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Abstract

A series of flexible polyurethane slabstock foam samples were prepared with varying surfactant concentration. Several samples were also
prepared by quenching small pieces into liquid nitrogen during the foaming process. The morphology of these materials was characterized at
many length scales via scanning electron microscopy (SEM), transmission electron microscopy (TEM), wide-angle and small-angle X-ray
scattering (WAXS and SAXS), tapping-mode atomic force microscopy (AFM), and Fourier transform infrared spectroscopy (FTIR). AFM
was also utilized to probe trends in the mechanical stiffness of hard domains in the polyurethane foam. Differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA) were applied to examine the thermal and viscoelastic properties of these foams. It was
shown in this study that collapse of the cellular structure of a foam prior to the point of urea precipitation alters the aggregation behavior of
the hard domains and influences their ultimate properties. Samples without surfactant quenched in liquid nitrogen exhibited urea-rich
aggregations on the order of 2-u4m with similar sized urea-poor regions. Equivalent samples with surfactant showed no such aggregations,
suggesting that surfactant does play a principal role in the way that urea precipitates in these materials. DMA and DSC revealed that all
samples of any surfactant concentration which spontaneously collapsed or were quenched or crushed prior to completely curing had a polyol
glass transition 3—5higher and somewhat broader than any foam sample which maintained its cellular structure until cured. This is
interpreted to mean that the polyol matrix of the collapsed, crushed, or quenched materials is not as pure as the cellular samples, indicating
that the presence of the cellular morphology plays a significant role in the microphase separation behavior of the solid-state at the molecular
level. This hypothesis is supported by the results of WAXS, FTIR, SAXS, and AFM. The WAXS results demonstrate that at no surfactant
concentration is the ordering, or hydrogen bonding, within the hard domains being significantly altered; however, in the lower range of the
concentrations studied here, the FTIR results show that the surfactant level in the formulation does play a significant role on the amount of
bidentate hydrogen bonded hard domains that organize locally. Further, as shown by SAXS, the surfactant concentration influences the mean
chord length across the hard domains. These changes in structure and domain size distribution lead to the properties investigated via AFM,
where the relative hardness of the hard domains was noted to initially increase as the surfactant concentration increases and then levels off
above a certain concentration. The surfactant is thus suggested to play a secondary role in the development of the hard domains by
maintaining the cellular structure in the foam as the phase separation occurs and at least until the polyurethane foam has more fully organized
hard segment domain€ 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction [1]. The heat and carbon dioxide contribute to the expansion
of the gas-liquid phase separation in the reactive mixture
The two-phase morphology of the solid state is of great and so play important roles in the development of the
importance to overall properties in polyurethane foams. In foam’s cellular structure. However, a disubstituted urea
typical water-blown systems, the reaction of water with product results from the reaction of the amine with other
diisocyanate produces a carbamic acid which decomposedsocyanate groups. A “hard segment” results from several
yielding heat, carbon dioxide, and an amine functionality isocyanate groups covalently bonding through the urea
linkages, and solid-state phase separation in typical systems
m author. Tel..+ 1-540-231-5498; fax: + 1-540-231- arise; from the precip.itation of .these segments into “hard
9511, domains.” In conventional flexible slabstock foams, the
E-mail addressgwilkes@vt.edu (G.L. Wilkes) polyol phase has a very loWy (ca. —50°C) and so is
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often termed “soft.” The soft polyol is generally thought to associations. The mechanical nature of that network is
be the continuous phase in these systems, and it is considhighly dependent on the shape of the polyurea precipitates.
ered to be the matrix in which the hard domains are distrib- For instance, in a system of dispersed spheroids, each of
uted. However, as will be discussed in detail later, some these urea-based domains would behave as a physical cross-
studies in mechanical deformation and hard segment orien-link; however, if the precipitates develop in a more lamellar-
tation have suggested that there may be some degree ofike fashion, a co-continuous network might form instead. In
association or connectivity between hard domains that summary, these systems are composed of at least two solid
cannot be explained from the fully dispersed hard domain state phases and two types of “crosslinks,” chemical and
model. Ideally, hard segments are covalently bound to the physical. A more specific review of these structures is avail-
polyether polyol during the reaction of the polyol with able in Refs. [4,6]. It should be made clear that although the
isocyanate groups, which lead to urethane linkages at theirhydrogen bonds provide the physical crosslinks with cohe-
terminal points. However, it is known that in real systems sive strength, they are not themselves the crosslinks. This
there is a distribution of urea segment lengths and that somehydrogen bonding between hard segments leads to a
hard segments are incompletely bound to the polyol matrix partially ordered or to a possibly “para-crystalline” texture
[2]. which will be discussed more later in this article. It should
An additional structure is also sometimes observed in also be stated that the hydrogen bonding in a hard domain or
these systems. At high water feed concentration with a stoi- urea precipitate is believed to be of the same type as that
chiometrically higher feed of isocyanate, the urea precipi- found in the hard domain aggregates or urea balls. Initial X-
tates can aggregate further to form what have been termeday microscopy work by Ade et al. [7] on diphenylmethane
“urea balls” or urea-rich aggregates [1,3]. These larger diisocyanate (MDI) based foams has shown that these urea
aggregates are frequently observed in conventional slab-balls are not entirely urea but do contain some polyol. As yet
stock flexible foam formulations of high water concentra- unpublished work by Ade [8] on TDI based foams, more
tion; however, these structures are not typically observed in similar to typical slabstock formulations like those used in
molded or high-resiliency (HR) foams of the same water this study, has shown that although these large aggregates
feed concentration [1,4,5]. This difference results from the still consist mainly of urea linked TDI they also contain ca.
chemistry of the typical components used in each. Whereas5—-10% polyol in the center with increasing amounts away
both molded (HR) and slabstock flexible foams most from the center of the urea ball. This strongly indicates that
commonly utilize toluene diisocyanate or TDI (fed at an the large aggregates are not entirely urea based hard
80/20 2,4/2,6 isomer ratio), the polyol used for each is segment material but may be thought of as aggregations
one major formulation difference. Typical slabstock polyols of precipitates.
have molecular weights between 3000 and 4000 Da; molded In examining how these materials behave during mechan-
polyols tend to have higher molecular weights in the range ical deformation, workers [9] have shown hard segment
of 4000—6000 Da [1]. Both systems utilize polyether triols; orientation transverse to the direction of elongation in flex-
however, the ethylene oxide (EO) to propylene oxide (PO) ible slabstock foams followed by additional orientation
ratio of each is generally very different. Slabstock foams parallel to the stretch direction. This somewhat surprising
tend to use lower EO content and have secondary OHbehavior, also noted first in polyurethane elastomers, can
endgroups. To achieve faster reaction rates, molded systemsbest be explained by suggesting that hard domains associate
most frequently have much higher ethylene oxide content, with one another to form lamellar-like structures which then
and they use polyols with primary OH content in the range dissociate under shear yielding and rupturing on further
of 65—-90% [1]. The faster reaction rate requires a different elongation [9,10]. This behavior suggests structure on a
blend of catalysts as well as lower potency surfactants to larger scale rather than the interdomain distances typically
obtain an open celled foam. Also, increasing the EO content observed via small-angle X-ray scattering (7—11 nm). This
of the polyol dramatically alters the miscibility of water and indicates that such spacings may be the distances between
other reaction components; further, it is believed that varia- lamellar-like formations, and that much larger lateral
tion of the EO/PO ratio also has profound effects on the dimensions of the lamellae exist. However, no well-defined
solubility of the hard segments in the polyol matrix of the lamellar-like structure in polyurethane foams has ever been
final foam [1]. It is therefore deduced that the larger aggre- distinctly and unambiguously observed via microscopy [6].
gates (urea balls) may form as either the hard segments ofThis discussion brings up the question of how well dispersed
the urea precipitates or some combination of both reach athe hard domains actually are in polyurethane foams.
size or a concentration that surpasses a solubility limit Connectivity between them or associations on a scale larger
which varies depending on the chemical system being than the size of hard domains could well lead to the behavior
utilized [1,3]. observed in Ref. [9]. It should be obvious from this discussion
As the polyol usually has a functionality between two and that, whether in more localized urea-based hard segment
three, these systems promote a covalent network. Howeverdomains or in larger urea aggregates, association via hydrogen
the development of hydrogen bonding of the hard segmentsbonding provides ordering that is of great importance to
as they precipitate also forms a network based on physicalunderstanding the properties of these polymers.
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Previous studies have demonstrated that many factors carnn the reactive mixture, the precipitation of urea groups
influence the hard domain ordering, and that these can haveoccurs later, an event which leads to cell opening [21].
large impacts on the properties of flexible polyurethane This precipitation behavior is thus vital to understanding
foams [4—13]. Humidity and temperature have both been the formation of a mechanically sound, open-celled foam.
shown to increase the rate of stress relaxation and compres- Polysiloxane—polyether block copolymers of various
sive load relaxation [4,11]. These variables have also beentopologies are used as surfactants in foams to stabilize the
shown to have an influence on compressive creep behaviordeveloping cell structure. In most formulations, stabilization
[12,13]. It has also been demonstrated that cyclic humidity is needed until gelation occurs through chemical cross-
conditions increase the amount of compressive creep rela-linking from the reaction of polyol with isocyanate, and
tive to samples held at a constant humidity [13]. These this stabilization can prevent urea precipitation from collap-
studies were performed over a few hours in the thermal sing the foam upon cell opening. As precipitation of hard
range between room temperature and°@)@enerally too segments into hard domains occurs, they organize via
low for polymer decomposition on those time scales. It is hydrogen bonding forming physical crosslinks; moreover,
therefore widely accepted that the thermal dependence is @t has been observed that this phenomenon parallels
result of the weakening of the hydrogen bond associations ofdramatic increases in the modulus of the material [21].
the hard segments. This hypothesis is supported by the The importance of stabilizing the dispersion of the urea
parallel humidity dependence because the polyol is largely precipitates is underscored by the earlier work of Rossmy et
hydrophobic and the urea domains are more hydrophilic al. [20] wherein foams were made with only surfactant,
[13]. These observations indicate the strength of the catalysts, water, and isocyanate (i.e. no pajydh that
dependence of foam properties on the hard domains. work, three surfactants were used based on the same

If foam properties are so dependent on the hard domains,polysiloxane blocks but with polyether blocks varying in
it might be anticipated that variables which influence the molecular weight and ethylene oxide/propylene oxide
concentration, composition, distribution, or ordering of the ratio. The first surfactant, using a polyether component of
hard domains would thus become important to the final only propylene oxide with a molecular weight of 1800, was
foam. These effects have in fact been demonstrated byincapable of maintaining the dispersion without the
many studies [14—17]. Hard segment content can be variedpresence of polyol crosslinking, and with this surfactant
in foams by stoichiometrically increasing water and isocya- the foam collapsed immediately following cell opening.
nate in the feed while maintaining the amount of polyol The second surfactant used a polyether component of
added. In a work by Turner et al., thus increasing hard 45 wt.% ethylene oxide and a molecular weight of 1500,
segment content at constant soft segment content wasand this second foam also collapsed following cell opening.
shown to significantly increase the rubbery modulus of the In contrast, the third surfactant, which also did not have the
foam [14]. This confirms that changing hard segment benefit of polyol covalent crosslinking, did maintain the
concentration can dramatically alter viscoelastic properties dispersion and formed a stable, open-celled foam. This
as would be expected. The importance of hard domain last surfactant utilized a polyether block of 45 wt.% ethy-
composition in foams has been shown by a study that incor- lene oxide and a molecular weight of 2000. These studies
porated the cross-linking agent diethanol amine (DEOA) thus indicate that some formulation dependent combination
into the foam formulation [15]. DEOA had the effect of of surfactant stabilization and covalent crosslinking is
altering the composition of the hard segments, and therebynecessary to prevent urea precipitates from aggregating to
dramatically changing their hydrogen bonding associations. sizes that promote collapse of the foam. This shows that,
This change in composition increased the lability in the hard whereas organized urea precipitates provide the necessary
domains, making them more susceptible to water and modulus for good mechanical properti¢ise dispersion of
thermal “plasticization”. Additionally, the use of lithium those precipitates throughout the polymer matrix promoted
chloride as a property modifier has been shown to soften by surfactant stabilization or covalent crosslinking is neces-
the foam by disrupting hard domain ordering as noted by sary in maintaining an open celled foam structurhis
wide-angle X-ray scattering (WAXS) and altering their work also points out the crucial role that ethylene oxide
distribution in the matrix as revealed by small-angle X-ray can play in polyurea stabilization whether it is used in
scattering (SAXS) and by solid-state NMR [16,17]. surfactants or for endcapping polyols as is done in many

The above cases only relate the importance of hard molded foam formulations.
domains to the overall properties of a foam. However, it  Recently, Yasunaga et al. [22] have further explored the
has also been determined that the precipitation of urea isevent of cell opening in flexible slabstock foams. One result
an important event in the development of foam structure of that study confirmed the conclusions of Elwell et al. [21]
[18,19]. Foams without surfactant have been observed towherein the storage modulus development in foams follows
be stable up to the point of urea precipitation—after the events of urea precipitation and cell opening. This
which point they collapse [20]. More recent work on molded further establishes the hypothesis that the organization of
foam formulations using MDI rather than TDI have shown the hard domains is the driving factor in increasing mechan-
that, although urethane and urea linkages form immediately ical properties. However, it also speaks of the importance of
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Tablel _ _ composition of a surfactant influences foam stabilization,
Sample designations and their meanings this study seeks to understand how surfactant influences
Sample name Comments microphase morphology by choosing one widely used

surfactant [1,6] and studying how varying its concentration
SSu0.0 Slabstock foam, 0.0 surfactant pphp in a series of slabstock foams alters solid state phase
SSu0.3 Slabstock foam, 0.3 surfactant pphp behavior
SSu0.75 Slabstock foam, 0.75 surfactant pphp '
SSul.5 Slabstock foam, 1.5 surfactant pphp
SSul0.0 Slabstock foam, 10.0 surfactant pphp
SSu20.0 Slabstock foam, 20.0 surfactant pphp 2 Experlmental materlals and methods
Q100-Su0.0 Quenched at 100 s, 0.0 surf. pphp
Q100-Sul.5 Quenched at 100 s, 1.5 surf. pphp .
Q120-Su0.0 Quenched at 120's, 0.0 surf. pphp 2.1. Materials
Q120-Sul.5 Quenched at 120 s, 1.5 surf. pphp .
C80-Sul.5 Mechanically crushed at 80's, 1.5 surf. pphp Several foam samples of flexible water-blown
C106-Sul.5 Mechanically crushed at 106 s, 1.5 surf. pphp polyurethane foams were made with varying surfactant
ShiEO High ethylene oxide content slabstock concentrations. These foams were based on 100 parts of
Sgéu %ri;%%"\‘,’v‘zeerr(g%{&'?g; mggg :2 szg’crlzm Voranol® CP 3322 (Dow Chemical), a triol containing

0 ) 0 . . .

MDO.0 Molded foam with 0.0 deoa pphp 88% propyleneoxide and 12% ethyleneoxide with terminal
MD2.0 Molded foam with 2.0 deoa pphp secondary OH-groups. The foams also used 4 parts of water

and TDI 80 (an 80/20 mixture of the 2,4/2,6 isomers) fed at
an isocyanate index of 105. Dimethylethanolamine was
understanding the initial event of urea precipitation. used as a catalyst for the water-isocyanate reaction at a
Yasunaga et al. [22] also confirmed the earlier study of concentration of 0.2 pphp (parts per hundred polyol). Stan-
Rossmy et al. [18] in that increasing the surfactant concen- nus octoate was used as a polyol-isocyanate reaction cata-
tration slows the rate of foam expansion and lengthens thelyst also at 0.2 pphp. A widely used surfactant for slabstock
time to cell openingThe implication of this is that surfac-  foams, TEGOSTAB BF 2370 (Goldschmidt), was
tant concentration has an influence on the precipitation of selected for this study, and it was varied as shown in
the urea and therefore may have an influence on the micro-Table 1. The nomenclature in Table 1 is completely
phase behavior of the final polymer material comprising the explained at the end of this section. The structure of this
foam, possibly by altering the shape, size, or the distribution surfactant is shown in Fig. 1. (Six foams were made that
of the urea precipitates were allowed to develop fully with an additional 15 min
Given the voluminous use of polyurethane foams and the cure at 146C to remove tackiness.)
dependence of their properties on these hard domains, it can To explore the development of polymer morphology, four
be seen that it would be valuable to better understand theirfoams were quenched in liquid nitrogen at specific times
structural development and properties. As discussed aboveduring the foam reaction, two at 100 s and two at 120 s.
although the surfactant is known to influence the rate of Blow-off time for these formulations generally occurred at
foam development and is hypothesized to influence urea110s, so these quench times were picked to bracket that
precipitation behavior, this relationship is not well under- event. Two surfactant-containing foams were also mechani-
stood. Therefore, rather than study how the topology and cally compressed to examine possible influences that the
removal of cellular structure may have on the development

of microphase separation in the solid state. One of these was
CHy | oMy Hs b crushed at 80 s, the time at which the 0.0 surfactant pphp
SRR pe W foam spontaneously collapsed. The other foam was crushed
L, \ B at 106 s, the rise time to final height for that foam formula-
[(:H3 ZVCH]
"

tion. For all six of these samples, small quantities of mate-
rial were taken from the reacting foam and then quenched or
crushed. This was done to assure that the entire sample had a

CH,— Si— CH,
1 uniform thermal and morphological history characteristic of
wherea=6 andb=2-5 their respective times of quenching or crushing.
G, o, For general comparisons, one additional foam was
R=C”ﬂ‘?“’%C“?’C“fo%CHZ'C“’O% prepared specifically to reduce urea particle precipitation
X -4 o ’ ’ into hard domains. This formula was based on 75 parts of

n

y polyol ™Desmophen 7040 with an ethylene oxide content of
0 M i
Fig. 1. Structure of TegostabBF 2370 (Goldschmidt AG). Average mole- 75h/0| and 25dparts of pol>;o112D;sn_1rc;19hefn 716|0 Wlthdag 0
cular weight for the copolymer is 8 800. There are no emulsifying ingre- ethylene oxide content o 0. IS Tormula use :

dients present in the surfactant besides remaining monol residues of theSurfactant pphp, 3.8 water pphp, and 0.3 amine catalyst
polyether mixture used for the copolymer synthesis. (™Dabco) pphp. This formula also used a TDI 80 at an
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Table 2 performed for comparison with the t&dndata from the
Some relevant IR absorbances DMA.
Resonating group Wavenumber (cy SAXS was utilized to evaluate the presence of micro-

phase separation. This was performed with a Phillips
'Efee urethane 1177138 1715 model PW1729 generator operating at 40 kV and 20 mA
H;Zjem“ézi bonded urethane 1705-1700 and a slit collimated (0.0% 5 mmz).Kratky camera with
Monodentate urea 1700-1650 nickel filtered Cuk radiation having a wavelength of
Bidentate urea 1640—1650 1.542 A The detector utilized was a Braun OED 50 posi-
tion-sensitive platinum wire detector. Scattering data were
i i ) corrected for parasitic scattering and normalized using a
isocyanate index of 95. Finally, two poly_/urea-_based Lupolen standard. As the apparent density varied, the
powders were produced. One was made by dissolving TDI beam path length for the non-quenched and non-crushed

80 in acetone and slowly feeding in an excess of water to foam samples (“S” series in Table 1) was also corrected
produce polyurea segments with a calculated number aver-<ed on the density relative to the apparent density of
age of 10 repeat units. The acetone was evaporated and thgample C80-Sul.5. The foam samples were cut approxi-
powder was then dried in a vacuum oven. The other powdermately 8mm thick and compressed to approximately

was produced b_y using the same fo.rmula as the slabstock2 mm. These data were analyzed usingTheas program
f203a7rgs gutk;eplr?c[rég aggfthe polyol WIHTEGOSTABBF e\ eloped by Dr Stribeck at the University of Hamburg. Dr
(Goldschmidt) [23]. Stribeck has graciously post&dras for free downloading

The nomencl'ature for these samples is' as follows. o1 the World Wide Web at” http://www.chemie.uni-
Generally, the first letter of a sample name indicates the hamburg.de/tmc/stribeck/index.hthnl

type of sample and the manner in which it was made. The 14 oy hi0re the ordering of the hard domains, the techni-

next set of letters indicates what the variable was for that que of WAXS was applied via a Phillips model PW1720
sample. For instance, SSu0.0 is a slabstock foam in which g e at0r with a Warhus camera. Nickel filtered CuK radia-
the surfactant concentration was 0.0 pphp. Possible f'rSttion was used with a wavelength of 1 542akd pinhole
:cetters mclude:ldsdf(;raslabstock f(??m;(j '\f/l foramolde_d collimation with a diameter of 0.020in. These samples
oam (two molde _foams were Ut_' Ized for comparative e widely in apparent density; therefore, using their
WAXS and Fourier transform infrared SPectroscopy pnnarent density and the 0.020in. beam diameter as a
(FTIR) analyses); "C” for a foam that was crushed; *Q" s for the calculation, samples were cut to thickness
for a foam that was quenched in liquid nitrogen; and “UP" \ nich \would expose ca. 3.2 mg of material to the beam.
for a polyurea powder. Numbers are included for the letter Foam samples were compressed to a ca. 2 mm thickness
of the variable that they follow. As used above, it gives the but the collapsed materials did not need this compression.

concentration of surfactant in a sample. In Q100-Su0.0 or Sample to film distance was 7.7 cm and exposure times
C80-Su0.0, the 100 or 80 corresponds to the time in secondgNere ca. 10 h

after the foam reactions were initiated that the samples were 1| \was also used to evaluate hydrogen bonding in the

quenched or cru§hed, respectively. Finally, there are threey -+ omains as shown in Table 2 [24]. FTIR Spectra were
exceptions to _th|s nom_enclature. SHlE_O is the slabstock . acted on a Nicolet 510 Spectrometer using a Spectra-
foam made with the high ethylene oxide content polyol roch ATR attachment. The ATR cell utilized a horizontal
discussed. UPA and UPSu are polyurea powders made Ny se crystal. Spectra were analyzed usingNic 3.0 Soft-
pure acetone and pure surfactant, respectively. ware, and all scans were normalized by the corrected peak
height at 2970 cm' which corresponds to a Gldbsorbance
[18].
3. Methods Characterization of the cellular structure of the foam was
performed with scanning electron microscopy (SEM). Thin
Dynamic mechanical analysis (DMA) was carried out foam slices, ca. 5 mm, were mounted to aluminum stubs
using a Seiko model 210 in the tension mode. The samplesusing copper tape. These samples were then sputter coated
were heated from-120°C to 350C at a rate of 0.5C/min. with gold to ca. 15 nm thickness. Micrographs were taken
from which the storage modulu€’) and tard data were using a Cambridge Stereoscan model 200 operating at
collected at a frequency of 1 Hz. Samples were cut from the 10 kV and at magpnifications of ca. 160.
foam with die-punches and had dimensions of approxi- Transmission electron microscopy (TEM) was used to
mately 5x 5 x 15 mm with a grip-to-grip distance of observe the precipitated urea particulate. Small samples
10 mm. Storage moduli are normalized tox310° Pa to were cut from the foams and then embedded in epoxy
remove the effect of varying density which is only a func- which cured at 68 overnight. Thin sections (ca. 80 nm)
tion of the cellular structure [14]. Differential scanning were then cryogenically microtomed using a diamond knife
calorimetry (DSC) was performed on a Seiko model DSC on a Reichert-Jung Cryo-ultramicrotome Ultracut E with a
220C. Scanning at 2@/min from —120 to 350C. This was model FC-4D cryo-attachment operating-s20°C. Ethanol
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Table 3

Apparent densities of the samples

Sample name

Apparent density (g/cm3)

SSu0.0
SSu0.3
SSu0.75
SSul.5
SSul10.0
SSu20.0
Q100-Su0.0
Q100-Sul.5
Q120-Su0.0
Q120-Sul.5
C80-Sul.5
C106-Sul.5
ShiEO

0.1810
0.0260
0.0234
0.0245
0.0226
0.0265
0.3978
0.3225
0.0332
0.0590
0.7446
0.3536
0.0232
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was used to collect the sections onto 600 mesh copper grids.
Micrographs were taken using a Philips 420T scanning
transmission electron microscope (STEM) operating at an
accelerating voltage of 80 kV. Micrographs were taken at
three levels of magnification, corresponding on the
negatives to 37 508 , 10 500x , and 3300x .

Atomic force microscopy (AFM) in tapping mode was
also used to study nanoscopic level structure. These experi-
ments were performed on a Digital Instruments Scanning
Probe Microscope using Nanosensors TESP (Tapping
Etched Silicon Probe) type single beam cantilevers. These
cantilevers had nominal lengths of ca. 2%, force
constants of approximately 35 7 N/m, and were used at
oscillation frequencies at ca. 290 kHz. The samples
mounted in epoxy for TEM were cryo-microtomed smooth
and then examined by AFM. The phase image of AFM is
generated by recording the phase shift that occurs between
the drive oscillation on the cantilever and the oscillation of

Fig. 3. Transmission electron high magnification micrographs for two foams with varying surfactant concentration: (a) SSu0.0 and (b) SSul.5.

Fig. 2. Scanning electron micrographs of foams in various states: (a) SSu0.0; (b) SSul.5; (c) Q100-Su0.0; (d) Q100-Sul.5; (e) Q120-Su0.W1(#;Q120-S
(g) C80-Sul.5; and (h) C106-Sul.5. The scale bar shown in 2a) applies to all of the micrographs.
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the cantilever tip. The phase shift of a cantilever oscillating was observed at all surfactant concentrations examined
in free air would be close to zero. As the oscillating tip greater than zero. Fig. 2c and d compare the structure of
contacts the surface its phase shift is relative to the interac-the quenched foams, Q100-Su0.0 and Q100-Sul.5. It is
tions occurring between tip and sample. Phase shift observed that, even in these incompletely reacted foams,
becomes more positive when interacting with harder mate- the difference made by the presence of the surfactant is
rials, and estimations from the Hertz theory lead to the apparent. Q100-Su0.0 shows a very smooth surface
relation that phase shift scales with the dynamic modulus compared to Q100-Sul.5 which exhibits smallerl(mm
of the sample [25]. It should also be pointed out that once diameters) but recognizable cells “frozen” in their nascent
AFM phase images using scales above 1 pn2are saved  state. The micrographs of samples Q120-Su0.0 and Q120-
much information on the scale lengths of the hard domains Sul.5 are presented in Fig. 2e and f, and it can be seen that
(ca. 7-11 nm) is lost. Thus, to obtain and later analyze the they exhibit similar behavior to samples Q100-Su0.0 and
high resolution information needed regarding the phase Q100-Sul.5, respectively. Fig. 2g reveals that sample
offset, phase images measuringd X 2 wm were collected C80-Sul.5 resembles the morphology of samples Q100-
for quantitative analysis. Further details on phase imaging Su0.0 and Q120-Su0.0 in that it is not composed of cells
with tapping mode AFM are available online &http:/ but of a continuous polymer matrix with some gas bubbles
www.digital.com/AppNotes/Phase/PhaseMain.fitml spread throughout it. It is noted, however, that this sample

A series of AFM experiments were used wherein the has many more gas pockets than any of the Fig. 2c-f.
force applied to the surface was controlled by holding two However, the small amount of gas present in sample C80-
variables constant. The amplitude of the cantilever’s free air Sul.5 is demonstrated by the apparent densities of the
oscillation was maintained at 5.05 V. However, as the tip samples listed in Table 3. It is shown there that this crushed
oscillates, its amplitude while striking the surface is lower sample has half as much gas as the other collapsed
than that value and was maintained at 60% of the value of specimens.
the free air amplitude. Control of these two factors should Fig. 2h reveals that C106-Sul.5 has very different
maintain constant the energy of the cantilever as well as themorphology. This crushed foam is composed of pieces of
force being applied to the surface. By randomly sampling the cellular structure observed in Figs. 2f or 2d squeezed
the surfaces, by using new tips, and by scanning surfacestogether. It seems that just after cell opening at 106 s, the
multiple times, reproducible levels of maximum phase foam has achieved enough dimensional stability to prevent
offset were observed. These values are used in this workcongealing to the extent seen in Fig. 2g. This sample and
to follow trends regarding theelative hardnessof the sample C80-Sul.5 will then be used to evaluate the
hard domains. This effect has been recently been qualita-importance of the presence of the cellular structure to the
tively shown in triblock copolymers and polyurethane elas- organization of the hard domains at the point of urea preci-
tomers by McLean and Sauer [26]. Further, this technique pitation. Further, these micrographs illustrate that, without
was first demonstrated by application to flexible polyur- surfactant, the reactive mixture has relatively little surface
ethane foams by the authors in a previous publication area of a gas—liquid interface in comparison to mixes with
[27]. This work will also seek to further quantify these surfactant. It also shows that with surfactant the larger
efforts. surface area may be altered by crushing or quenching, but

it is still clearly present.
TEM was used to evaluate the solid morphology within
4. Results and discussion the cell wall material itself. This technique has been used in
other studies [6] to examine larger scale precipitation beha-

To understand the influence of surfactant on properties, vior of the urea which shows up as dark regions in the
its effect upon morphology must also be understood. It is micrographs. At the highest magnifications used, the two
well known that without surfactant, the cellular structure micrographs of Fig. 3 examine the size of the urea rich
collapses before the gelation reaction can stabilize the aggregations. Fig. 3a shows that in SSu0.0 the precipitates
foam [1]. This can be observed in Fig. 2a—h where eight begin around 100 nm in diameter and get larger. Fig. 3b
SEM micrographs show the typical pattern of cellular reveals, however, that in SSul.5 precipitates begin around
structure observed in this study. 100 nm in diameter and get smaller. While these are subtle

Fig. 2a reveals that the morphology of SSu0.0 might be size differences, they are representative and, further this
characterized as large gas pockets held within wide, void- subtle difference will be supported by other results. Further,
less polymeric regions. Fig. 2b shows that SSul.5 has thethis may be one sign of alterations in the distribution of urea
cellular structure expected in a slabstock foam with cell precipitates in the matrix. It may indicate that what connec-
diameters greater than 1 mm. This cellular morphology tivity may be developing occurs via associations between

Fig. 4. Transmission electron medium magnification micrographs of foams in various states: (a) SSu0.0; (b) SSul.5; (c) Q100-Su0.0; (d) Q¥)0-Sul.5; (
Q120-Su0.0; (f) Q120-Sul.5; (g) C80-Sul.5; and (h) C106-Sul.5.
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Fig. 5. Transmission electron low magnification micrographs of foams in various states; (a) Q100-Su0.0; (b) Q100-Sul.5; (c) Q120-Su0.0; (8)59120-Su
(e) C80-Sul.5; and (f) C106-Sul.5.

the larger urea balls and not of a lamellar-like structure—at morphological character. Fig. 4a and b show SSu0.0 and
least at this scale length. SSul.5, respectively, and illustrate the typical behavior of
Also interesting is the comparison of phase behavior at a slabstock foam samples. Both of those two micrographs
moderate magnification. Fig. 4 exhibits eight micrographs, reveal a uniform dispersion of the aggregates observed in
two of fully formed foams, four of quenched samples, and Fig. 3. It also shows no noticeable differenaghis scale
two of the crushed samples. It should be noted that the between samples with and without surfactant. However,
darker stripes observed in Fig. 4b and d are due to variationFig. 4c and d show that, at the same magnification, drama-
in the thickness of the section and not to any change in tically different behavior can be observed in the quenched
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Observing that sample C106-Sul.5 does not exhibit this
aggregation but does exhibit a dispersed morphology indi-
cates that being in the collapsed state at the time of urea
precipitation plays a large role in the final morphology of
the polymer.

Fig. 5 seeks to examine this better by presenting six
micrographs of the quenched and crushed samples at the
lowest level of magnification used. Fig. 5a shows that the
large scale aggregation behavior of sample Q100-Su0.0 was
characteristic of the entire polymer sample. It also shows
that these aggregates cover spaces of several microns. This
is dramatically different than the even distribution seen in
Fig. 5b, d or f (samples Q100-Sul.5, Q120-Sul.5, and

;ﬂi‘iﬁeésfﬁsit C106-Sul.5, respectively). Fig. 5¢ reveals that in sample
200° Q120-Su0.0, although the precipitates are more disperse

than sample Q100-Su0.0, some large aggregation can still

10.0° be seen. Finally, in Fig. 5e it is observed that sample C80-

Sul.5 does have a very similar morphology to sample Q100-
Su0.0, and that this morphology is characteristic of the
0.0° whole. Before making final conclusions about the TEM
data, two AFM phase images are also presented in Fig. 6a
and b to attest to the validity of that technique for use in
foam research. Fig. 6a (Q100-Su0.0) and Fig. 6b (Q100-
Fig. 6. AFM phase images of two quenched materials: (a) Q100-Su0.0; and SU1.5) are shown in similar scale for easy comparison to
(b) Q100-Sul.5. The axis scale has been inverted from the machine TEM micrographs of Fig. 4c and @lso, the scales of the
default sugh that highe_r phase offset is induced by §ofter material..This is AFM phase images in Fig. 6 have been inverted so that the
gnly done in these two images to parallel the TEM micrographs of Figs. 3— harder material has lower offset and appears darker just as
' the urea-rich regions appear dark in the TEM. This was
done only to these two images in order to parallel the
samples. Sample Q100-SSu0.0 shown in Fig. 4c revealsTEM images for convenience; however, in the rest of this
large areas with little urea precipitation and other large paper all AFM phase images will use the normal scale for
regions with much aggregation occurring. Sample Q100- the instrument wherein higher phase offset indicates harder
SSul.5 shown in Fig. 4d reveals that this does not occur material and appears whiter
in foams with surfactant, providing further evidence that  Altogether, the TEM micrographs presented show an
surfactant does have a stabilizing influence on urea precipi-interesting pattern. They reveal that when the reactive
tates. Fig. 4e shows that sample Q120-Su0.0 has aggregatemixture is allowed to go to completion at high temperature
that are more dispersed. This indicates that the additional(ca. 140C), an evenly dispersed morphology is achieved
20 s of reaction time provided this sample with more stabi- over the whole range of surfactant concentrations studied.
lity in preventing large scale aggregation due to a higher Without the stabilizing effect of the surfactant, however,
degree of covalent bonding than sample Q100-Su0.0 had.aggregation does occur when quenched prior to reaction
Fig. 4f illustrates that sample Q120-Sul.5 had a similar completion. Comparison of Figs. 4c and e or 5a and c also
morphology to sample Q100-Sul.5, indicating that with shows that allowing the reaction to proceed an additional
surfactant present, the time of quench made much less of20 s stabilizes the urea further so that the precipitates of
an impact. It is worth emphasizing that the morphology sample Q120-Su0.0 are smaller. This is attributed to further
observed in the micrographs of the quenched materials iscompletion of the gelation reaction. With surfactant this
not supposed to characterize the morphology of the high behavior is not observed, and the precipitates are observed
temperature reactive state. Rather, they characterize theo be dispersed regardless of the progress of the reactions.
aggregation behavior of the hard segments at that level of This is taken as direct evidence of the ability of surfactant to
covalent cross-linking, concentration of surfactant, and with influence urea precipitation; however, the mechanism of
or without the presence of the cellular structure. that influence needs further elucidation. This is why samples
The most intriguing parts of Fig. 4 are in Fig. 4g and h. C80-Sul.5 and C106-Sul.5 are so importdifitese show
These two micrographs are of the two foams that were that the observed behavior is not strictly a direct function of
mechanically crushed. Fig. 4g shows that in sample C80-the surfactant but also of the presence of the cellular
Sul.5 the same morphology was developed as in samplemorphology All three samples shown in Fig. 5 that exhibit
Q100-Su0.0. This indicates that surfactant alone is not large-scale aggregation behavior were in the collapsed state
enough to prevent large-scale aggregation from occurring. when the urea precipitated. All three samples of Fig. 5 that

0.0 2.5 5.0
microns
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Fig. 7. (a) Small angle X-ray scattering data for foams of varying composition; (b) 3D correlation functions for four slabstock foams of vargigtsurfa
concentration; (c) small angle X-ray scattering data for two foams quenched from reaction at different times; (d) 3D correlation functionssfemdbed g
foams of varying surfactant concentration; (e) 3D correlation functions for two crushed foams of 1.5 surfactant pphp concentration; (f) coftpanisean
chord lengths for all the samples.

show a dispersed morphology still had a cellular morphol- plates. It can be said from all these micrographs that, with-
ogy at the point of urea precipitation. Why then is there not out cellular structure, high temperature is necessary to main-
large-scale aggregation observed in the micrographs oftain the dispersion of urea precipitate; however, with
SSu0.0 (Fig. 4a)? It is recalled that sample SSu0.0 is thecellular structure at the point of urea precipitation, thermal
only sample that collapsed which had a thermal history history is less important to the phase separation behavior at
more similar to a normal foam despite losing some heat in these scales. This raises the question of what influence does
the expulsion of gas upon collapse. This indicates the impor- quenching or cooling or spontaneously collapsing have on
tance of maintaining a high temperature until the gelation even lower scale morphology, and this will be examined
reaction adds enough stability to the system to prevent next.

large-scale aggregation from being induced by dramatic SAXS has been widely used in polyurethane foam
cooling. Such cooling may occur either by quench or by research [28] to follow phase separation behavior; however,
squeezing into a thin film between two unheated metal the laws of scattering and the wavelengths of X-rays only
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Fig. 7. continued

allow this technigue to examine scales smaller than what is functions shown in Fig. 7b. This is essentially a plot of
needed here for a complete analysis of phase behavior. Thighe probability that a rod of length has both of its ends
technique thus explores phase separation behavior on lengthin a domain of similar electron density [29]. Fig. 7b clearly
scales between TEM and WAXS. Fig. 7a—e show some shows that every completely reacted foam exhibits an inter-
representative SAXS data and the results of the correlationdomain spacing of 7.6 nm. Thus revealing that the surfac-
function analyses. One thing that this reveals is that all of tant concentration does not have a detectable influence on
the foams, including SHIEO, are microphase separated. Itthe interdomain spacing of the completely reacted foams.
can also be observed in Fig. 7a that the scattering intensity However, Fig. 7c shows the SAXS data for Q100-Su0.0
of SSu0.0 is much lower than that of the other completely and Q120-Su0.0 wherein it can be seen that the patterns are
reacted samples. This is suggestive of less microphaseclearly different although a definite shoulder position is
separation in the collapsed material. Taking the Fourier difficult to place. Fig. 7d shows the 3D correlation functions
transform of the scattering curves in the proper manner for all of the quenched materials, where it can be seen that
[29] can lead to the three-dimensional (3D) correlation the foams with surfactant appear to have nearly identical
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Fig. 7. (continued

distributions, both having most probable interdomain changes in surfactant concentration. However, another para-
distances of 6.5 nm. Without surfactant, however, quench- meter that can be obtained from SAXS, the mean chord
ing at 100 s changes the microphase separation behaviotength, does exhibit some systematic changes. This para-
significantly, developing an interdomain spacing of meter is interpreted to be the average size of the hard
7.6 nm. It is observed that the Q120-Su0.0, which had an domains throughout the sample [29]. This interpretation
additional 20 s in the high temperature reactive state, has aapplies to dispersed components, and it is strongly depen-
spacing of 6.9 nm, seeming to approach the spacing of thedent on the shape of each phase in the system [29]. For more
surfactant-containing quenched materials. It is also notedlamellar-like or sponge-like structures, the mean chord
that in Fig. 7e the crushed materials are seen to both havelength or inhomogeneity length characterizes the harmonic
interdomain distances of 7.5 nm. This confirms what is average of the chord lengths in each phase [29]. The results
observed in the TEM data: adding reaction time alters the of this analysis performed on each sample are shown in Fig.
phase separation behavior of these foams. 7f. The clearest thing observed is the subtle yet consistent
These results indicate that the most probable interdomainincrease in the mean chord length of the non-quenched
distance as revealed by SAXS is not strongly influenced by samples as the surfactant increases. It appears from Fig. 7f
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Fig. 8. Correlation of Fourier transform infrared spectroscopy and wide-angle X-ray scattering for polyurethane foams: (a) transmission rapeetfifiR
of PUA; (b) WAXS pattern of PUA; (c) transmission mode FTIR spectrum of PUSu; (d) WAXS pattern of PUSu; (e) attentuated total reflectance mode FTIR

spectrum of ShiEO; (f) WAXS pattern of ShiEO.
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2.25 temperature is maintained in the collapsed state (as shown
Degrees of in the micrographs of SSu0.0) only a subtle change in
Phase Offset micron-scale morphology is observed. These two apparently

15.0° disparate results may indicate that, at the molecular level, a

1.75 B lack of surfactant has had an effect. Such an effect may only

become readily observable at microscopic levels after the
system is kinetically jarred by something like a quench in
liquid nitrogen or by being mechanically crushed between

! L 0.0° two room temperature metal plates. If a molecular level

0.0 1.75 2.5 effect does indeed exist, it should be detectable by FTIR,
microns WAXS, and AFM.

The FTIR technique has been well established as a

Fig. 9. AFM phase image of SHIEO. method for evaluating the level of hard segment hydrogen

bonding in these materials. Although the WAXS studies on

that the mean chord length step jumps with the first incre- slabstock foams show that they are clearly not semi-crystal-
ment of surfactant added and is fairly stable after that, vary- line materials, it has been widely observed that a distinct
ing only slightly (increasing from 1.96 nm in SSu0.0 to scattering or diffraction peak occurs in the patterns corre-
2.50 nmin SSu0.3to 2.51 nmin SSul.5). This is significant sponding to ca. 4.7 Aspacing [1,2]. This peak has been
since SSu0.3 had the lowest surfactant concentration of anywidely attributed to ordering within the urea based hard
sample which maintained a cellular structure. So it appearsdomains or aggregates without full knowledge of the
from Fig. 7f that a mean chord length of ca. 2 nm may be exact source of its reflection. Fig. 8a—f show the correlation
expected in collapsed materials, and a length of ca. 2.5 nmthat exists between WAXS and FTIR for samples UPA,
may be expected in materials that have a cellular structure.UPSu, and SHIEO. It can be observed that in Fig. 8b, sample

Another systematic trend is that the chord length UPA, whichis a pure polyurea powder based on TDI 80, has
increases steadily the longer the foam is left at the high the many reflections expected of the highly crystalline
temperature reactive condition. For instance, the 0.0 surfac-powder. These reflections have been reported by other
tant pphp samples exhibit a 1.76 nm chord length when workers [2], and it is particularly noted that the strongest
quenched at 100 s, 1.81 nm if quenched at 120 s, and exhibitreflection is a doublet peak occurring at ca. 4.7TAe FTIR
a chord length of 1.96 nm if not quenched at all. By compar- spectrum shown in Fig. 8a reveals many absorbances, but
ing samples quenched at the same time, it also can beone of particular strength occurs ca. 1640 ¢necorrespond-
observed that in every case the sample with surfactant exhi-ing to the bidentate hydrogen bonding of the urea carbonyl
bits a longer chord length. For example, Q100-Su0.0 has agroup. Fig. 8c shows that the FTIR of sample UPSu still
chord length of 1.76 nm whereas sample Q100-Sul.5 isexhibits a strong ca. 1640 crh peak, indicating that the
spaced at 2.30 nm. This reveals a new pattern not observedurfactant has not altered the bidentate hydrogen bonding
in TEM: the presence of surfactant seems to facilitate either of the urea. The WAXS pattern of UPSu, however, shows
the growth of the hard segments themselves or the phasehat, even with only the surfactant present, the only remain-
separation process as the hard domains become larger.  ing periodic spacing in the sample is that which corresponds

These results show progressing structural development into the 4.7 Aordering. This clearly indicates that not only
terms of increasing mean chord length with increasing time does surfactant influence the way urea rich hard segments
until quenched or crushed. It is not surprising that a foam pack together, it only leaves one type of ordering at all, the
quenched from the reaction to liquid nitrogen temperatures 4.7 A spacing. Comparison of these figures thus give strong
would not achieve the same domain sizes that a fully devel- evidence that the 4.7 Apacing arises from the bidentate
oped foam has. However, it is especially interesting that a hydrogen bonding between urea linkages within the hard
sample that was crushed and not quenched, C80-Sul.5, hadomains.
a lower mean chord length (1.74 nm) than either C106- Final evidence of this attribution is given by sample
Sul.5 (2.64 nm) or SSul.5 (2.51 nm). This indicates that SHIEO in Fig. 8e and f. In the FTIR spectra of this high
being in the collapsed state prior to urea precipitation appar- ethylene oxide content foam, it is observed that the biden-
ently does alter the microphase morphology of the foams. tate hydrogen bonding is highly disrupted or decreased rela-
While this is additional evidence that the surfactant does not tive to the free urea peak at 1710 chFig. 9 shows an
play a direct role in the development of hard domain struc- AFM phase image of SHIEO to confirm along with the
ture, it does further suggest that development of cellular SAXS data that SHIEO does have a two-phase morphology;
structure has a strong influence on that process however, as the FTIR shows the hard domains have nearly

These results have shown that the lack of large surfaceno internal ordering within them. Therefore, as it is
area of a gas-liquid interface at the time of urea precipita- observed in the corresponding WAXS pattern that the
tion has a significant influence on solid state morphology 4.7 A reflection is dissipated and only a diffuse amorphous
in crushed and quenched materials. However, if high halo remains, it becomes apparent that observing the WAXS
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50 By studying the tan delta peak from DMA, as will be done
PR later for this study, it was shown that these two foams have
Phase Offset similar degrees of phase separation or polyol matrix purity
50.0° [5]. In Fig. 10d it is shown that by adding the crosslinking
agent diethanol amine (DEOA), the carbonyl region of the
FTIR spectra transforms similarly to that of the no surfac-
tant foam in Fig. 10a: the peak at 1710 chrises, the
absorbance at 1640 crhfalls, and the peak of hydrogen
SR e 0.0 0.0° bonding shifts toward 1650 cml. However, as can be seen
0.0 2.5 5.0 in Fig. 10e and f, the addition of DEOA completely disrupts
microns the 4.7 Areflection. This is in complete contrast to the effect
_ _ _ o of removing the surfactant, and it points out the importance
f':r:fr}]1;;3/;EI'V'u‘r’gt":;;"f‘g‘g;s"{niﬁ’;ls'zdreprese”ta“"e of a typical image of ysing both of these techniques in studying the hard
y v domains of polyurethane foams. Other studies by the
authors [15] has shown that DEOA resides within the hard
peak is a way of confirming that the bidentate hydrogen domains and disrupts the ordering there as observed by
bonding is present in the system and that the hard segmentSVAXS. Therefore observing hydrogen bonding via FTIR
are well ordered. alone is not sufficient to conclude that ordering exists within
The above knowledge is applied to the study of surfac- the hard domains. Likewise observing a 4.7eflection via
tants in Fig. 10. As Fig. 10a shows, removing all surfactant WAXS indicates bidentate hydrogen bonding and good
has a dramatic influence on the shape of the FTIR spectra inordering within the hard domains or urea aggregates, but
the carbonyl region. Three main differences are observed.is not sufficient to conclude that the highest level of phase
Two of these are that the level of bidentate hydrogen bond- separation has occurred as shown by FTIR or by the polyol
ing has decreased (the absorbance ca. 1640)cand the glass transition temperatur&hese techniques thus comple-
level of free or dissolved urea particles has increased (higherment one another in discerning the microphase separation
absorbance at 1710 ¢if). The other change is that the behavior of polyurethane foams. The way that DEOA alters
hydrogen bonding peak has actually shifted towards the composition of the hard segments precludes good
1650 cm * indicating an increasing degree of monodentate packing in hard domains even in the presence of good
hydrogen bonding. This indicates that the final solid polymer phase separation. However, the slabstock foam without
is without some of its strongest physical bonds. Itis interesting surfactant exhibits good hard domain ordering and its
to note that as shown in Fig. 10b and c, the 4.i&flection is FTIR behavior can only be explained as a reduced degree
still present in the WAXS. This indicates that within the hard of phase separation.
domains themselves, there is still significant bidentate packing Another method for examining the phase separation
present. Therefore, this suggests that the higher level of freebehavior of these systems is with the phase images of
urea and monodentate hydrogen bonded urea stems from mordFM. It should be emphasized that, as described in the
urea still being out in the matrix and not fully precipitated. methodology section, a “phase image” is a two-dimensional
To clarify this argument, data from two molded flexible (2D) plot of the phase lags or phase offsets recorded by the
polyurethane foams have been added as shown in Table linstrument as the tip interacts with the surface being studied.

25.0°

10¢
, Il
D
, il
s
0 | '
|
10°
10 Havelength C(pm/cycle) 0=
\ /l\

Wavelengths: 0.41 um/cycle 8.6 nm/cycle

Fig. 12. Power spectral density (Fourier transform analysis) of SSul.5 illustrating the two scale lengths (oa.a@d® ca. 8 nm) in the distribution of
wavelengths that characterize the distribution of domains with similar phase offsets in the surface.
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Fig. 13. (a) Representative section analysis of the phase image SSul.5 shown in Fig. 11; (b) maximal phase offsets for foams of various surfactant
concentration; (c) comparitive trends between the 1640'aabsorbance from FTIR and the maximal phase offsets of AFM tapping mode; (d) maximal
phase offsets for foams in various states (fully developed, quenched, or crushed); (e) I84sorbances from FTIR for foams of various states. This
demonstrates that the 1640 chabsorbance is consistent for each level of cure but cannot be used to explain the behavior of samples at different states shown

in Fig. 13d.

“Height images” are recorded simultaneously but because periodically occurring structure in the surface or levels of

the surfaces studied here have been cryotomed smooth theyphase offset induced by the tip-surface interactions. Fig. 11
are disregarded. Phase images of polymer systems can behows an AFM phase image of sample SSul.5 wherein the
used qualitatively to describe morphology, or they may be scale is oriented so that harder material is shown by larger
numerically examined to quantitatively characterize either phase offsets. Fig. 12 shows a Fourier transform analysis of
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Fig. 13. continued

the surface of sample SSul.5 called the power spectralprovide a systematic way to quantitatively characterize the
density. The transform utilized and further details of this micron scale aggregation behavior often observed in
analysis with examples are available in Ref. [30]. Basically, slabstock systems. Also, the smaller maximum appears to
how often a phase offset occurs can be characterized incorrelate with the interdomain distances typically observed
terms of a wavelength, and Fig. 12 shows the distributions in these materials via SAXS. A similar correspondence
of the different wavelengths that occur throughout the between SAXS and AFM was recently reported in other
image. Thus the most often recurring wavelengths are materials by McLean and Sauer [26]. For flexible polyur-
shown as peaks in the distribution and provide a way to ethane foams this suggests that AFM is probing the scale
find important structural parameters in the surface. It is lengths of the hard domains; therefore, following phase
worth pointing out that every slabstock sample examined offsets may be a way to characterize and detect alterations
with this technique exhibited peaks at two scale lengths in in the mechanical properties of the hard domains
its distribution, a major one at ca. 1.0—@B and a much themselves.

smaller one at ca. 8—10 nm. This signals that AFM may Evaluation of the relative hardness of the urea-rich
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Fig. 13. continued

regions was accomplished by averaging the maximal phasehydrogen bonding alone as shown by FTIR cannot comple-
offsets from several scans for every sample. Fig. 13a showstely explain the trends of maximal phase offsets. This is
a section analysis for the phase image of Fig. 11, which shown in Fig. 13e. Within a given state (e.g. non-quenched,
shows how the hardness varies along a line drawn acrosgquenched, or crushed) increasing amounts of bidentate
the inserted figure. This provides a way to measure the hydrogen bonding are observed as surfactant concentration
maximal phase offset at many places on the surface. Forincreases. However, comparisons across the various states
the SSu series, as shown in Fig. 13b, above surfactantshow opposite trends to those observed in Fig. 13d. Q120-
concentrations of 1.5 pphp, the average relative hardnessSu0.0 has more bidentate hydrogen bonding than SSu0.0,
does not increase. This indicates that the surfactant helpsand Q100-Su0.0 has more than Q120-Su0.0. This demon-
the urea precipitates to achieve their hardest state, but thestrates that while the increasing relative hardness shown by
surfactant does not itself add hardness. Below 1.5 pphp, thisAFM is related to bidentate hydrogen bonding, these physi-
relative hardness is seen to be dropping off with decreasingcal bonds cannot completely explain the behavior. Based on
surfactant concentration. This region is examined in more Fig. 7f, it is thus hypothesized that the increased size (i.e.
detail in Fig. 13c. Here it is observed that the increasing mean chord lengths) of the hard domains in addition to their
maximal phase offset matches the earlier trend of increasingincreased level of hydrogen bonding leads to what is
the 1640 cm® normalized peak FTIR absorbance. This observed via AFM as higher relative hardness.
matches the increasing relative hardness to increasing the These AFM results are consistent with themselves and are
content of the strongest type of hydrogen bonding. It is also also well aligned with the data from the other structural
noted that the outlier from the trend of increasing the analysis methods. Together, they indicate that the surfactant
1640 cm * absorbance, foam SSu0.75, is also an outlier level has an effect on the development of the foam morphol-
from the trend of increasing phase offset. That helps to ogy at every level. Further evidence of this comes from
confirm the correlation between the two techniques that thermal analysis via DSC and DMA. Fig. 14a shows the
ordering in the hard domains or urea aggregates relatestan delta plot from DMA. This shows that without surfac-
directly to their hardness which leads to the higher phasetant, the polyol has a distinctly high&g, indicating much
offset observed on the AFM. Finally, in Fig. 13d, the results more dissolved polyurea in the polyol. With surfactant,
of the collapsed and quenched samples are added. Here it ifowever, the glass transition occurs a few degrees lower,
seen that the same increase in relative hardness with surfacindicating a purer polyol and better phase separation. This is
tant addition is observed in the quenched samples. It is alsoalso shown in that the tan delta peak height of SSu0.0 is
noted that the additional 20 s of reaction time increases thesignificantly higher than the other peaks, which indicates
relative hardness towards that of the completely reactedthat more “stiff” hard segment material is distributed
foams. It is also noted that the foam which was mechani- throughout the polyol matrix [19]. Further, as shown in
cally compressed at 80 s has lower offset than the sameFig. 14b, both quenching and mechanical crushing disrupts
surfactant level quenched at 100 s. Further, it is observedthe process of phase separation. This is also exhibited in Fig.
that the foam crushed after urea precipitation has a relative14c. These figures show that surfactant concentration does
domain hardness near the same level as that of the finalnot directly control the degree of phase separation. The rise
foam. in the tan delta peak heights in moving from 100 to 120 s of
It is important to point out that the level of bidentate quench shows that quenching the foam freezes some of the
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Fig. 14. Tan delta from DMS for: (a) samples of various surfactant concentrations; (b) samples with 1.5 surfactant pphp concentration attkfefehadit

samples that collapsed spontaneously, were quenched, or were crushed.
polyurea out in the polyol matrix and prevents less complete (—51°C). This indicates that remaining at the high tempera-
phase separation. These figures also show that mechanicalre of the reactive state (ca. T&) throughout the curing
collapse or spontaneous collapse has similar effects. Thesef the material while still in the presence of the cellular
trends were confirmed by DSC, but that data is not presentedstructure are important to the precipitation of the polyurea.
here. This important data further indicates that the processThe data also shows that comparing the relative heights of
of bubble growth or the presence of large gas—liquid inter- the tan delta peak may be a more effective way of evaluating

facial area may well play an important role in the process of mobility in the polyol phase. It is also worth pointing out
that it is not assumed that the polyol is completely free of

phase separation.
The tard behavior of these systems points out that for dissolved hard segments even in SSul.5; as it is known that

these flexible polyurethane foam systems, a difference in thesome low molecular weight hard segment material does
location of the tan delta peak may not necessarily mean asform, some of that is probably still dissolved in the matrix.
much as the relative peak height. Every foam that was Thus a higher glass transition indicates a lower polyol purity
quenched or that collapsed has the same peak location haselative to that which is achieved by the fully cured

shown in Fig. 14c. Even C106-Sul.5 has a glass transition atslabstock systems.
—46°C which is significantly higher than that of SSul.5 This study has so far shown that surfactant concentration
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Fig. 14. continued

has an influence on the degree of phase separation and phase A second source may be that the growth process of the
ordering in the foams. This is thought to occur as a bubbles in the mixture induces flow from the lamellae
secondary effect. The presence of the surfactant primarily between bubbles (soon to be windows) into the plateau
stabilizes gas bubbles and the nascent cellular structure, thudorders (becoming cell struts). The mixing that would
incorporating a large surface area of the high energy liquid— occur during the draining fluid flow might assist in promot-
gas interface throughout the reactive mixture. ing the organization of hard domains or urea aggregates.
The secondary effect may arise from some combination Given the high viscosity of the liquid at this point in the
of two sources. One source may be a preferential ordering atgelation reaction, it is not suggested that the kind of mixing
the interface of one component in the reactive mixture. The due to turbulent flow occurs at this point. However, the
importance of that ordering would become of greater signif- laminar flow that probably occurs would allow the polyurea
icance as the windows grow thinner, gaining surface areain each layer further away from the gas—Iliquid interface to
and losing material between interfaces. This ordering at the aggregate to developing precipitates. Without this addi-
interface might thus enhance the process of phase separatiotional flow, molecular diffusion may be too slow to allow
during bubble growth. A corollary to this would simply be the precipitates to completely form and it may slow the
the presence of that large interfacial area at the time of ureaprogress of the gelation reaction. This second hypothesis
precipitation. As the hard domains begin to organize, having would explain the urea aggregation behavior observed
the interface present may promote phase separation and thearlier in Figs. 4c, g, 5a, ¢, and e.
dispersion of the hard domains. It is known from other = DMA also provides a look at the stiffness behavior of
systems that amphiphilic particles form at oil/water inter- these foams. By normalizing the storage modulus t& 3
faces, so a mechanism for this behavior suggests itself. If the10° Pa in the glassy region, the density variations between
surfactant molecules prefer to arrange themselves on thesamples due to cellular structure are removed [14,19]. The
gas/liquid interface, their polyether block could, through results of this are shown in Fig. 15a, and it is seen that,
hydrogen bonding, associate with the developing hard without surfactant and without internal urea domain order-
segments. These anisotropic particles might then serve asng, sample SSu0.0 has a much broader glass transition and
seeds for further polyurea precipitation. When that interface a softer modulus in the rubbery region. These two observa-
is unavailable (as in C80-Sul.5), surfactant molecules maytions support the hypothesis that lack of surfactant ulti-
associate into micelles in the fluid, inducing aggregation at mately results in more dissolved urea and less internal
their surfaces. Thus, without the presence of the gas/liquid organization within the hard domains. Fig. 15b shows the
interface, it is possible that the urea balls aggregate to sizesstorage moduli for all materials at 1.5 surfactant pphp. This
at which associations between them can occur, leading toshows that the crushed materials have very similar proper-
the similarities in storage moduli for samples like SSu0.0 ties to the SSu0.0 material, indicating again the importance
and C80-Sul.5 in Fig. 15c. This might explain how the of maintaining a cellular structure to properties. This is
aggregation behavior observed in Fig. 2 relates to the further demonstrated by the quenched materials in that
properties observed in the DMA. figure that show similar behavior to SSul.5. Recalling that
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Fig. 15. Storage modulus from DMS for: (a) samples of various surfactant concentrations; (b) samples with 1.5 surfactant pphp concentrationstatiffe
(c) all samples that collapsed spontaneously, were quenched, or were crushed.

these foams were quenched in liquid nitrogen and then influence on the degree of phase separation and hard domain

allowed to warm to room temperature, that is, they pass ordering in flexible polyurethane foams. This is thought to
through the glass transition of the polyol, it is concluded occur as a secondary effect, where the presence of the
that precipitation of the existing urea groups occurred in the surfactant primarily stabilizes gas bubbles and the cellular
presence of a cellular morphology. Bringing even more structure during the urea precipitation. The secondary effect
confirmation to this is Fig. 15c, which shows that all of is suggested to be a combination of ordering at the gas—

the materials which collapsed have similar properties in liquid interface and the influence of increased mixing due
showing softer rubbery moduli and broader glass transitionsto cell growth, leading to the observed higher degrees of
than any material that maintained a cellular structure. phase separation and higher concentrations of hard domains
organized via hydrogen bonding. These conclusions apply

to foam and collapsed materials, which experience typical

5. Conclusions thermal histories. Without the presence of the cellular struc-

ture at the time of urea precipitation, foams both with and

This study has shown that surfactant concentration has anwithout surfactant were observed to develop large urea
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Fig. 15. continued
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