strain and the effects of isocyanate
index, soft segment molecular weight, and surfactant level.
Herrington and Klarfeld [21] looked at the effect of hard seg-
ment volume, time and temperature on HACS. They observed
that foams could recover a significant amount of their initial
shape if provided sufficient time and in some cases tempera-
ture. Moreland and Wilkes [22] used numerous techniques to
study the effect of strain on hard segment structure of flexible
polyurethane foams. They observed strain-dependent disrup-
tion of the hard segment lamellae. Dounis et al. [23] studied
the mechano-sorptive behavior of polyurethane foams. They
found that periodic inhalation of moisture into foam under
stress fatigued the foam to a greater extent than a steady expo-
sure to moisture. Moreland et al. [24] studied stress relaxation
of polyurethane foams as a function of temperature, humidity,
density, and hard segment volume. They found that relaxation
processes were independent of foam cell structure, and there-
fore are a fundamental property of the polymer making up the
foam. Dounis and Wilkes [25] studied the structure—property
relationships for fatigue of slab and molded flexible polyure-
thane foams, and found that hard segment structure was a crit-
ical aspect of compression set properties. They also correlated
the use of diethanolamine (DEOA) in molded foams to poorer
fatigue properties. Neff and Marsalko [26] studied the role of
isocyanate and polyol structure on heat and HACS related
fatigue. They observed that the hydrophilicity of the soft seg-
ment affected primarily the humid aged properties. However,
these effects were reversible when moisture was removed
from the polymer matrix. Sonnenschein et al. [27] showed
that heat aged fatigue as measured by compression set was
modulated by the presence of a third phase located at the
hard/soft segment interface.

In this article we present results that show the independent
factors that correlate to foam fatigue properties. Other factors
are shown to have intermittent contribution to fatigue suggest-
ing that the effects are really due to some other underlying fac-
tor. The true underlying factor can be masked by formulation
or processing conditions. We show that for molded flexible
polyurethane foams, hard segment structure, particularly the
extent of phase separation, is the variable that consistently
relates to heat aged and humid aged fatigue properties. Fur-
thermore we show that factors appearing to have a direct influ-
ence on foam fatigue, might also be evaluated for their direct
influence on hard segment structure.

2. Experimental

Bench scale molded foams were produced using
a 30 x 30 x 10 cm test mold heated to 60 °C using a standard
hand mix procedure. Free-rise foams were poured into a 51
plastic bucket. Machine-made foams were produced using
high-pressure-impingment mixheads (Krauss—Maffei and
Cannon) as standard test block molds (40 x 40 x 10 cm).

Commercial polymeric MDI was used in these experiments
including Specflex NE 150 and XNE 257.03 from Dow Chem-
ical, Suprasec 2447 from Huntsman Chemical and Desmodur
3230 from Bayer Chemical Co. Each of these polymeric MDI
samples has different, in some cases substantially different
compositions. There is no attempt herein to identify individual
data points with their corresponding raw material identities.
Foam isocyanate index ([NCOJ/[OH]) varied from 0.85 to
1.15, water levels varied from 3.1 to 4.4 parts per 100 parts
polyol and numerous catalysts (reactive and conventional)
and surfactants were employed based primarily on their ability
to produce foam and not on their ability to produce a desired
property result. Foam density was allowed to vary from 45 kg/
m® to 131 kg/m®>. Polyol composition was only controlled to
the extent that their part in the formulation resulted in repre-
sentative foam samples. A list of the polyols and some of their
relevant characteristics is given in Table 1.

While many fatigue properties were measured, only results
for humid and dry aged load loss, and humid aged compres-
sion set for 50% and 75% compressions are reported. Some
tests for load loss gave values that resulted in a small range.
The greatest range was found in a test specified by Volks-
wagon (VW) which follows a procedure consisting of using
samples 70 x 70 x 30 mm initially equilibrated for 24 h at
23 °C and 50% relative humidity (ASTM standard). The
foam sample is subsequently subjected to a 40% compression
load deflection (CLD) test and that point is taken as the initial
or unaged value of load bearing (CLD,). In the CLD test the
foam is compressed 4 times to 70% of its height. On the 4th
cycle the measured load is recorded at 40% compression.
Foam that has been tested but not aged is then placed in an en-
vironmentally controlled chamber (Russell Model # 3-300) for
200 h at 90 °C and 95% relative humidity. At the end of the
aging procedure the foam is removed from the chamber and
allowed to equilibrate at ASTM conditions for 24 h after
which the 40% CLD is re-measured. The CLD change is cal-
culated from the following equation.

Table 1
Relevant structural parameters on polyols used in this work

Polyol Functionality Equivalent Comment
weight
Voranol 3 2000 Glycerin initiated 15%
CP6001 EO capped
Voranol 2 1000 Dipropylene glycol
EP 2001 initiated 10% EO capped
Specflex 33 1750 Sorbitol/glycerin initiated
NC 632 15% EO capped
Voranol 3 1700 Glycerin initiated 75/25 EO/PO
CP 1421
Voranol Vorativ 4 1000 Bis(3-aminopropylamine)methyl
amine initiated 15% EO capped
XNC 681.01 2 1000 N-Methyl diethanolamine
initiated 15% EO capped
XZ 94864 4 900 Ethylene diamine initiated
15% EO capped
DEOA 85/15 (wt) blend of

diethanolamine and water
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CLD testing was performed on an Instron 5500 test frame
using Merlin data collection software and a commercial
spreadsheet program. Compression was achieved using a low
mass aluminum honeycomb compression fixture connected
to a 100 1b load cell.

Humid aged compression set (HACS) followed one of the
industry standard test methods [21]. The test is conducted in
two sequential steps. Foam samples (10.2 x 10.2 x 2.5 cm)
are cut from the foam center and placed in a steam autoclave
for 5 h at 121 °C at 100% relative humidity. The foam speci-
mens are then placed in an oven at 70 °C at 50% humidity for
3 h to remove gross moisture. The compression set test begins
by cutting 5 x 5 x 2.5 cm specimens from the larger blocks,
the height of the specimen is measured and then compressed
to the desired amount (50% or 75%) of the original height.
After 22 h in a 70 °C oven the samples are removed from
the oven and allowed to equilibrate under no stress for
30 min under ASTM conditions. The recovered height is mea-
sured and the set is calculated by Eq. (2) where T, is the initial
thickness, Ty the final specimen thickness and T a correction
for a spacer bar if used.

(To —Ti)
%HACS = +———~ % 100 (2)
(To - TS)

AFM data were obtained on a Digital Instruments Multimode
using a Nanoscope IV controller. Silicon cantilevers and tips
were used at a frequency of 158 kHz. The foam samples
were prepared by initially embedding in epoxy and allowing
to cure. The cured block was subsequently cryo-polished.
The resulting face was exposed to RuO,4 vapor and then the
block was re-polished at room temperature. Typical tapping
conditions were A, ~ 1.0V, ASP ~ 0.6 V with the tip—sur-
face interaction repulsive in nature.

Vibrating needle viscometry [28,29] was performed with
a Rapra Technologies scanning needle viscometer. The vis-
cometer was operated in a fixed frequency mode pre-set in
air with a dwell time of 1 s. A 50 cm long 4 mm diameter car-
bon fiber rod was used for the needle.

Resilience [30] was determined by dropping a steel ball
from a prescribed height and measuring the percentage of
rebounded height.

Small angle X-ray scattering (SAXS) analyses for d-spac-
ing were performed using the following procedure. Foam sam-
ples were cut to a width of 5 mm and placed in the Kratky
camera under vacuum. The Kratky camera was aligned with
a vertical X-ray tube stand where Cu K,,, radiation
A=1.54184 A was transmitted through the sample. SAXS
from the sample traveled down the waveguide 72 cm where
data were collected with a position sensitive detector. SAXS
data were collected for 30 min through a ¢ range from
0.01A7! to 0.138 A~' which corresponds to d-spacings
from 628 A to 45.6 A. SAXS data were analyzed using
JADE XRD pattern processing software. Profile fit analyses

were performed on the Intensity spectra and Lorentz (I¢%) cor-
rected data. Both methods yielded comparable trends with d-
spacings from the Lorentz corrected data giving somewhat
smaller absolute but generally more precisely determined
values. Although the Lorentz correction is primarily reserved
for lamellar crystalline structures, some have reported the
polyurethane hard segment phase in flexible foams to be ““la-
mellar like” [31,32] and this correction has been employed
previously [27,33].

Small angle X-ray analysis was also performed at the Euro-
pean Synchrotron Research Facility in Grenoble, France [34].
Data were taken on the Dubble GRG station running at
10 KeV with A =1.24 A and a camera length of 2.5 m from
sample position to detector. Two-dimensional SAXS collected
each frame for 10 s corrected for sample thickness, non-linear-
ity, and data distortion. An empty camera background was
subtracted and the data averaged over a sector region into
a 1-D plot. Calibration of the detector was accomplished
with silver behenate (dgpy; = 58.38 A). Full correlation func-
tion analysis was performed on the 1-D SAXS. A sigmoid
tail model was applied in the analysis of the correlation
function.

3. Results and discussion

In the past there was speculation that macroscopic features
of foams such as air flow were directly related to foam fatigue
[1,35]. However, it has since been recognized that the relevant
length scale for understanding the material properties of poly-
urethane foams is of molecular dimensions. In fact, there are
several studies suggesting that gross morphology can be essen-
tially ignored in understanding PU foam properties [24,36].
This, however, may be an overstatement. It must be recognized
that a foam’s gross morphology is a reflection of the reactions
and processes which result in the underlying polymer struc-
ture. With the very wide formulation range used for making
foams, the processes responsible for foam structure and perfor-
mance may overlay each other in unpredictable ways. For
instance, there are several papers that report the influence of
DEOA on foam properties and hard segment structure
[31,37]. However, when a large number of foams with widely
varying levels of DEOA are studied for effects on humid aged
load loss (HALL) there is essentially no trend observed

(Fig. 1). Given the wide variation of HALL at a single
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Fig. 1. Effect of diethanolamine addition on humid aged load loss.
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Fig. 2. Lack of relationship between humid aged compression set measured at
50% and 75% compression.

DEOA level and the number of similar HALL values at widely
differing levels of DEOA, we demonstrate that HALL and
DEOA are not directly linked. Instead HALL is related to
some other factors with a casual link to DEOA level. This is
not to say that formulation variables such as crosslinkers
have no effect on foam structure. These effects are well docu-
mented. Instead this result suggests that DEOA does not
dictate aging properties.

Surprisingly, even measurements of the same aging phe-
nomenon but at different testing conditions can suggest almost
no relationship. Fig. 2 demonstrates that an HACS measure-
ment at 50% compression has virtually no relationship to the
same measurement at 75% compression (N.B.: these measure-
ments are on the same foam samples but not on the same test
specimens). Again, it may be possible to control variables such
that a given data set will suggest a relationship, but the
phenomena related to one test cannot be confidently assessed
to relate to others. To some extent this is a result of the rela-
tively small range of values associated with 50% compression
set test, which could with some confidence be assigned as
15 £+ 5%.

That seemingly related tests provide information on differ-
ent foam characteristics can be demonstrated by observing the
relationship between two low strain tests, 50% HACS and
foam resiliency (Fig. 3). While the square of the correlation
coefficient is hardly definitive, there is clearly a trend in the
data. Unsurprisingly, there is no relationship between 75%

50 % HACS vs resiliency
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Fig. 3. Relationship between 50% humid aged compression set and resiliency
measurements on molded polyurethane foams.
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Fig. 4. Lack of relationship between 75% humid aged compression set and
resiliency measured on molded polyurethane foams.

HACS (a high strain test) and resiliency (Fig. 4). Clearly, dif-
ferent foam structural characteristics are driving these
properties.

We have observed that a reliable predictor of molded flex-
ible foam aging is the hard segment d-spacing as determined
by X-ray analysis. This is especially true for tests that yield
a wider range of aging values as observed for HALL
(Fig. 5). In the same regard we observe a close relationship
between HALL (and therefore hard segment d-spacing) and
75% HACS but no such relationship to 50% HACS (Fig. 6).
These results strongly suggest that hard segment structure,
especially in connection to the extent of phase separation in
the finished foam, is a structural feature that reliably influ-
ences the results of standard high strain aging tests. Since
the majority of these foams does not vary widely in hard seg-
ment volume, the measurement of higher d-spacing is strongly
related to phase separation and absolute hard segment
thickness.

We can similarly investigate foam properties commonly as-
sociated with foam aging, such as foam hardness determined
by a compressive force measured at 40% deflection (CFD

Relationship between foam d-spacing and HALL
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Fig. 5. Relationship between humid aged load loss and X-ray determined
d-spacing.
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HALL vs HACS

y =-0.1369x + 11.596
R20.0108 =

y = -2.4824x - 26.768
R20.449 =

<
q

e ]
D

N
<D

g
| |
hl
(]
="
@D

||
3
SOVH

]
L
[
[
X [
I/)I
]
S
(<3

|
Ton
’0
Ly
/
D w
D D

$
*
*
&
.
*
F d
<.
ol
| |
<
L[]
o Im
N
d

HALL * 50 % HACS

= 75 % HACS

Fig. 6. Relationship between humid aged load loss and humid aged compres-
sion set at 50% and 75% compression.

40). To the extent the foam hardness is related to hard segment
structure it might also be expected to correlate to foam aging
measurements. However, because foam hardness may result
from several structural features (such as intersegmental mixing
[38]) that may have no relationship to well developed hard
segment structure, or even are antagonistic to such structures,
a poor relationship is observed (Fig. 7).

One structural parameter that intuition suggests should be
strongly related to hard segment d-spacing and thus foam ag-
ing is the soft segment equivalent weight [39]. In keeping with
intuition, the random phase approximation predicts that
q X Ry ~ 2 for a block co-polymer, where g is the SAXS
peak position and R, is the polymer radius of gyration which
scales as M*? [40]. This relationship has also been shown for
a series of polyurethane materials [41,42]. Naturally, it is the
soft segment length that puts initial boundaries on the distance
between hard segments (but not the distribution of hard seg-
ment lengths or phase separation thermodynamics) and one
would expect a significant correlation to this parameter.
Fig. 8 shows that in fact such a correlation is observed, but
it is not as strong as one might expect, simply because as par-
enthetically suggested, it is by itself not a deterministic
parameter.

Relationship between foam hardness and HALL
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Fig. 7. Relationship between humid aged load loss and foam hardness.
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Hard segment structural differences associated with
molded polyurethane foams having different aging properties
and different d-spacing values are visualized when they are
imaged by atomic force microscopy (AFM) [43]. Representa-
tive images for a limited number of foams that were studied
are presented in Fig. 9. One can see that foams with relatively
low humid aged load loss possess a lacy percolating structure
(Fig. 9a) that has previously been observed for these mate-
rials. The structure is consistent with the ~ 10 nm peak posi-
tion seen in SAXS. Also, under close inspection one can
observe crystalline fine structure. In contrast, foams with
poorer aging properties typically possessed a more poorly
defined hard segment structure with a droplet appearance
(Fig. 9b). Also observed in this image is a large ‘‘urea
ball”. These structures are unconnected and do not contribute
to d-spacing.

Additional data on hard segment structure can be obtained
from a full analysis of the X-ray scattering. Representative
SAXS patterns for two foams with widely varying HALL
are shown in Fig. 10. It can be readily inferred from these
two SAXS patterns, from the peak heights and widths, that
the sample with low HALL has much better defined phase
separation than the sample with high HALL. The correspond-
ing correlation functions v () obtained using a Fortran imple-
mentation of the Strobl and Schneider algorithm given below

() =é / 1(q) ¢ cos(ar)dq (3)

are shown in Fig. 11 and the derived data from the correlation
functions are listed in Table 2.

As indicated, both of these materials have essentially the
same hard segment content given by ¢y, but sample A has
much thicker hard segment units (Lyg) which are more uniform
in shape (polydispersity) and have sharper interfaces (o) [44].

That polymer structure is related to foam aging properties
may upon reflection not be that surprising. That aging is so
heavily related to a single parameter (hard segment phase sep-
aration) may be. The value of this knowledge is that it allows
one to systematically change formulation in order to aim for
new aging properties. Since so many formulation changes
are possible it would be helpful to understand how polymer
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Fig. 9. AFM of foam samples with (a) very low (~5%) humid aged load loss and (b) relatively high (~35%) humid aged load loss. Left image is the height image

and right is the phase image.

development during the foaming process relates to hard seg-
ment structure and ultimately to foam aging. In general,
changes to formulation affect the competing reactions and pro-
cesses related to urea formation (called the blowing reaction
due to the formation of CO,), phase separation of the hard seg-
ment blocks, and subsequent formation of urethane to form the
gelled networked polymer (called the gelation reaction). Com-
plications arise due to the simultaneous and therefore compet-
itive nature of these reactions and the effect of formulation and
process variability on the activation energy of these reactions.
Direct measurement of foaming kinetics is notoriously diffi-
cult since the measurement can influence the process one is
trying to measure [28,29]. One technique that has some appli-
cability uses a vibrating needle rheometer. The specifics of the
method can be found elsewhere [45,46]. In short, a vibrating
needle is attached to a load cell measuring resistance to vibra-
tion as the foam rises. This resistance is observed as a load
whose rheology can be back interpreted in terms of foaming
reactions. Fig. 12 shows the frequency response of two

representative foaming reactions. The increasing frequency
is a direct measure of the growing viscosity of the foaming
mass. Fig. 12a shows the data for a foam formulation resulting
in foam with very small property loss after aging. Fig. 12b
shows the data obtained on a foam formulation found to yield
foams with poor aging.

It was found consistently that foams with good aging prop-
erties show an initial increase in frequency (a proxy for vis-
cosity) associated with phase separation of the hard segment
from the rest of the foaming mass. There may be subsequently
an inflection where the isocyanate water reaction has largely
been exhausted, but the gelation reaction is not occurring as
fast as it subsequently does after about 170 s. Fig. 12b exhibits
qualitative and quantitative differences with Fig. 12a. In the
present case the slope from 100s to 160s in Fig. 12b is
42% less than the slope from 110s to 130s in Fig. 12a.
The slow initial reactions described in Fig. 12b result in gela-
tion accelerating before the isocyanate water reaction had
been exhausted. Thus the gelation of the foam structure in
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Fig. 10. Small angle X-ray scattering of molded polyurethane foams with (a)
low (~5%) humid aged load loss and (b) relatively high (~35%) humid aged
load loss. Both foams have the same hard segment volume, but B has a differ-
ent polyol composition than A.

Fig. 12b is increasing the rate before the phase separation of
the hard phase is complete and the system becomes vitrified
in a less organized block co-polymer structure. It should be
emphasized that the differences described may be subtle.
Foams that age differently may appear quite similar prior to
aging and only are differentiated when placed in extreme
circumstances.

The indirect connection between foam aging and polymer-
ization kinetics is further validated by determining the effect
of foam catalysis on foam aging. In this way we do not see
the effect of a foam formulation component, but rather a vari-
able that indirectly influences the structure of the foam by
changing the relative blow and gel reaction rates. Fig. 13
shows the statistical relationship between the amount of
gelation (in this case triethylene diamine — TEDA) and the
blowing catalyst (in this case bis(dimethylaminoethyl)-
ether — DMAEE) on the subsequently measured humid aged
load loss.

Fig. 13 shows that humid aged load loss is decreased when
either the blowing or gelation catalyst is increased. The corre-
lation in these plots is far from perfect, but the relationships
illustrate the effect of catalysis on HALL independent of
any other formulation or process change. The correlation is
suggestive of the importance of catalysis on hard segment
structuring. The importance of catalysis upon development
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Fig. 11. Correlation functions for the corresponding scattering data in
Fig. 10.

Table 2
Porod analysis of the correlation functions in Fig. 11

Sample A Sample B
HALL (%) 5 35
d-Spacing (A) 118 98
Ly, hard block thickness (A) 263 209
Ls, soft block thickness (A) 91 77.0
¢, bulk volume crystallinity 0.23 0.21
¢u, local crystallinity 0.22 0.21
o interface thickness (A) 3.0 4.0
Polydispersity 0.23 0.37

of the hard segment structure is also highlighted by the greater
slope for blowing reaction catalysis (urea producing) than
that for the gelation reaction (urethane producing). That
TEDA is positively correlated with decreased aging points
to the fact that although it is primarily a gelation catalyst,
TEDA does promote urea formation as well. We have
found (data not shown) that TEDA not only has a strong
gelation component, but also has a high activation energy
and a threshold temperature below which it is more effective
at the blowing reaction and less effective at the gelation
reaction.
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mulations that result in (a) foams with very low aging and (b) relatively high
foam aging.
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Fig. 13. Relationship between humid aged load loss and amount of (a) catalyst
added for the purpose of speeding up gelation and (b) catalyst added for the
purpose of speeding up the formation of urea (the blow reaction) to foaming
mixtures.

4. Conclusion

Aging properties of polyurethane foams are shown to cor-
relate most strongly with the X-ray determined hard segment

d-spacing and other parameters associated with more complete
hard segment phase separation. Formulation variables are
shown to relate to aging only as they affect the hard segment
structure. Furthermore, formulation variables that strongly af-
fect hard segment structure may not strongly affect foam aging
if the aging test itself does not adequately probe hard segment
structure. In such a case all of the foam aging values will be
clustered around some mean value. Such clusters may or
may not give the impression of a relationship between inde-
pendent and dependent variables, but will in fact not be prob-
ing the relevant structural variables.
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