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ABSTRACT: Foam stability and segmented polymeric phase morphology of polyurethane foams synthesized partially and completely
from castor oil are investigated. Preliminary analysis of the impact of alterations in the polymeric phase on macroscopic stress dissi-
pation in foams is also carried out. The stability and morphology show unique trends depending on the concentration of castor oil
used in foam synthesis. While low and intermediate concentrations of castor oil does not significantly affect the foaming process; at
high concentrations, the volumetrically expanding liquid matrix remains in a nonequilibrium state during the entire foaming period,
resulting in significant foam decay from top. This increases the final foam cell density and decreases the plateau border thickness at
bottom. In the polymeric phase of castor oil based foams, the fraction of monodentate urea increases at the cost of non-hydrogen
bonded urea. These monodentate urea domains undergo flocculation in foams synthesized completely from castor oil, thus promi-
nently modifying the segmented morphology. The glass transition temperature of soft segments of partially substituted foams shows
moderate increase, with indications of phase mixing between the polyether and castor oil generated urethane domains. Foams synthe-
sized entirely from castor oil have significant sol fraction due to unreacted oligomers. The microscopic alterations in polymeric phase
reduce the elastic recovery of partially substituted castor oil foams compared to its viscous dissipation under an applied stress. © 2014
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INTRODUCTION

Foams are the largest used polyurethane product with wide appli-
cations traditionally in automobile, furniture, packaging, con-
struction, thermal insulation, footwear, and biomedical realms.’
Newer applications such as removal of oil from water, in which
nanoscopically modified foams could be used are recently
reported.” In flexible polyurethane foams, the microscopic foam
morphological units are pneumatically connected to each other
by a segmented polymeric phase, constituting an “open cell”
structure. They are synthesized by a reactive foaming process, in
which two reactions viz. polymerization and foaming, occur
simultaneously. Renewable resources such as vegetable oil are fast
replacing the conventional fossil fuel derived oligomers in polyur-
ethane synthesis.>'® Castor oil is a major candidate in these
replacement efforts, due to its inherent advantages over other veg-
etable oils. The major content of the triglyceride fatty acid residue
of castor oil is ricinoleic acid. Ricinoleic acid has inherent
hydroxyl groups in their parent hydrocarbon chain due to which
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the need to introduce hydroxyl groups can be avoided or at least
minimize.* Moreover, the nonedible nature of castor oil does not
affect food security.

A brief survey of the literature on polyurethane foam synthesis
from castor oil follows. Some early reports indicate the use of cas-
tor oil in making thermally insulating rigid polyurethane
foams.'*! Castor oil modified with maleic anhydride was used
to synthesize biodegradable foams.** Diethanol amides of castor
oil are reported to be used for water blown polyurethane foams.*?
Castor oil modified by double metal cyanide catalysis shows
promises of commercial use.** Viscoelastic foams derived by par-
tial replacement shows the same glass transition temperature,
higher tensile and tear strengths compared to conventional
foams.*® Castor-oil substituted partially in the synthesis of flexible
polyurethane foam resulted in an increase in density and hardness
index, but a decrease in tensile strength and elongation.”® The
increased efforts to synthesize polyurethane foams of good quality
and performance from castor oil are indicated by the rapid
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increase in the literature in the recent times. However, a detailed
and fundamental understanding on foaming dynamics and stabil-
ity as well as the microstructure of the segmented polymeric
phase are not available. Such knowledge is essential to make stable
foams with tailored properties for various uses and also achieve
the goal of complete replacement of fossil fuel derived oligomers.
This article investigates these evolutions in flexible polyurethane
foams synthesized partially and completely from castor oil. The
impact of changes in polymer morphology on foam stress dissipa-
tion under an applied load is additionally analyzed. For this, a
series of foams from a conventional polyol, its blend with castor
oil and finally pure castor oil, were synthesized. This was facili-
tated by a gradual replacement of a commercially used polyether
polyol by castor oil.

MATERIALS AND METHODS

Materials

Hydroxyl oligomer with a polyether backbone (polypropylene gly-
col based, Konix FA 505, KPX Chemicals, S. Korea) having approx-
imate functionality, hydroxyl value and molecular weight of 3.0, 35
mg KOH/g polyol, and 4700, respectively and isocyanate (oligo-
meric 4,4 diphenyl methane diisocyanate, Suprasec 6456, Hunts-
man, NCO content: 30.4%) were used. Castor oil used (Loba
Chemie) had an approximate functionality of 2.7, hydroxyl value
of 163 mg KOH/g oil and molecular weight of 930. Foaming agents
used contained a surfactant (Tegostab 8734 LE Evonik), catalysts
that include bis(2-dimethylaminoethyl)ether (Niax Al, Momen-
tive), diethanolamine (Sigma-Aldrich) and a mixture of triethyle-
nediamine and dipropyleneglycol (Dabco 33LV, Air Products).
Distilled water was used as the foaming agent.

Foaming

The polyol component was prepared by adding the hydroxyl
oligomer (93.3 parts by weight (pbw)), distilled water (4.2
pbw), catalyst blend (NIAX Al = 0.1 pbw, diethanolamine = 0.3
pbw, Dabco 33 LV = 0.35 pbw) and surfactant (0.5 pbw) into a
paper cup of volume 600 mL. The blend was homogenized with
a high speed stirrer (RQ-122, Remi) at an approximate speed of
3000 rpm. Following that, the isocyanate oligomer was added to
the blend in the ratio 65:100 and stirred at a high speed of 4000
rpm for 15 s. The foam was allowed to expand freely and was
kept for curing at room temperature. For synthesizing castor oil
based foams, progressive replacement of polyether polyol with
castor oil was conducted. To observe the effect of transient
development of liquid matrix modulus on foam stability,
delayed foaming experiments were also conducted. To execute
this, the foaming reaction was preferentially delayed vis a vis
polymerization. Polyol blend that is devoid of water was stirred
with isocyanate and while the polymerizing reaction was pro-
ceeding, distilled water was added after specific short time (dur-
ing the pregel period) and stirred again. For making foams
suitable for load bearing properties, the reacting mixture was
poured into a preheated (45°C) mold of size 380 X 380 X 75
cm’. The mold was closed quickly and the foam was removed
after at least 5 min. Foams synthesized completely from poly-
ether polyol and castor oil are designated as P-PUF and C-PUF,
respectively and those from blends are designated as xCP-PUF,
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where “x” indicates the weight fraction of castor oil in the
hydroxyl component.

Characterizations

The steady shear rheology of hydroxyl components and the
development of viscoelasticity of nonfoaming system were car-
ried out by a Rheometer (Anton Paar Physica MCR 301). For
linear viscoelasticity measurements of a nonfoaming system,
after stirring the polyol blend (without water) with isocyanate,
the polymerizing liquid was immediately injected between the
parallel plates of the Rheometer. The in situ development of
storage and loss moduli was monitored by small strain oscilla-
tory time sweep experiments at constant frequency. The micro-
scopic foam morphology was imaged by scanning electron
microscopy (JEOL JSM 5800). Samples of size 5 X 10 X 2
mm’ were cut from foam buns at a height of 5 cm from the
bottom. Imaging was done in a direction normal to the foam
rise. Foams, whose height was <5 cm were designated as col-
lapsed/unstable and were not imaged. The cell number density
(CND) and mean strut thickness (MST) was calculated from
scanning electron micrographs, using image analysis software
(Image]) by a method described elsewhere.”” The sol fraction in
the polymeric phase was estimated by solvent extraction. The
dried samples were immersed in dimethyl formamide for a
period of 3 days. The samples were then kept in a vacuum oven
at 80°C for 2 days. The sol fraction was calculated based on the
difference in weight. Fourier transform infrared spectrometer
(Spectrum 100, Perkin Elmer) was used to collect infrared spec-
tra of foam samples. The deconvolution of the spectra was con-
ducted by a software (MagicPlot). The glass transition in
polymeric phase was estimated by measuring the dissipation
factor (tan 0) of the foam samples using a dynamic mechanical
analyzer (Gabo, Eplexor 100 N) over a temperature range of
—80 to 50°C at a frequency of 1 Hz, a ramp rate of 3°C min ™'
and an initial strain of 0.2%. The segmented polymeric phase of
the foam was analyzed by atomic force microscope. Because a
porous foam sample cannot be used in force microscopy, films
suitable for AFM imaging from a foaming liquid is prepared
using a “collapsed foam” technique described elsewhere.”® Phase
imaging of these films were conducted by tapping mode atomic
force microscope (Agilent technologies, Model 5100). The poly-
meric phase was further analyzed by small angle neutron scat-
tering. The wavelength of mean incident radiation was 5.2 A
with AJ/A=15%. The range of scattering vector (Q) was
between 0.017 and 0.35 A~ ', The scattering data were corrected
for the background, the empty cell contributions, transmission
and were placed on an absolute scale using standard protocols.
Analysis of the scattering data was carried out by considering
the corrections due to instrument smearing. The load bearing
capacity of molded foams that are cured for 2 days are carried
out by a universal testing machine (Instron 3365) using a paral-
lel plate indenter (ISO 2439).

RESULTS AND DISCUSSIONS

Foam Stability

The stability of a reactively foamed polymer is a complex function
of several parameters including transient viscosity buildup, the
competition between polymerization and foaming (volume
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Figure 1. (a) Steady shear rheology of hydroxyl components: (b) viscoelastic developments during polymerization of a nonfoaming system. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

expansion) reactions, bubble growth, bubble coalescence etc. We
analyze the foam stability by a combined investigation of viscosity
of hydroxyl component, in situ development of viscoelasticity of
non-foaming system, delayed foaming experiments, final foam
height, plateau border (strut) thickness and foam cell density.

Figure 1(a) shows the steady shear rheology of pure polyether
polyol, castor oil and their blends. All hydroxyl components
are Newtonian in behavior, showing negligible variation of vis-
cosity with shear rate. However, the constant Newtonian vis-
cosity of pure castor oil is significantly less (9poyeth.polyol/
Heastor.oil = 2.3). The viscosity of the blends decreases with
increasing concentration of castor oil. Figure 1(b) shows the
transient development of viscoelastic moduli of a non-foaming
system. The gelation of the polymerizing network as indicated
by the adiabatic gel time at which there is no equilibrium
modulus is sharply defined (at ~60 s) in the case of pure pol-
yether polyol. The time required for completion of gelation
increases with increasing concentration of castor oil. The rate
of development of storage and loss modulus shows substantial
reduction when pure castor oil is used. The gelation is only
partially complete, even at very high time duration. This indi-
cates insufficient molecular weight buildup and crosslinking
during the period of foaming. While the transient viscoelastic
development of a nonfoaming network is used here for analyz-
ing foam stability, caution is necessary. Under nonfoaming
condition (in which the water-isocyanate reaction is absent)
the phase behavior of the liquid matrix under rheological
investigation may be different from that of a foaming liquid.
This is due to the absence of carbamic acid that is a product
of the reaction of water with isocyanate functional groups.
Hence, the viscoelastic developments of a non-foaming net-
work should only be considered as qualitatively indicative, but
not exactly replicating the rheological behavior of a foaming
system. However, this technique is useful as the shear rheologi-
cal investigation of a foaming mixture can lead to erroneous
results due to the nucleation of gas bubbles.
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The height of the free rise foams gives a visual indication of the
relative foam stability. For concentrations within 25% of castor
oil, the foam height shows negligible change compared to con-
ventional foams. However beyond this, the height starts decreas-
ing. A substantial reduction in foam height indicates foam
decay due to increasing bubble coalescence and rupture at the
top of the foam bun. Figure 2 shows the scanning electron
micrographs of foam specimens removed from a constant
height (5 cm) from the bottom. The estimated cell number den-
sities and mean strut thickness are shown in bracket. The cell
density of 50CP-PUF is 84% higher compared to that of P-PUE.
The rapid foam decay and closer packing of cells at high con-
centrations of castor oil can very well be correlated with the
rheological behavior. As described above, a high concentration
of castor oil in the hydroxyl component results in low initial
viscosity of the reacting components and a rapid decrease in the
rate of development of foaming matrix modulus. The water-
isocyanate foaming reaction is first order.”**® Because the rate
of this reaction depends only on the concentration of water
which is the limiting reagent, the foaming reaction becomes
faster in comparison to that of polymerization. Faster volumet-
ric expansion of the liquid matrix having insufficient modulus
causes high rate of foam drainage and lamellar thinning, result-
ing in bubble coalescence and rupture. The low rate of develop-
ment of storage modulus mainly affects the elastic strength of
the Plateau borders that are formed by the intersection of three
bubbles. These Plateau borders, after gelation, become the struc-
tural support to foam. The increased liquid drainage as a result
of low viscosity buildup at high castor oil content is also clearly
manifested by the 36% reduction in the mean Plateau border
(strut) thickness in 50CP-PUF compared to P-PUE. At the top
of the foam, the bubble volume is higher and the liquid volume
fraction is lesser as compared to the bottom. This is due to
increased gas diffusion and liquid drainage respectively.”' These
effects combined together, lead to foam decay from the top,
resulting in decrease in final height. This, in turn results in cell
units getting closely packed in a reduced volume, increasing the
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Figure 2. Scanning electron micrographs of foams: (a) P-PUF (CND =3.1 X 10" em 3, MST = 53.2 um); (b) 25CP-PUF (CND =4.2 X 10" ¢m 3,
MST =56.5 um); (c) 50CP-PUF (CND =5.7 X 10" cm™>. MST =33.1 um); (d) 25CP-PUF (delayed foaming, CND =3.4 X 10' cm™>, MST = 52
um); (e) 50CP-PUF (delayed foaming, CND = 4.4 X 10" cm ™3, MST = 50.1 um). CND is cell number density and MST stands for mean strut thickness.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cell number density. We investigate this further by delayed
foaming experiments. Here, the foaming reaction is started at a
later time equal to 1/3rd of the gel time that is determined
from Figure 2(b). It was possible to increase the final height of
the foam bun and hence decrease the foam decay. Figure 2(d,e)
shows the cellular morphology of foams obtained by delayed
foaming. In stark contrast to the morphology of 50CP-PUF
made by normal foaming process, the cell number density of
same foams made by delayed foaming [Figure 2(e)] is closely
similar to that of P-PUF [Figure 2(a)]. The mean strut thickness
in these foams is also closely similar to that of P-PUF. Hence,
when foaming is started at a time, when sufficient moduli are
developed, the foam stability is considerably enhanced.
Although with delayed foaming, it was possible to enhance the
stability and final foam height at relatively high concentrations
of castor oil, foams made from 100% castor oil were still unsta-
ble and collapsed.

Polymeric Phase

Segmented Morphology. The thermodynamic segmentation of
hard and soft blocks during urethane formation has significant
influence on foam properties.”> Figure 3 shows the partial
FTIR spectra of the foam samples in the wave number region
1600-1800 cm ™' (carbonyl stretching). The pertinent band
assignments related to various species in a polyurethane net-
work are described in the literature.’*® Multiple absorption
bands are observed, reflecting the hydrogen bonding between
different species. The concentration of bidentate or ordered
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urea groups is observed to be nominal in all the cases. This is a
significant observation as presence of sizeable fraction of
ordered or bidentate urea has been reported for similar polyol
based foams synthesized from asymmetric toluenediisocyanate.”®
The lack of structural order in the present case with symmetric
MDI is most likely of kinetic origin. For the urea domain to
self assemble in an ordered fashion by hydrogen bonding, the

Free Urethane

H-Bonded Urethane
Ester Carbonyl H-Bonded Urea

FigeUrea Monodentate)

Absorbance (a.u)

(s
1775 1750 1725 1700 1675 1650 1625 1600 1575 1550

Wavenumber (cm”)

Figure 3. FTIR spectra of foams in the carbonyl stretching region: ((a) P-
PUF; (b) 25CP-PUF; (c) 50CP-PUF; (d) C-PUF). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Atomic force micrographs of films made from a foaming
mixture: (a) P-PUE (b) 50CP-PUF and (c) C-PUE [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 5. Neutron scattering traces from foams. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

phase separation should take place before the gelation of the
network.” It is a well known fact that the reactivity of MDI
with hydroxyl groups is much higher than that of TDI. A faster
reaction can hence prevent the formation of bidentate urea. It is
very interesting to note that while the band intensities pertain-
ing to monodentate urea increases with castor oil concentration,
those related to free urea (nonhydrogen bonded) decreases,
finally disappearing in the case of C-PUF. This clearly indicates
an increase in the concentration of hydrogen bonded monoden-
tate urea domain with castor oil substitution.

We now do extended analysis of the segmented morphology by
SANS and AFM. Figure 4 shows the atomic force micrographs
of films made from a foaming mixture and Figure 5, the neu-
tron scattering traces from foams. The separate domains can be
visualized from AFM images based on an established interpreta-
tion of modulus-sensitive phase images obtained by light tap-
ping, where the lighter color portions are assigned to the high
modulus hard domains and the darker phase to the soft
matrix.?**® Foams made from pure polyether polyol (P-PUF)
shows smaller discrete domains [Figure 4(a)]. In stark contrast,
the hard domains in C-PUF show a continuous lamella like
structure [Figure 4(c)]. In the case of foams made from blends,
an intermediate structure is observed. The discrete domains that
were seen in the case of P-PUF are observed to be tending to
assemble [Figure 4(b)]. This results in the existence of partially
discrete domains with nearly spherical shapes with the rest
tending to develop a continuous structure. The SANS traces of
foams synthesized from pure polyether polyol show a distinct
correlation peak, corresponding to a scattering vector of ~0.08
A1, The intensity of the peak is substantially lower (appearing
as a shoulder) in the case of 50CP-PUF. C-PUF does not show
such correlation or scattering maxima and is evident from the
absence of any discernible peak. The observation of a distinct
peak in the case of P-PUF indicates the existence of scattering
moieties having well defined geometric identities and are sepa-
rated in space. The distance of separation between the scattering
blocks can be determined as d= 27m/Q.., Where Quax is the
value of Q at which I(Q) is maximum. This value (interdomain
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Figure 6. (a) Residual isocyanate in polymeric phase of foams: ((i) P-
PUF; (ii) 25CP-PUF; (iii) 50CP-PUF; (iv) C-PUF; (v) C-PUF with NCO
index at 100); (b) sol fraction in polymeric phase as a function of castor
oil concentration in hydroxyl component: (¢) dynamic mechanical analysis
of foams. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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spacing) in P-PUF is ~11.8 nm. The diffused, shoulder like
peak seen in the case of 50CP-PUF indicates that the fraction of
scattering domains that are separated is very low. The increase
in the size of domains in 50CP-PUF is most probably due to
the onset of coalescence of smaller discrete domains. Analyzing
the observations from FTIR spectra together with AFM and
SANS results, it is clear that the increase in castor oil concentra-
tion in the hydroxyl component results in the assembly of
monodentate urea domains. The assembly becomes complete in
the case of pure castor oil foams with the hard domains making
a connected cluster in the continuous lamellar soft matrix.

Residual Oligomers, Sol Fraction, and Soft Domain Glass
Transition Temperature. Figure 6(a) shows the FTIR spectra, in
which the antisymmetric isocyanate stretching bands of foams are
featured while in Figure 6(b) the sol fractions in the polymeric
phase of the foam are shown. The areas of the peaks obtained
after deconvolution of the spectra in Figure 6(a) are insignificant
for P-PUF, and are small for 25CP-PUF (0.8) and 50CP-PUF
(0.8), respectively. The estimated peak area for C-PUF is very
high at 4.2. Foams made from pure polyether polyol have <6% of
extractable content [Figure 6(b)], indicating very high network
connectivity in the polymeric phase. The sol fraction in the poly-
meric phase of C-PUF is very high at around 66%, while on
heated curing (post foaming) it reduces to around 36% [Figure
6(b)]. This futher reduction in sol fraction is due to reaction
among residual oligomers, thereby enhancing the crosslink net-
work at a later stage.

Figure 6(c) shows the dynamic mechanical behavior of the
foams under a temperature ramp. The pure polyether polyol
derived foam shows a tan ¢ peak at —53°C with a peak inten-
sity of 0.83 (peak height), attributed to the T, of the soft
domain. For 50CP-PUE, the tan ¢ peak height decreases by 30%
and the peak position shifts by 13°C. It would be worth analyz-
ing the trends in T, along with sol fraction and residual oligo-
meric fraction. Pure polyether polyol has a low hydroxyl value
and high molecular weight (35 and 4700, respectively), whereas
castor oil has high hydroxyl value (~163) and lower molecular
weight (930). As a result, the chain length between two adjacent
hydroxyl groups in castor oil is much lesser than that of poly-
ether polyol. This should have facilitated the development of an
extended network in the soft urethane phase derived from cas-
tor oil. The increase observed in T, of partially substituted
foams is due to this. The fact that these foams show a single T,
with much broader peak indicates considerable phase mixing
between the soft domains generated from polyether polyol and
castor oil. Going by the aforementioned argument, the use of
pure castor oil should have facilitated the highest crosslink den-
sity and lowest concentration of loose macromolecules by
means of an extended network in the polymeric phase. How-
ever, the sol fraction, in C-PUF shows an apparently contradict-
ing trend and is the highest among all. It is also pertinent to
note that due to the high sol fraction, DMA measurements
could not be carried on C-PUF, as the foam collapsed under a
dynamic ramp. Hence, the only plausible reason for highest sol
fraction in C-PUF is due to the presence of unreacted oligomers
and not due to non-network forming macromolecules. This is
also clear from the high residual isocyanate content in C-PUF
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Table 1. Macroscopic Foam Stress Dissipation

Properties P-PUF  25CP-PUF
Foam density (kg m~3) 48.4 48.3
Indentation force deflection (25%, kgf) 22.7 13.7
Indentation force deflection (40%, kgf) 34.6 21.0
Indentation force deflection (65%, kgf)  74.0 457

[Figure 6(a)]. This leads to the conclusion that the fractional
conversion of castor oil during the reaction with isocyanate is
less than unity. Thus, a significant volume of unreacted castor
oil and isocyanate is present in C-PUF. The most probable rea-
son for such less reactivity is due to the secondary nature of the
hydroxyl component as well as the steric effects of the dangling
chain that extends beyond the hydroxyl functional.*

Stoichiometric Matching of Hydroxyl to Isocyanate Groups.
Finally, the effect of stoichiometry between hydroxyl and isocya-
nate functional groups would be worth exploring. It is very
important to note that the foams described above were synthe-
sized by keeping the weight ratio of isocyanate to hydroxyl com-
ponent a constant at 65 : 100. This gives an isocyanate index of
~100 in the case of pure polyether polyol, indicating a 1 : 1
molar balance between —NCO and —OH groups. Because the
hydroxyl value of castor oil is much higher, the increasing con-
centration of castor oil will decrease the isocyanate index for a
constant weight fraction of oligomeric MDI. Based on this, the
isocyanate indexes calculated for 25, 50, and 100% castor oil
substituted foaming are ~91, 80, and 68, respectively. Thus,
with increase in castor oil concentration, the stoichiometry
NCO/OH becomes lesser than unity creating excess hydroxyl
groups. As discussed above, due to the lesser reactivity of castor
oil, there is always some residual amount of oligomers in foams
synthesized from hydroxyl component having castor oil present
in it. However, the deficiency of isocyanate moieties becomes
acute in the case of foam synthesis with castor oil, where the
isocyanate index is substantially low at 68. To see the effect of
keeping the molar ratio between hydroxyl and isocyanate groups
a constant, we have also synthesized foams from pure castor oil
by keeping the isocyanate index at 100. This required increasing
the weight of isocyanate used. Similar to foams made from pure
castor oil with lesser isocyanate index, these foams were also
unstable and collapsed. Because of the lack of foam structural
integrity, mechanical testing and DMA could not be carried out
on these foams. However, we measured the residual isocyanate
and sol-fraction. The residual isocyanate is additionally shown
in spectra no. v of Figure 6(a). Compared to the spectra no. iv
of the same figure, which shows the residual isocyanate content
of C-PUF made from an index of 68, the peak area shows sub-
stantial increase. This indicates that the effect of matching the
molar ratio between the hydroxyl and isocyanate is an increase
in residual isocyanate content. This increase in unconsumed iso-
cyanate is obviously due to the less reactivity of hydroxyl groups
of castor oil with —NCO groups. The sol fraction in C-PUF
synthesized with an isocyanate index of 100 is found to be 14.9.
This value is much lesser than for C-PUF synthesized from an
isocyanate index of 68. This shows that as more isocyanate moi-
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eties are available for reacting with hydroxyl group, more castor
oil gets consumed. However, the fact that the resultant foams
were collapsed shows that sufficient conversion is still not
achieved during the foaming period. This creates a lack of gel
strength which adversely affects the foam stability. The addi-
tional conversion as shown by the decrease in sol-fraction most
likely occurs in the post foaming period.

Macroscopic Stress Dissipation

The rate of network formation and phase separation in polyur-
ethanes has significant bearing on the foam macroscopic prop-
erties.'’ The load bearing capacity of foam is a complex
function of foam cellular and polymer phase morphologies. The
bulk properties of solid foams are listed in Table I. Foams tested
were molded to a constant overall density for comparison. Con-
fined foaming with constant density ensures the molded foam
cell morphology to be fairly uniform so that the bulk properties
could be compared to the changes in polymer phase morphol-
ogy. Beyond 25% of castor oil, the foams started showing inter-
nal defects so that the cellular morphology is no longer uniform
and hence comparison of properties as a function of polymer
phase morphology becomes difficult. The indentation force
deflection at all levels of deflection for 25CP-PUF shows an
approximate decrease of 39% compared to C-PUFE. Lower load
bearing capacity indicates that the viscous dissipation in the
foam is higher than the elastic recovery under an applied stress.
The increase in sol fraction in 25CPPUF can dissipate the
applied stress. Moreover, the hard domains in a polyurethane
matrix are considered to function similar to that of fillers that
are connected with the lamellar matrix by entanglements.** Tt
has been shown that when spheroid fillers are used to reinforce
a polymer, it is the degree of interaction between the filler and
the polymer matrix that contributes to the mechanical proper-
ties.” Hydrogen bonding between the urea hard domains and
the polyether soft segments in C-PUF provide for such favorable
interactions. In the case of castor oil, the aggregation of the
hard domains reduces the available interfacial area of interac-
tion between the two domains.

CONCLUSIONS

By conducting a gradual replacement of the conventional
hydroxyl oligomer by castor oil, the microstructure and stability
of polyurethane foams synthesized partially and completely
from castor oil are investigated. The reductions in initial viscos-
ity of reacting oligomers followed by a drastic drop in the tran-
sient development of liquid matrix modulus reduce the foam
stability, especially at high castor oil concentrations. Foams
became relatively more stable when the foaming reaction was
deferred to a stage, where sufficient modulus was developed.
Foams synthesized completely from castor oil were unstable in
all the cases. The entire fraction of free urea in conventional
foams is converted to hydrogen bonded monodentate urea in
pure castor oil foams. These urea domains undergo self assem-
bly in pure castor oil based foams, significantly altering the
entire segmented morphology. Partially substituted foams show
moderate increase in glass transition temperature with possible
phase mixing between the castor oil and polyether polyol gener-
ated urethane domains. Foams generated from pure castor oil
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are highly unstable due to significant amount of unreacted
oligomers. Pure castor oil foams made by matching the stoichi-
ometry between isocyanate and hydroxyl group were also unsta-
ble and collapsed, indicating the inferior reactivity of castor oil
with isocyanate. The changes in foam and polymeric phase
morphologies reduce the load bearing property of partially sub-
stitute foams.
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