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FOREWORD

There has long existed a need for a forum where programs, problems,
applications, and ideas relative to foamed plastics could be discussed by ex-
perts working directly in this and related fields. This Conference, the first
to be conducted on such a broad and nationwide scale, has been organized and
designed to satisfy this requirement. The Committee on Foamed Plastics of
the Advisory Board on Military Personnel Supplies, National Academy of
Sciences— National Research Council, and the U.S. Army Natick Laboratories,
Natick, Massachusetts, are pleased to sponsor such a meeting.

This publication covers the Conference iniroductory remarks session;
the papers given during the three technical sessions: Chemistry and Physics
of Foams, Foam-Making Processes, and Foamed Plastics Applications and
Requirements; and talks given during the evening program.

About ten years ago, foamed plastic, emerging from industrial labora-
tories as a new product, was widely regarded as an interesting material be-
cause of its method of manufacture and unusual physical properties. Today,
these foams are useful materials--used in many military, industrial, com-
mercial, and consumer applications. Foams are now being used for insula-
tion, cushioning, noise and vibration abatement, packaging, flotation, elec-
tronic potting, energy absorption, in lightweight structures, and in many new
applications.

This meeting was most helpful in providing the free exchange of ideas
which will accelerate progress in the foamed plastics field. It is expected
that the papers presented here will be more useful in conveying information
and future requirements to the chemist, scientist, and businessman in the
joint industry-military community.

John A. Lacz
General Chairman of Conference
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INTRODUCTION

General Chairman of Conference
John Lacz

On behalf of the National Academy of Sciences—National Research
Council, Advisory Board on Military Personnel Supplies, Committee on
Foamed Plastics, and the U.S. Army Natick Laboratories, I welcome you
to the Conference on Foamed Plastics.

The purpose of this gathering is to broaden our knowledge of and interest
in this relatively new, but extremely important, material. The three-session
technical program covers the more important aspects of foamed plastics, We
believe that this Conference will stimulate and encourage the establishment
and maintenance of valuable liaison among the researchers, developers,
suppliers, and users in government, industry, and academic institutions.

Honorary Chairman of Conference
Arthur W, Sloan

This Conference, sponsored by the Committee on Foamed Plastics of
the Advisory Board on Military Personnel Supplies, National Academy of
Sciences—National Research Council, and the U.S. Army Natick Laboratories
is divided into three technical sessions: Chemistry and Physics of Foams;
Foam-~Making Processes; and Foamed Plastics Applications and Requirements.

The first session, chaired by Dr. James H. Saunders, Director of
Research, Mobay Chemical Company, deals with some of the basic and applied
research work now being conducted. During this session, we will hear papers
on foam chemistry and physical and chemical properties of foam materials.
The next session covers current and state-of-the-art foam-making processes.
Of particular interest are the last two papers which cover advanced techniques
for foaming under the difficult environmental conditions experienced in the field
and in a vacuum. Dr, Kurt C. Frisch, Director of Polymer Research,
Wyandotte Chemical, is the session chairman.

Session three is "hardware" oriented inasmuch as the papers deal with
applications and requirements. We will hear talks by representatives of the
three services in which we hope they will discuss future military foam mate-
rial requirements. Another paper given by an architect covers foam appli-
cations in the housing and construction field. The last presentation, which

1




covers an area which is of keen interest tc many, is on the flammability
investigations conducted by the Bureau of Mines. Mr. John Lacz, of the
Research Development Activity of Atlantic Research Corporation, will chair

this session.

I am sure that we will all benefit from the papers presented here during
the next two days.

Before concluding my remarks, I would like to bring to your attention
the evening program which covers a 6:30 p.m. reception, courtesy of
Atlantic Research Corporation, and a hanquet at 7:15 p.m., after which we
will have a talk by Professor Stephen C. A. Paraskevopoulos, of the Archi-
tectural Research Laboratory, University of Michigan, on "Foamed Plastics
and Housing in Underdeveloped Countries,' followed by a talk and a 20-minute
movie on Plastic Structure Research or the "Building-In-Barrels" development.




SESSION NO., 1

CHEMISTRY AND PHYSICS OF FOAMS

Dr. James H. Saunders, Chairman
Mobay Chemical Company
Pittsburgh, Pennsylvania




MECHANICS OF FOAMED ELASTIC MATERIALS

A.N. Gent and A.G. Thomas

Introduction

The widespread use of foamed elastic materials makes an understanding
of the mechanics of deformation and failure highly desirable. Recently, theo-
retical treatments have been develoged to relate the properties of the foam to
those of the constituent material. 12 A simple model structure is assumed,
consisting of a large number of thin threads joined at their ends to form a
three-dimensional network. The corresponding theoretical relations between
load and deformation are discussed under Load-Deformation Relations and are
compared with experimental measurements on natural rubber foams covering
a wide range of density. An extension of the theory to deal with the elastic
behavior of closed-cell foams is described in the section on Small Deformations
of a Closed-Cell Foam.

Under deformations varying with time, open-cell foams will dissipate
energy by a viscous mechanism as air flows through the network of threads.

A treatment of the visco-elastic behavior on this basis by Kosten and Zwikker3
is also discussed.

Then the resistance of a network of threads to tearing and to tensile
rupture is considered. Experimental measurements on rubber foams are
described and shown to be in satisfactory accord with the predictions of the
theory.

Load-Deformation Relations!

General Character

Load-deformation relations for a rubber foam of relatively low density
are shown in Fig. 1; they are typical of those obtained on a variety of foamed
elastic materials. In extension, the relation is substantially linear and a
value of Young's modulus characteristic of the foam may be calculated. A
theoretical relation between Young's modulus and the density is derived below
for a simple model of an elastic foam. In compression the load-deformation
relation is markedly non-linear, resembling that for a typical collapsing
];)rocess4 such as the buckling of a thin strut. A model involving the buckling
of thin threads is the basis of the theoretical treatment of compressive de-
formations, described later.
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Theoretical Treatment for
Small Deformations

STRESS (g/cm?)

75

s oA ' An extremely simple
/*//* model of a foamed material is
L2s o2 shown in Fig. 2. It consists
> GONERESSION () of thin threads of unstrained
10 o 4 2 length, 1, and cross-sectional
area, D2, joined together to
5 form a cubical lattice. The
intersections, consisting of
P50 cubical regions of volume D3,
Y 4 are assumed to be substantially
™ undeformable. A fractional
aend) extension of the foam by an
amount e’ parallel to one set
of threads is therefore asso-~
ciated with a larger extension,
e, of the threads themselves,
given by (1 + p)e’ where p =
D/1o. The threads occupy a
fractional area, p2/(1 + )2,
for any cross-section perpen-
dicular to one set of threads.

EXTENSION
(%)

Fig. 1. Load-deformation relations in
simple extension and compression for
a natural rubber foam having a volume
fraction of rubber of 0.125.

\L

et Young's modulus, Yf, for this
‘[ simple model, under a small
= - ? i | ; strain parallel to one set of
L

.%[ ‘e threads, will therefore be
B 1 given by the product of three
s | S terms: the modulus of the
T _.ﬂ'_____é»___ solid material, Y; the strain-
._':[ o magnification factor, (1 + B);
= and the factor representing the

év/f]j true load-bearing area. Hence,

Y, = Yp2/(1 + p). (1)

Fig. 2. A simple model of a foamed material,

The density of this model structure is readily evaluated by considering
a cube of side D +1 centered on one intersection. Expressed as the fractional
volume, Vps occupied by the solid material, it is

v, =362 +p3/a+ p)d. @)

The parameter p describing the model is thus a direct measure of the
foam density. The relation between them, Equation 2, is presented graphi-
cally in Fig. 3.




Although these relations for - T T 1 T T :
Young's modulus and density have
been derived for a particularly aa 4
simple model, they retain the same P
general forms when somewhat more
realistic models are considered.
For example, when a system of n
randomly-disposed threads enter
each intersection, and these are
approximated by spheres of surface
area nD?, the density of the foam is
found to be given by the same rela-
tion (Equation 2). When a general
deformation of such a structure is
considered, 1 Young's modulus is
obtained as

Y, =YB2/2(1 +B) (3)

f

differing from the former result
only by a factor of 1/2,

08
Poisson's ratio for the simple

model is zero, since the threads
lying perpendicular to the direction
of the deformation are not deformed.
For the model with randomly-
disposed threads, it takes the value
1/4, independent of the density.

Fig. 3. Relation between the foam
density, V. and the parameter

B.

Theoretical Treatment for Simple Compression

The compression is assumed to be directed parallel to one set of threads
(Fig. 2) and to take place by buckling of the threads. The force F on each
thread will then be governed by the bending moments developed. Thus, from
dimensional considerations,

F = YAK?2 f(e)/102

where AK? is the moment of inertia of the thread cross-section and f(e) is an
unknown function of the fractional approach, e, of the thread ends. For threads
of similar cross-section, AK2 = mD4, where m is a constant. The number of
threads per unit cross-sectional area of the foam is (1_ + D)"2. The average
compressive stress is therefore given by ©

t= F/(1,+ D)2= Y p4 fle)/(1+ p) (4)




on substituting g for D/lo and absorbing the constant m in f(e). As before,
the fractional compression, e’, of the foam is given by

e=¢e" (1+p) (5)

Equations 4 and 5 give the relation between the compressive stress, t,
and the compressive strain, e”, in terms of the foam parameter 8, and thus
in terms of the density of the foam (by Equation 2). The relation contains an
unknown function, f(e). This function should, however, be independent of Y
andy . and so, in principle, should be determinable from a single compression
curve at a particular:value of V..

A contribution to the total deformation will be made by simple compres-
sion of the threads, by an amount t/Yy. For small deformations it may be
assumed additional to that arising from buckling of the threads. It will be
small, in any case, for foams of low density.

Foams of Low Density

At low foam densities, V., is approximately given by 3p2 (Equation 2) and
the over-all deformation, e’, approaches that of the threads themselves, e.
The compressive stress at a given degree of compression is therefore pre-
dicted by Equation 4 to be proportional to ¥r“, at low foam densities. In
contrast, ‘Young's modulus is predicted by Equation 3 to be directly propor-
tional to v... This has interesting consequences when materials of different
Young's modulus are employed in foam manufacture. If a polyurethane
material, for example, is assumed to have a modulus four times that of a
typical vulcanized rubber, a similar resistance to compression will be
obtained in a polyurethane foam of only one-half the density of a rubber
foam. The resistance to extension, however, will be about twice as large
as for the denser rubber foam. These predictions are in fair accord with
the behavior of the two types of foam.

Experimental Measurements at Small Extensions

Values of Young's modulus have been determined on natural rubber
foams prepared from latex, having densities ranging from 0. 09 to 0. 57 g/cm3.
The moduli were calculated from the substantially linear load-extension rela-
tions in simple extension. A value of Young's modulus was also determined
for a sheet of solid rubber prepared from the same compound, to characterize
the material of which the foams consistad.

In Fig. 4, the ratio Yf/Y of Young's modulus for the foam to that of the
solid rubber is plotted against the volume fraction of rubber in the foam, cal-
culated from the measured density. The theoretical relation given in Equa-
tions 2 and 3 is represented by the full curve of Fig. 4 and is seen to describe
the experimental results quite successfully.




Measurements were also made
of the lateral contractions when small
extensions, of the order of 10 per
cent, were imposed. Values of Pois-
son's ratio determined in this way
were found to average 0. 33 for all
the foams, no systematic trend with
foam density being apparent. A
similar value, 0.36, has been re-
ported for a polyurethane foam. 5
These values are in reasonable
accord with the theoretically-
predicted value of 0. 25,

Experimental Measurements
in Compression

Measurements have been made
of the load-deformation relations in
compression for the same natural
rubber foams. For six of the light-
est foams (Vr< 0.2), corresponding
values of f(e) and e were calculated
by means of ¥quations 4 and 5.

They are shown in Fig. 5 as a com-
posite curve, the six relations being
similar.

The relation obtained for f(e)
is of the general form expected for
a buckling process. It does not
show as abrupt a decrease in slope
as a simple strut would show at the
point of collapse; this is presumably
due, at least in part, to the wide
distribution of thread dimensions in
the foams examined. A more regu-
lar structure, such as that which
appears to exist in polyurethane
foams, might be expected to yield
a relation for f(e) more closely
resembling the ideal buckling
form. The load-deformation
relations for polyurethane foams
do in fact appear to be of this
kind, = although they also show
rather marked irreversibility
which precludes a detailed analysis.

Fig. 4.

Experimental relation be-
tween Young's modulus, Yf, of
the rubber foam, relative to that
of the solid rubber, Y, and the
volume fraction, V.., of rubber

in the foam. Full curve: theo-
retical relation given by Equa-
tions 2 and 3. Broken curve:
limiting form of theoretical
relation for low densities.

£le) 0.6 - u

Fig. 5. Experimental relation
between f(e) and e, obtained
from the load- compression
relations for six low-density
natural rubber foams.
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The resistance to compres-
sion depends strongly on the foam
density. In Fig. 6, the compres-
sive stress at 25 per cent com-

e s o pression is plotted on a logarith-
ol 25% mic scale against the volume
SRR _g*_ fraction of rubber in the foam.
10 L (1A} The broken curve of Fig. 6 rep-
/ o resents the variation of the factor

p4/(1 + B)2 with vy, calculated
from Equation 2. It is multiplied
by a constant factor (0. 44) cor-
responding approximately to the
value of f(e) at this compression,

and is seen to describe the experi-
mental measurements closely.
The full curve of Fig. 6 represents
the measurements reported by
Talalay, 7 referred to a value of
Young's modulus, Y, chosen to
bring them into agreement with
the present measurements. They
are also seen to vary with the
foam density in substantially the
manner predicted by the theory
(Equation 4). The value employed
for Y was 32 kg/cm2, somewhat
higher than that found for the present vulcanizate, 26. 4 kg/cmz. It may be
inferred that Talalay's foams were somewhat more tightly crosslinked.

Fig. 6. Experimental relation between
compressive stress, t, at 25% com-
pression, relative to Young's modu-
lus, Y, of the solid rubber, and the
volume fraction, V. of rubber in
the foam. Full curve: experimen-
tal results of Talalay. 7 Broken
curve: calculated relation between
ﬁ4/(1 +8)2 and Ve

The theoretical dependence of the compression stiffness on the foam
density is thus seen to be substantiated by experiment for a wide range of
densities. The values of Young's modulus have also been shown to be quan-
titatively predicted by the theory. It appears, therefore, that the basic con-
cepts put forward for the structure and mode of deformation of elastic foams
are correct.

Small Deformations of a Closed-Cell Foam

A closed-cell foam may be considered as a three-phase system: the
matrix itself, the enclosed gas phase, and the surrounding atmosphere. We
assume that the elastic behavior of the matrix is substantially the same as
for an open-cell foam of the same density, and consider the additional con-
tributions to the strain energy for small deformations due to the two gas
phases. The calculations are given in the Appendix. It is shown there that

10




Young's modulus, Yf: and Poisson's ratio, ¢’, for the closed-cell foam are
given by

3

p
205K + (pg - Po)+ ————O ] [4K - (p, - p,)]
, 2(1-v,)
_ o]
[8K + (p, - py) + T ]
and
p
2K - 2
1 [ ' (pe pO)+ (1 - Ur) ]
G =
25 (7

- o
[8K+ (pg p,) o+ v ]

where 5K is the value of Young's modulus for the corresponding open-cell
foam, given by Equation 3 as Y 92/2(1 + B). Pe and p, are the pressures of
the external atmosphere and the confined gas, the latter being measured when
the matrix is totally unstrained.

If these pressures are equal (pO = P = P, say), Yi,‘ and g’ become

Yy= 2K[10K (1 -y )+ 3p] /[ 4K (1 - ve)+ pl,

o= 1/2[2K (1 -v,)+ pl/[4K (1 ~vy) +pl.

When the foam modulus 5K is much greater than p, Y’ and g’ have the
same values as for a corresponding open-cell foam, 5K a.ndfl/4. When p is
much greater than the foam modulus, they become equal to 6K and 1/2. The
effects of the closed-cell structure are thus predicted to be comparatively
small in this case; for a soft closed-cell foam Young's modulus is at most
20 per cent higher than for the equivalent open-cell foam,

The present calculations are restricted to deformations involving small

volume changes. Under large compressions the behavior may be altered
more substantially.

Visco-Elastic Behavior of Foams

Under deformations varying with time, energy is dissipated in open-
cell foams by a viscous mechanism as air flows through the pores, as well
as by the mechanical hysteresis of the constituent material. The former
contribution may be quite substantial. 3:8 It has been treated by Kosten and
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Zwikker3 using a simple model in which the pores are represented by a capil-
lary tube connnecting the foam "interior' to the external atmosphere. They
have shown that the main features of the visco-elastic behavior of a rubber
foam over a range of deformation frequencies are also exhibited by the model.

At low frequencies the air flow is slow and the viscous damping is
correspondingly small, As the deformation frequency increases, the damp-
ing rises due to the increased rate of flow through the pores. However, the
viscous resistance increasingly constrains the air within the foam, where it
undergoes volume changes in phase with the deformation. Consequently, at
higher deformation frequencies tlie amount of air passing through the pores
diminishes and the viscous damping decreases again. The stiffness of the
foam increases continuously, from an initial value given by the stiffness of
the foam matrix alone to an upper limit given by the resistance to deforma-
tion of the matrix and the contained air together. The upper limit will there-
fore be related to the stiffness of an equivalent closed-cell foam, considered
in the preceding section,

The maximum damping is predicted by the theor’y3 to be primarily
dependent on the density, i.e., the volume fraction, Uy occupied by the con-
stituent material, and on the stiffness of the foam. It increases as both Ve
and the foam stiffness decrease. The frequency w, at which the damping has
a maximum value is predicted to depend primarily on the size of the pores,
increasing approximately in proportion to the square of the pore diameter.
Measurements were reported for one foam, described as having very narrow
pores. The value of v, was 0.3. The experimentally determined value for
W, was about 11 cps, and the corresponding damping, expressed as the phase
angle between force and deformation, was 200. In contrast, the phase angle
at very low frequencies, when the air damping would be negligible, was only
about 2°,

The foam stiffness increased by a factor of about 2 over the entire
range of deformation frequencies. This change is larger than the relation
given in the preceding section would predict. The discrepancy is probably
due, at least in part, to the non-isothermal nature of the deformations at
high frequencies.

Rupture Properties of Foams?

General Observations

The tensile strength of rubber foams is surprisingly low, being of the
order of one-hundredth of that for the bulk rubber when the volume fraction
of rubber in the foam is 10 per cent. As the breaking load is approached,
some of the threads of which the foam is comprised can be seen (and some-
times heard) to break, particularly in the neighborhood of flaws in the foam
structure. This suggests that tensile failure is due to the growth of flaws by
catastrophic tearing. ¢
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In the present section the tearing
energy for the simple model structure '
shown in Fig. 2 is calculated, and the
work required to cause tensile failure '
is deduced from it. Some experimental ad
measurements of tearing energy and
breaking energy are then compared
with the theoretical predictions.

Calculation of Tearing Energy

A convenient measure of the resist-
ance to tearing is provided by the tearing
energy, Tf, defined as the amount of worl
required to advance a tear by unit dis-
tance in a specimen of unit thickness.
For the simple tear test-piece shown in
Fig. 7, it is given approximately byg’ 10

Tp= 2F/t

where F is the applied force required to
propagate the tear and t is the test-piece
thickness. '

Fig. 7. Tear test-piece.

The minimum value of T is given

by the energy required to break all the
threads crossing a plane of unit area.,
The number of such threads, for a plane parallel to one set of threads, is
(1,+ D)2 for the simple model structure shown in Fig. 2. The work required
to break each thread is 10D2Er, where E,. is the breaking energy per unit
volume of the bulk material. Thus,

Tg= Eplop2/(1+ p)2 (8)

where § = D/lo. At low foam densities, when B is small in comparison with
unity, Equation 8 may be approximated by

Tg= 1/3v,E,1 . (9)
The quantity 1, in Equation 9 may be considered as the effective "width"
of the tear tip, assumed here to have the minimum possible value; i.e., one

thread length. If tearing proceeds on a wider front, involving a greater num-
ber of threads, a corresponding multiple of 1, will be required in Equation 9.
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Calculation of Breaking Energy in Simple Extension

It is assumed that tensile rupture occurs by catastrophic tearing from a
flaw in one of the test-piece surfaces. The energy, T, available for tearing
at the tip of such a flaw is given by9

T = 2KLE’

where K is a numerical constant having a value of about 2, I, is the depth of
the flaw, and E’is the energy stored in the bulk of the specimen, per unit
volume. Rupture occurs when T attains the value T, required to maintain
tearing. The corresponding energy, E ', stored in unit volume of the speci-
men, i.e., the breaking energy for the foam in simple extension, is therefore
given by

E} = Ty/4L . (10)

Experimental Measurements of Tearing Energy

Characteristic tearing energies, Ty, have been determined for a series
of natural rubber foams covering a wide range of density, using the form of
test-piece shown in Fig. 7. They are
plotted in Fig. 8 against the volume
fraction of rubber in the foam. The

8 4 experimental results are seen to be
in satisfactory accord with a linear
L relation, as predicted by Equation 9.
. The breaking energy, Ey, of the rub-
&k ber matrix, 4.0 x 10° ergs/cm3,

was determined from tensile measure-
ments on a cast latex sheet prepared
with the same mix formulation. From
- the slope of the linear relation of
. - Fig. 8, a value for 1, is then obtained
L of 1.0 mm, by means of Equation 9.

The average pore diameters for
2r this series of foams were obtained by
microscopic examination. They were
L found to range from 0.2 to 0.4 mm.
Thus the effective width of the tear is
o . . ) . ) of the same order as, but about three
0 ol 02 03 04 05 06 times larger than, the average pore
V. diameter. This does not seem un-
reasonable. For a random arrange-
ment of pores, the tear width would
be expected to be larger than the
average pore diameter. Imperfec-
tions in the foam will lead to local

TEARING ENERGY (kg./cm.)
=Y
T

Fig. 8. Experimental relation be-
tween tearing energy, Tf, and
the volume fraction, y,, of
rubber in the foam.,
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deviations of the tear from a linear path also, and hence give rise to a
correspondingly large tear width.

Some tearing was found to occur at the tip of the initial razor cut for
values of the applied force only about one-half of those necessary for steady
propagation of the tear. It appears, therefore, that the tearing energy for
initiation of a tear in a rubber foam may be calculated by means of the simple
theory outlined above, on the assumption that the tear tip width is about twice
the average pore diameter. The energy for steady tearing is about twice as
large, probably due to deviations from a linear path.

The theory predicts that the tearing energy is directly proportional tc
the average thread length. The range in pore size was relatively small for
the foams for which the tearing energies are plotted in Fig. 8. However, a
general tendency was evident for the foams with larger pores to be stronger.
Another foam, having relatively small pores of only 0. 13 mm average diam-
eter, was also examined and found to be particularly weak in tearing, with a
tearing energy of only one-half of that for other foams of similar density. The
prediction appears, therefore, to be correct.

Experimental Measurements of Breaking Energy

Measurements were made of the tensile strength and the elongation at
break of dumb-bell shaped test-pieces of the same foams. The breaking
energies, E{, were calculated from them on the assumption that a linear
relation exists between the applied load and the corresponding extension.
Approximately linear relations are observed experimentally. Values of the
depth of flaw from which fracture occurred were then calculated by means of
Equation 10 using the measured values of the tearing energy, Tg, and break-
ing energy, Etl‘ They were found to be in reasonable agreement with the
largest pore diameters observed in representative cross-sections of the
same foams; both quantities varied from about 0.4 mm to 3 mm over the
range of foams. The numerical agreement suggests that tensile failure
occurs by catastrophic tearing from a flaw of the order of the largest pore
diameter in length. In this way the relatively low tensile strength of foams
is acounted for.

Conclusions

The theoretical model used is a very idealized representation of an
actual foam, which is far from homogeneous, the threads and the interstices
having a wide range of shapes and sizes. Such variations cannot easily be
taken account of in a theory, and no attempt has been made to do so. In view
of this, the agreement obtained with theory for the Young's modulus of
materials of different density (Fig. 4) is very satisfactory, particularly as
no arbitrary constants are involved.
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The general shape of the load-compression curve has been attributed to
buckling of the threads, and is probably affected markedly by the detailed
structure of the foam. A suitable average is provided by the arbitrary
function f(e), which has been determined experimentally for a series of
natural rubber foams. The theory unequivocally gives the variation of
compression stiffness with density, and good agreement is obtained with
experiment in this case also over a wide range of stiffness (Fig. 6). The
basic features of the deformation of elastic foams thus appear to be present
in the proposed model.

Relations have been derived for the Young's modulus and Poisson's
ratio of a closed-cell foam by an extension of the previous treatment.
Experimental verification has not yet been attempted.

Kosten and Zwikker have shown that a simple model of the damping
effect of air flow through the pores provides a satisfactory description of
the visco-elastic behavior of foams under vibratory conditions. The main
predictions of their treatment have been described. They conclude that
substantial damping will be obtained with soft, low density foams at defor-
mation frequencies depending primarily on the pore size.

The tear strength and tensile breaking energy have also been deduced
for the simple model of a network of threads. The quantitative agreement
with experiment is satisfactory for foams of a wide range of density when
the tear tip width is assumed, not unreasonably, to vary from two to four
times the average pore diameter as the tip changes from a razor cut to a
rough tear. The measured breaking energies are in good agreement with
those calculated on the assumption that tensile failure occurs by tearing at
the tip of the largest pore. The theo'ry suggests that the maximum tensile
strength and work-to-break will be obtained when the pore structure is
perfectly uniform, no abnormally large pores being present, while the
tear resistance will increase approximately in proportion to the pore size,
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APPENDIX

SMALL DEFORMATIONS OF A CLOSED-CELL ELASTIC FOAM

Strain Energy Function

The strain energy for a network of randomly-directed threads has been
obtained previously1 in the form

W= K3 Ze + 2Lejey) (11)

where ey, €g, eg are the principal extensions, K = [32/10 (1+p), andp is a
structural parameter directly related to the foam density, by Equation 2. We
assume that the matrix of a closed-cell foam will contribute a term of this
form to the strain energy also, and we shall now consider the additional con-
tributions to the strain energy when the foam contains an ideal gas, initially
at a pressure p,, and is surrounded by a gaseous atmosphere of pressure p,.

If unit volume of the foam increases in volume by an amount AV as a
result of the deformation, the work done by the confined gas, initially of
volume (1 - ur), is

l-Vr + AV
W, = p dV. (12)
1-y,.

Under isothermal conditions, pV = p, (1—ur). Substituting for p in Equation 12,
and integrating,

Wy = p, (1- )!&n(l + AV ) . (13)
1= P v )
2 r v,
The work done against the surrounding atmosphere is
W2 = pe Av .

The net increase in stored energy due to the presence of the two gas phases
is therefore given by

2
= - = - 1 (AV)
AW = W1 Wq = (Pe=Po )V + 5 Bs m

18




after expanding the logarithm in Equation 13, retaining only the first two
terms. Putting &7 and (&7)2 in terms of the principal extensions, and
neglecting terms of order e3 and above,

_ 1 Po 9 Po
OW = (pe-po) Zeq + 3 (1) Zei1” + (pe-po +(1—_V;7)De1e2 . (14)

The total strain energy of the closed-cell foam is therefore obtained from
Equations 11 and 14 as

W' = A2e12 + BT ejeqg+ CEel (15)
where
A = 3K + __p_o_
2(1-v.)
Pg
B - 2K - -
+ (Pg-p,)+ FE)
C=p.-p_ - (16)

Unstressed State

The minimum strain energy for the system, which defines the unstressed
state, is not given by e;=ep=e3=0 when the confined gas is at a different pressure
from that of the surrounding atmosphere. The unstressed state is defined by
the relation

dW'/2e, = 0

when e, €y, €3 are put equal to e, in Equation 15. This yields

(o]

e, = -C/2(A + B).

Thus, the dilation of the foam from its "initial" state when the matrix is
unstressed (pO = pe) is given by

3
- - 3 5 - P
¢ = pe’/2[°K+ (Pe Po“'z—(l_—sr—)]

in the absence of applied stresses.

By considering extensions relative to the unstressed state, i.e., by
substituting el' = ej-e., etc. in Equation 15, the form of the stored energy
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function and the values of the constants A and B are found to be unchanged to

a first approximation. (The term CZe; disappears.) The load-deformation
relations for the unstressed foam may thus be calculated from the strain
energy function given in Equation 15, provided p_ and v, are given their values

in the "'initial" state and the stresses are referred to this state also.

Simple extension

The tensile stress, t;, per unit area in the initial state (pO = pe) is
given by

=3W'/d
tl w / el
and tg = tg = 0. Pautting €9 = ey in Equation 15, we obtain
ty = 2Ae1 + 2Beg,
and ea/e; -B/(2A + B).

Young's modulus, Yf,' and Poisson's ratio, ¢, are therefore given by

2B2

Y ,: 2.A. - —*—__—.—’
f (2A+B)

¢ = B/(2A+B).

On substituting for A and B from Equation 16 the relations 6 and 7 given in
the text are obtained.
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CHEMISTRY OF URETHANE FOAM FORMATION

J. H. Saunders

Introduction

The chemistrg of urethane foam formation was reviewed in 1960415
and again in 1961, 16 This summary will include only those points from earlier
reviews which appear essential to the presentation of a clear, yet concise,
picture of foam formation. For additional details of those phases which have
already been reported, the reader is referred to those earlier reviews. Em-
phasis here is placed on some newer developments and thoughts, particularly
in the areas of cell size control and the reactions which occur after the poly-
merizing system has passed the gel point,

Urethane foams of the rigid type were developed in Germany prior to
1945 and reported by O, Bayer in 1947.2 This type of foam sparked the prin-
ciple interest in isocyapates and polyurethanes in the period of 1945 - 1952,
Further research in the laboratories of Farbenfabriken Bayer led to the
development of a flexible urethane foam system which was announced in 1952
by H&chtlen. 11 g4 was the development of this system which insured the com-
mercial success of the polyurethane industry.

An understanding of the formation of these urethane foams, both rigid
and flexible, involves cons ideration of the organic chemistry of the reactions
leading to gas formation and molecular growth, the colloid chemistry of nuclea-
tion and bubble stability, and the rheology of the polymer system as it cures.
Each of these aspects will be considered.

The Organic Chemistry of Foam Formation

The reactive ingredients of a foam system usually include an isocyanate
and a hydroxyl-terminated resin. In addition, flexible foam systems and a few
rigid foam systems include water as a source of gas for blowing. The reaction
with a hydroxyl compound produces a urethane:

Q
1
RNCO + R'OH ——— RNHCOR' (1)
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while that with water produces a urea, via an amine intermediate, and carbon
dioxide:

RNCO + H,0 —= (RNHCOOH) ——= RNH, + COj, (2)

RNCO - RNH, ~———» RNHCONHR. (3)

In uncatalyzed systems, the reaction with the amine is relatively quite fast, so
much so that mixing an isocyanate with a'large excess of water gives a high
yield of the disubstituted urea. The rate of the isocyanate reaction with water
is close to that with primary and secondary alcohols in uncatalyzed systems.
Although the water reaction is somewhat more complicated than these equa-
tions indicate, the foam density is very near that calculated assuming Equa-
tions 2 and 3 to be correct, at least in some systems.

The isocyanate may also react with the urea and with the urethane, to
give a biuret and an allophanate, respectively:

(@) o]
\ {1
RNCO + RNHCNHR —» Rl}TCNHR
CONHR biuret (4)
(l? 1]
RNCO + RNHCOR’ —— RNCOR'’
CONHR allophanate (5)

These last two reactions are much slower than the reactions with alcohols and
water, and may be reversed slowly by heating to temperatures of approximately
110-130°C, and faster at higher temperatures.

Most rigid foam systems are blown with an inert, low-boiling liquid such
as monofluorotrichloromethane. The heat of reaction between isocyanate and
resin provides the energy required to vaporize the blowing agents. Some foam
systems use a combination of water and inert blowing agent to provide a useful
control of properties. ’

The isocyanate used in producing flexible foams is usually an 80:20
mixture of 2,4- and 2, 6~tolylene diisocyanate. The same isocyanate is used
for some rigid foams, and an undistilled grade of diphenylmethane diisocyanate
is now being used for many rigid foams. In any case, the diisocyanate reacts
with the functional groups in the resin, insuring that the resin is built into the
final polymer molecules. In water blown systems the isocyanate also reacts
with the water, thus providing the gas for foaming. The stoichiometry of the
system is such that in the latter stages of polymerization the polymer end
groups are largely the very reactive isocyanate group. This high reactivity
helps greatly in insuring that a maximum number of chain ends will be joined
to other chain ends, thus providing a relatively close approach to a theoretical
network structure. R
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A slightly branched resin is normally used for flexible foams, and a
more highly branched one for rigid foam. The chemistry of foam formation
is similar in either case, except that the rigid foam is much more cross linked
than the flexible.

In addition to the major reactants, a foam system usually contains one
or more catalysts which have a major effect on the chemistry of the system.
The catalyst serves to drive the reactions at such rates that the foam rises
and cures fast enough to prevent collapse of the foam. In any foam system
several different reactions are involved, for example, those of the isocyanate
groups in the 2- and 4-positions of tolylene diisocyanate, so the catalyst type
and concentration must be carefully chosen to provide a suitable balance of
reactions. The gas evolution and the polymer growth must be matched so that
the gas is trapped efficiently and the polymer has the right strength at the end
of the gas evolution to maintain its volume without collapse or gross shrinkage.
The significant aspects of the development of polymer strength will be discussed
in a later section.

The catalysts most commonly used are ter:iary amines and tin compounds
such as stannous octoate, stannous oleate, dibut:1tin dioctoate, and dibutyl-tin
dilaurate. Acidic impurities, especially in the ne wer undistilled polyisocyanates,
may neutralize a portion of the catalyst, thus redu:« ing the catalytic effect slightly.

Two types of processes are generally used for producing foam. In the
"one-shot' process for rigid or flexible foam the isocyanate and resin are
mixed simultaneously, along with suitable catalysts, stabilizers, cell size
control agents, and water or additional blowing agent if desired. The reactions
begin immediately, with foam rise starting about ten seconds after mixing and
being complete within one or two minutes. The foam continues to cure for
several hours to a day. The reactions involved are the same as in the pre-
polymer method, but may be more readily illustrated in the description of
that process as indicated below.

The second general type of process for flexible foam is the "prepolymer"
process. In this method the reaction with the resin is completed first: ‘

O O
I ]

2 R(NCO)2 + HO—~—— OH -— OCN-R-NHCO ~—~——~ OCNH-R-NCOC.
"Prepolymer" (8)

The prepolymer may later be foamed by reaction with water, with simultaneous
growth of molecular structure:

L e
UK ’

1 I\
n OCN-R-NHCO~ OCNH-R-NCO + n HyO —
e)
1) I "
[-NHCNH-R-NHCOMOCNH-R =ln+ nCO,. (9)
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An inert blowing agent may also be used in small amounts to augment the
foaming.

For low density water-blown foams, the molecular ratio of diisocyanate
to resin is usually higher than 2:1, so that much more urea structure is built
into the polymer chain:

o) o)
0\ A \
[- (NHCNH- R-),NHEO —~—~— OCNH—R—] .

Cross linking is most successfully introduced into the polymer by the use of
branched resins, so that an idealized structure may be illustrated by the
following formula when a trifunctional resin is used:

W 5 W
~~~ (NHCNH-R- )X NHCO ~— OCNH-R —~

OCHN-(R-NHCNH) —~
[} n y

O O e

The average weight for each such unit, i.e., average weight per branch point,
has been shown to be in the order for 400-700 for "rigid" foams and 2500-

20, 000 or more for "flexible" foams.3 'Semi-flexible" and "semi-rigid"
foams bridge the gap from about 2500 to 700 weight per branch point.

Branching in the polymer may also be developed by forcing allophanate
or biuret formation by the use of appropriate catalysts or by heating. Such
branch points are not preferred because of their limited thermal stability.

A hybrid method, the ''partial prepolymer" process, is also widely used
for rigid foam. In this process a part of the resin is mixed with all of the
isocyanate to give a prepolymer containing a large excess of unreacted isocya-
nate. This prepolymer is then foamed by reaction with the remainder of the
resin, which may contain the blowing agent, catalys$, and silicone oil.

The reactions indicated above will occur as long as the reactant groups
are sufficiently mobile to collide with each other with reasonable frequency.
Toward the end of the foam formation, after the polymerization has passed
the gel point, however, chain ends will be relatively immobile, so that the
rate of collision of end groups with a reactive site will become progressively
slower. One may expect the time to come when diffusion of water molecules,
present as an excess in the foam system or from the atmosphere, will provide
an opportunity for the few remaining isocyanate end groups to react. In this
case some will doubtless be converted to amine end groups and will not have
the opportunity to collide with an isocyanate group. Thus one should expect
the foam to contain some terminal amine groups. Furthermore, especially
in TDI foam systems, because of the slow rate of reaction of isocyanate and
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amine groups when each is shielded by an ortho methyl group, 1,5 compared
to the isocyanate-water reaction, the water reaction may be preferred at
similar effective concentrations of water and amine end groups.

The Final Cure of Urethane Foams

In previous reviews1%:16 the cure of foams was considered, with special
emphasis on the development of final properties in flexible foams. It was shown
that compression set is one of the slowest properties to reach its ultimate
value, and it was proposed that this behavior was related to the slow reac-
tion of isocyanate groups on polymer chain ends, after chain ends were
relatively immobilized by gelation of the polymer. This consideration of
reactions occurring after gelation has been extended recently to include
more highly cross-linked systems typical of rigid foams.

Using Flory's equations for calculation of the per cent reaction required
to reach the gel point, 8 Darr and co-workers® calculated the per cent reaction
at the gel point for polyurethane systems as related to the functionality of the
isocyanate and of the resin. Their results are shown in Table 1.

TABLE 1

Calculated Degree of Reaction at the Gel Point

Functionality of Resin 2 3 4 6 8
Functionality of Isocyanate Degree of Reaction at Gel Point %
2 o 72 58 45 38

3 72 50 33 20 14

It can readily be seen that even in a flexible foam system, utilizing in most
cases a difunctional isocyanate and a trifunctional resin, a considerable per-
centage of the reaction must occur after the gel point has been reached. It
is reasonable to believe that the most important contribution of an oven cure
is that the elevated temperature increases the mobility of chain ends (chain
segments free at one end, anchored at the other) to increase the probability
of collision with another reactive chain end.

In a rigid foam system, which utilizes isocyanates having a functionality
of 2 to 3, and resins with average functionality of &f least four, a very high
percentage of the reaction must occur after the gel point. Especially in rigid-
foams the efficiency of mixing of ingredients is thus of great importance.
Since no mixing can occur after the gel point has been reached, the develop-
ment of a uniform network structure, with few loose ends, requires that
nearly perfect mixing must be achieved before about 14 per cent reaction
occurs in the extreme case of the trifunctional isocyanate and octafunctional
resin.
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The importance of mixing and the difficulty of achieving efficient reac-
tion in a highly cross-linked system has been illustrated in different ways.
For example, Darr and co-workers6 prepared solid polymers analogous to
rigid foams without the blowing agent, using a variety of polyols and isocya-
nates. The relation between temperature and modulus, as indicated by Vicat
softening behavior (adaptation of ASTM D1525-58T), gave some insight into the
efficiency of the network structure. Data obtained with a hexafunctional sorbitol-
derived polyol and several isocyanates are shown in Fig. 1. The comparison
of the polymer from hexamethylene diisocyanate (HDI) with that from 80:20-
tolylene diisocyanate (TDI) is of interest in this connection. As expected, the
polymer from the aliphatic diisocyanate exhibited a lower glass transition
region and showed lower modulus in the initial portion of the rubbery region.
However, the rubbery modulus of the polymer from HDI rose above that of the
polymer from TDI as the temperature was increased. Since this increase in
modulus is usually associated with the cross-links in a polymer structure,
this behavior suggests that the polymer from HDI had a greater efficiency of
cross-linking than that from TDI, even though the functionalities of reactants
was exactly the same in each polymer. It appears reasonable to attribute this
to the greater flexibility and hence mobility of the polymer ends terminated
with HDI, compared to those terminated with TDI.

Of even more practical impor-
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mixing with mixing times of approxi- _ HETEROCYCLIC -8 {150) _

0.00 e
mately one second, the problem may \ ; - T
be much more severe with spray units T, WD
having no mechanical agitators. We HOI/\ j\
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foam system have been found to have
a moderate effect on solvent swell-
ing, mechanical properties, and
flammability.
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The degree of cross-linking
and the nearness to perfection of the
network structure (freedom from sol
fraction and from free ends) control
the foam properties to a large ex- 040t
tent. 16 Increasing the degree of
branching of the reactants, at least - d
up to a point, favors increasing the o a0 e e oo
degree of cross-linking. Unfor- TEMPERATURE, °C.
tunately at high levels of branching

INDENTATION-DEFLECTION, mm.

in the reactants, it seems apparent Fig. 2. Vicat softening of solid ure-
that further increases in branching thane polymers, analogous to rigid
tend to reduce the degree of perfection foams, derived from heterocyclic
of the network, due to early gelation based resins.

and loss of mobility of end groups.
Further studies of reactions occurring after gelation should prove to be very
useful, especially in connection with rigid foam systems.

Colloid Chemistry of Foam Formation

The preparation of a urethane foam involves the formation of gas bubbles
in a liquid system which is polymerizing, and the growth and stabilization of
these bubbles as the polymer forms and cures. Hence the colloidal aspects
of bubble nucleation, growth, and stability are of prime importance to the
foam chemist.

The formation of a foam proceeds through several stages. In the first,
the blowing agent, whatever it may be, generates a gas in solution in the liquid
phase, with the gas reaching its saturation limit in solution, then becoming
supersaturated, and finally coming out of solution in the form of a bubble.

This formation of a bubble is called "nucleation'" and is assisted by the
presence of a second, finely divided phase such as a finely divided gas phase
or solid phase, or an irregular solid surface. Such a second phase which
assists the transport of a blowing agent molecule from solution into the gas
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phase is called a "'nucleating agent.' A familiar example is the "'boiling chip"
g

which is added to a distillation to insure a steady, even flow of small gas
bubbles during distillation.

When the bubble is first formed it is a sphere surrounded by a relatively
thick liquid phase. As more gas is generated by the blowing agent, the new
gas may form new bubbles and may also diffuse from the liquid phase into
existing bubbles, causing them to become larger. As more bubbles form
and as the bubbles grow, the foam volume increases, with the result that
the polymerizing liquid phase becomes even thinner. The bubbles lose their
spherical shape as the liquid phase becomes thinner, the bubbles finally
assuming a structure bounded by several flat planes or membranes of poly-
merizing liquid. Where membranes join each other, a rib or stalk is seen
which is thick compared to the membranes. 14 Such a sequence has been pre-
sented by deVries' for foaming systems in general, and has been confirmed
by movies of urethane foam systems. A magnified cross-section of a
rigid polyester urethane foam is shown in Fig. 3, 15 where the straight ribs

Fig. 3. Photomicrograph of rigid polyester-urethane foam,
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and five- and six-sided cells may readily be seen. Thus in the final foam
most of the polymer is in the ribs, relatively little in the membranes. Other
types of urethane foams have a similar appearance. 16

The different stages of bubble formation and growth were considered in
detail in previous reviews19,16 and will be mentioned only briefly here. New
emphasis will be placed, however, on those factors which may help provide a
very fine cell size. The following sections explain, at least to some degree,
the roll of the components in a foam system--components other than the reac-
tants and catalysts, e.g., the surface tension depressants (silicone oilg or
emulsifiers) and cell size regulating agents.

Bubble Nucleation

The first key to the preparation of a foam is the formation of a gas bubble
in the liquid system. The gas may be carbon dioxide, generated by the reaction
of isocyanate and water. In some cases the gas may be the vapor state of a low
boiling liquid which was initially dissolved in the reactants. In any case, the
gas must come out of solution, quickly forming a tremendous number of tiny
bubbles in the liquid mass. These bubbles must be stabilized while the liquid
medium polymerizes, i.e., while viscosity is increasing very rapidly.

The process of forming bubbles
in a gas-liquid solution is often called
nucleation. A very enlightening de-
scription by LaMerl2 of the nuclea-
tion of sulfur solutions may be Crn " cLs

NUCLEATION AND CELL GROWTH

applied to the nucleation of other
materials such as gases. Fig, 4 RSN
shows the general relationships Crp—s 0~y

which may be expected. | }
GBD

Fig. 4 may be applied to ure-
thane foam as follows19, 16 assuming |
first that no added nucleating agent |
is present. In the time interval of I
Zone 1, the gas concentration in -
solution exceeds the equilibrium :
saturation concentration (the solu- TIME ——
tion becomes super saturated) and,
with rapid gas generation, reaches Fig. 4. Relation between changes in
the concentration where self nuclea- gas concentration in solution and
tion begins. Sufficiently rapid gas nucleation and growth of foam
generation may be achieved by catal- cells.
ysis of the isocyanate-water reaction, l
or by a sharp increase in the vapor
pressure of an added low-boiling
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solvent, the increase being due to an increase in the temperature of the
system. Such an increase in temperature is a rapid result of the catalyzed
isocyanate-hydroxyl reaction in one-shot systems.

Self nucleation will occur (Zone 1I) as long as the gas concentration is
in the indicated range. As soon as nucleation relieves the gas concentration
sufficiently, no more bubbles are formed, but the concentration of gas in
solution is further reduced by diffusion into the bubbles which already exist
(Zone III). Finally, no more gas is generated and the equilibrium saturation
concentration of gas in solution is reached. From this time on, bubbles can
grow only by diffusion of gas from small bubbles into larger bubbles, by coa-
lescence, or because of exothermic expansion of the gas in the bubbles.

The beginning of Zone II corresponds approximately to the development
of a creamy appearance in the reaction mixture. Thus the time interval of
Zone 1 is approximately the time often called the "cream time' of a foam
system. This interval may be approximately ten seconds.

Thus far the duration of Zone II has not been clearly established, but
may be assumed to be less than the time required to reach maximum foam
volume (''rise time"), hence must be less than approximately 60-120 seconds
for most systems. A reasonable approximation might be closer to 10-50
seconds. The time interval of Zone III should be terminated approximately
when the foam rise is completed.

In mnost foam systems added nucleating agents may be present. It is
possible that finely dispersed silicone oils, especially the dimethyl siloxane
type, may serve as nucleating agents. In the presence of nucleating agents,
one would expect a behavior similar to that described above except that bubble
formation would occur at lower gas concentrations than in the absence of nu-
cleating agents. The function of a silicone oil as a nucleating agent would
explain the well-known relation in polyether prepolymer foam systems: an
increase in silicone oil concentration favors fine cells. Fine cells would be
the result of faster nucleation and continued nucleation at relatively low degrees
of super saturation, so that more cells were formed.

Dissolved gases in the reactants should be expected to influence foaming.
Thue if dissolved gases were sufficient to have the reactants near saturation
before the foaming reactions begin, one might expect faster nucleation and
finer cells. Several related observations are well known to the industry. For
example, feeding limited amounts of air into the mix head of the foam n uchine
aids in producing fine cells. Similarly, using a large orifice opening on the
mix head, thus reducing pressure in the mix head and probably incre'ésing air
leakage into the mix head, favors fine cells. 1° Complete degassing of all
reactants generally results in difficulty in foaming, and especially in obtaining
fine cell size.

It has been observed that strong catalysts for the isocyanate-water
reaction in flexible foam systems often favor fine cell structure. 19,16 Thig
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behavior may be explained if one
considers in more detail the nuclea-

tion process. Reference to Fig. 5 BUBBLE
may illustrate some of the aspects C\] /o (Xl
of fine cell formation. A Q
o—>
A urethane foam system in its / \) g
first few seconds of existence may HUCLERTING \
consist of a liquid phase with gas GAS MOLECULES

dissolved in the liquid, with nucle-
ating agents dispersed in the liquid,
and with more gas continually being
generated as the polymerization
develops. In some microscopic
volume, the concentration of gas
reaches the level at which niclea-
tion can occur, and a bubble forms.
Other bubbles will be formed simi-
larly, with varying distances \sepa—
rating the bubbles. Obviously, to
have a fine cell foam the distance between the bubbles in this first stage of
foaming should be as short as possible. Several factors may be expected to
influence this distance, and hence the final cell size.

Fig. 5. Schematic diagram of a
liquid system containing a nucle-
ating agent, gas molecules in
solution, and a gas bubble.

The process of forming a bubble immediately reduces the gas concen-
tration in solution adjacent to the bubble, doubtless below the level at which
nucleation can occur. These gas molecules can diffuse into the bubble, caus-
ing it to grow, and favoring large cell size. At the same time, new gas is
being generated, which can bring the concentration of gas in solution again
into the range where nucleation can occur. The required concentration will
be lower if an efficient nucleating agent is present. The problem of cell size
thus depends upon a balance of gas molecules diffusing through the liquid into
existing bubbles, or diffusing through the liquid to a nucleating agent, the rate
of generation of new gas molecules in the liquid phase, and the concentration
and effectiveness of the nucleating agent.

An ideal system designed to give fine cells thus might consist of a liquid
system permitting rapid diffusion of blowing agent molecules through the
liquid, a foam stabilizer which will form a stabilizing layer around each
bubble and which also will reduce the rate of diffusion of gas from the liquid
into the bubble, very rapid generation of blowing agent molecules to maintain
the concentration in the range need for nucleation, and a high concentration
of efficient nucleating agents.

The strong catalyst for the isocyanate-water reaction obviously helps
fulfill the need for rapid generation of gas. The requirement for a nucleating
agent explains the beneficial role of finely divided solids or finely dispersed
air. It is interesting to note that a flexible foam having a cell count of one
hundred cells per linear inch has one million cells per cubic inch, and so
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should have one million effective nuclei per cubic inch of foam or about three
million per cubic centimeter of liquid foaming mixture! Naturally, not all
nuclei will be effective, so one should have several times this many present
if such a fine cell foam is desired. While one can easily add this many parti-
cles of a finely divided silica, the selection of the optimum particle shape and
size for effective nucleation and the proper dispersion may not be easily
achieved,

HansenlY has presented data in support of a similar role of nucleation
in the extrusion of polyolefin foams. He obtained the finest cell size when the
polyolefin contained finely dispersed blowing agent which was still decomposing
outside the extruder die, and thus acting as nuclei for all formation. Under
conditions with no blowing agent still decomposing and providing nuclei, the
average cell struction was considerably coarser.

Bubble Stability

The formation of a bubble in a foam system is only one step along the
road to successful foam production. The next step is that the bubbles must
be stabilized so the foam will not collapse. The rincipal factors relating to
bubble stability have been reviewed in detail, 15,16 and the main points need
be summarized only briefly here.

To disperse a given volume of gas in a unit volume of liguid, one must
increase the free energy of the system by an amount of energy (AF) as indicated
by the equation

AF = yA = AF = YA

where ¥ is the surface tension and A is the total interfacial area. Therefore
in a liquid foam system there is always a tendency to reduce the interfacial
area. This relation means that a greater increase in free energy of the
system will be required to produce fine cells than to produce large cells.

It also means that coalescence of cells and foam collapse will be favored
energeticallv unless prevented, i.e., curing of the foam before collapse

can occur. If is also apparent that lowering the surface tension of the liquid,
e.g., by the .ddition of silicone oil, will reduce the free energy increase
associated with the dispersion of gas and will aid in the development of fine
cells, which correspond to a large value for A,

A major factor affecting bubble stability is the drainage of the liquid
in the bubble wall, due to both capillary action and gravity. This drainage
thins the wall, thus favoring rupture. The principal factor which retards
drainage is the increase in viscosity of the liquid, due to the polymerization
reactions.

It is thus apparent that an attempt to prepare too fine cells may lead
to collapse because rupture is more likely to occur ir very thin cell walls.
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What may be even more important is that in very fine cells the ribs of the
cells are very thin and may not be strong enough to stop the rupture which
has started in a membrane. Thus the rupture will continue indefinitely and
the foam will collapse.

An ideal situation for the preparation of open celled flexible foams is
one in which the cell membranes do thin and rupture, then flow back into the
stalks, leaving completely open cells. This rupture must occur late enough,
however, so that polymerization has made the stalks strong enough to stop
the rupture, thus avoiding splits or collapse.

The opening of the cells in certain flexible foams has been found to
occur to a large extent just as the foam reached its maximum height. 15,16
The following sequence of events was suggested as a suitable hypothesis. It
was suggested that the membranes of the cells at this time had reached a
state of high viscosity, but still had very low elasticity. The high viscosity
did not permit the membrane to flow fast enough to expand and relieve the
pressure of the gas which was still being generated. At the same time, the
elasticity was too low to permit reversible stretching of the membranes.
The combination of failure of the cell to expand, a steadily increasing gas
pressure, and low mechanical strength of the thin membrane resulted in
rupture of the membrane, i,e., an opening of the cells.

If at this time of maximum gas evolution the membrane ruptured and
the stalk or rib of the cell did not have sufficient mechanical strength to stop
the rupture, then the rupture would spread. If the rupture stopped within
several inches, one had a '"split" or a '"void" in the foam. If the rupture did
not stop, the foam collapsed. The rib would be expected to rupture if the cells
were so small that the rib was little thicker than the membrane, or if the poly-
mer cure had not progressed far enough for the rib to have the strength to stop
the rupture. The two effects would be expected to be interrelated.

On the other hand, if at the time of maximum gas evolution the cell
membranes did not rupture, one had closed cells, and when the foam cooled,
the cells of a flexible foam would contract due to the reduced internal pres-
sure of the cooling gas. Failure of the membranes to rupture could be ex-
pected to result from too low a viscosity, so that the membrane could flow
as the gas volume increased, thus relieving pressure as it developed. Failure
to rupture could also be expected to occur if the membrane were so elastic
that it could stretch reversibly to accommodate the last increase in gas volume.
In the former case the polymer cure would not have progressed far enough at
the time of maximum gas evolution, and in the latter case the cure would have
progressed too far.

This hypothesis concerning the natural opening of the cell walls was
shown to be in agreement with many observations of flexibie foam systems. 15,16
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In most rigid foams closed cells are desired. In these cases the system
is so balanced that the cell membranes do not rupture at the peak or gas evolu-
tion, very likely because of the presence of adequate elasticity to permit
stretching without rupture,

In rigid foams a new problem is introduced by the closed cell character.
The polymer must develop adequate strength to maintain its shape before the
gas in the cells is cooled or shrinkage will occur because of contraction of the
gas on cooling. Furthermore, in carbon dioxide blown foams, the carbon di-
oxide can diffuse out of the cells faster than air can diffuse in, 9 thus reducing
the pressure in the cells still further. This loss of pressure due to diffusion
can cause a very slow shrinkage of the foam. For these reasons, a highly
cross linked structure is needed to provide adequate strength in the cell mem-
branes to resist shrinkage, giving dimensionally stable rigid foams. An added
advantage of the fluorocarbon-blown rigid foams is the extremely slow rate of
fluorocarbon diffusion out of the foam and hence less likelihood of foam
shrinkage.
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URETHANE FOAM PROPERTIES RELATED TO
THE FUNDAMENTAL POLYMER MOLECULAR STRUCTURE

R. D. Whitman, J. A. Faucher, and F. P. Reding

. Introduction

Several publications have appeared in recent years concerning structure-
property relationshifs in urethane polymers of the general type used in foam
applications. - 2,3,4,5 From these publications it is evident that urethane
foam properties can be attributed to two factors: (1) the cell structure, and
(2) the base polymer properties. This study was conducted specifically to
determine how foam properties are influenced by the molecular structure of
the polymer rather than the cell structure.

In this invesiigation the urethane polymers were prepared from exactly
the same formulations of reactants used to make urethane foam, i.e., poly-
ether triols, tolylene diisocyanate, water, surfactant, and catalysts. Structure-
property relationships were established by changing the polymer molecular
structure and observing the effect on the physical behavior. The polymer
molecular structure was changed by varying the reactant ratios and the mo-
lecular weight of the polyol. In these studies the isocyanate structure was not
changed; 80/20 2,4/2, 6-tolylene diisocyanate was used in every case. The
influence of the iso%yanate structure on polymer properties has been investi-
gated elsewhere.4,6,7,8

The urethane foams were compression molded into plaque-form in order
to eliminate the cell structure. This greatly improved the accuracy of the
physical testing of these materials since variations which usually occur in the
cell structure were eliminated. The polymers were cured at a high tempera-
ture to force the reactions to completion as nearly as possible. Since the
polymers in foam are usually cured under very mild conditions, they are most
likely inferior to the molded polymers with respect to mechanical properties.

Experimental

Materials

Polyols. The polyols used for polymer preparation were resin grade
oxypropylene triols (Union Carbide Corp. "Niax" Triols) with molecular
weights of 265, 425, 700, 980, 1550, 2400, 3000, 4330, and 5200,
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Tolylene Diisocyanate (TDI). A commercial grade of tolylene diisocyanate,
an 80/20 mixture of 2,4/2, 6-tolylene diisocyanate (Mobay Chemical Co. ), was
used in the production of all polymer samples.

Catalvsts. The reaction leading to polymer formation were catalyzed
with conventional urethane flexible foam catalysts such as stannous octoate
(Metal and Thermit Corp. ), N-methylmorpholine (Union Carbide Corp.), and
N,N,N',N' tetramethyl-1, 3-butane-diamine (Union Carbide Corp. ).

Surfactant. Silicone oil L-520 (Union Carbide Corp.) was used as the
surfactant.

Preparation of Polymers

Two types of polymers were prepared: (1) the reaction products of
polyols, tolylene diisocyanate, and water, and (2) the products of polyols and
tolylene diisocyanate without the addition of water. The former polymer is
representative of those constituting urethane flexible foam.

Molded urethane polymer plaques were prepared by mixing the reactants,
allowing the foam to rise in cases where water was included in the formulation,
and immediately compression molding the mixture while in a semi-gelled state.
The polymers were molded in a closed mold at 150°C with a pressure of 2,000
pounds per square inch. The molded samples had densities ranging from 1.0
to 1.3 grams/cc. Extended cure at a high temperature was used to optimize
the polymer broperties. In most cases equilibrium cure was achieved with a
2-hour cure at 150°C. The polymer samples made with water were cured in
an air oven, and the polymers made without water were cured under vacuum.

Test Methods

In order to determine the relationships between polymer properties and
molecular structure, it was necessary to investigatc polymcr mechanical prop-
erties such as the stiffness modulus, tensile strength, elongation, and mechani-
cal loss; and physical properties such as glass transitions.

An Instron tester was used for determining the tensile properties. The
tensile specimens were die-cut from the molded plaques with a dumbell-shaped
cutter which provided a 0. 25 x 1.0 inch test specimen. The stiffness measure-
ments were made at a crosshead speed of 0.1 in. /min. and the tensile strength
and ultimate elongation tests were performed at 1. 0 in. /min. The stiffness
was calculated as the ratio of stress to strain at a 1 per cent elongation based
on jaw separation. The ultimate elongation was determined by the increase in
the distance between bench-marks which were made on the specimen before
testing. The tensile strength was calculated as the maximum stress attained
before specimen failure.
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Both an Instron tester and recording torsion pendulum were used for
measurements of polymer mechanical loss. The Instron method consisted
of stretching the specimen to a 50 per cent elongation at a 1. 0 in. /min.
crosshead speed and then immediately reversing the crosshead to relax
the specimen at the same rate. Mechanical loss was then calculated from
ie stress-strain hysteresis curve as shown in Fig. 1. A recording torsion
pendulum similar to the one described by Nielsen® was used to measure
dynamic mechanical loss in the polymer samples. In this device the oscil-
lating motions of an inertia wheel are damped by the mechanical loss in
the test specimen. The frequency of inertia wheel oscillations was about
1 cycle per second. A typical damping curve and the equation of the me-
chanical loss coefficient, Q™ !, are shown in Fig. 2. The values of the
loss coefficient, Q- 1, usually ranged from 0.01 to 0.5, but the polymer
was considered to be fairly lossy or non-elastic if @ 1 exceeded 0. 05.
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Fig. 1. Method of determining Fig. 2. Dynamic mechanical loss
mechanical loss from stress- described by a torsion pendulum
strain hysteresis curve, damping curve.

Both the Instron tester and the torsion pendulum were equipped with a
temperature-control device which made it possible to make measurements of
the tensile properties and mechanical loss from -180° to 250°C. This equip-
ment provided a means for investigating the temperature dependency of the
polymer properties.
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Results and Discussion

Polymer Structure

The urethane polymers were produced by reacting three basic ingre-
diets: (1) oxypropylene triols, (2) tolylene diisocyanate, and (3) water.
Polymer formation proceeds through two general reactions:

H O
o

-NCO + -OH —— -N-C-0O- , (1)

-CO, HOH
[ I |

2 (-NCO) + HOH ———» -N-C-N- . (2)

Reaction 1 produces the urethane group and Reaction 2 leads to disubstituted
ureas. The former reaction occurs in one step and the latter reaction possibly
proceeds through several intermediates. The products of both of these reac-
tions contain active hydrogens that can be further reacted with isocyanate as
follows:

R 2
i
-NCO+ -N-C-0O- —» —L}I-C-O- , (3)
(o
N-H
i
HoE 1Q
-NCO + -N-C-N- ———» -N-C-N- . (4)
)
=0
\
N-H

The products of the secondary Reactions 3 and 4 are allophanates and biurets,
respectively.

Assuming that Reactions 1 and 2 predominate, the polymer molecular
S‘Fructure can be described by the schematic diagram of Fig. 3. In order to
simplify the schematic the aromatic portion of the isocyanate is not shown.

If t_he urethane polymer is made without water, the polymerization
process involves essentially only Reaction 1. The molecular structure of
this polymer is shown in Fig. 4.
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Fig. 3. Schematic diagram of Fig. 4. Schematic diagram of ure-
urethane polymers made with thane polymers made without
water. water.

The primary cross-link density of the urethane polymer is determined
by the molecular weight and functionality of the polyol (in this case triol). The
average urea sequence length is proportional to the triol molecular weight and
the amount of water used.

Polymer-Properties

Glass Transition, Tg. The glass transition phenomenon is associated
with long range molecular motions in the amorphous regions of a polymer.
Such motions in these regions are "frozen' at temperatures below the glass
transition temperature, Tg, and the amorphous regions in the polymer are
rigid and glass-like. At temperatures above Tg, the amorphous polymer is
very flexible and rubber-like. Tg is a function of the flexibility of the poly-
mer chain segments; an increase in chain flexibility lowers Tg and conversely
a decrease in chain flexibility raises Tg. The physical state of a polymer,
the refore, is determined not only by temperature but also by the characteristic
molecular structure.

Measurements of stiffness and mechanical loss at different temperatures
were used to establish the glass transitions of the urethane polymers. Fig. 5
describes how Tg was obtained from the stiffness-temperature and loss tem- =
perature curves. Although the transition behavior is characterized by a rather
broad temperature range, the Tg is defined as the inflection point of the stiff- -
ness temperature curve and the maximum of mechanical loss of the loss-
temperature relationship.
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Fig. 5. Determination of Tg from stiffness-temperature
and loss-temperature curves.

The transitions of urethane polymers are represented by fairly high
amplitude loss peaks in loss-temperature curves indicative of the amorphous
nature of these polymers. The absence of crystalline melting behavior is
further evidence that the polymers are almost completely amorphous. Fig. 6
shows the loss-temperature curve of a polymer made from a 3, 000 molecular
weight triol. This polymer was prepared with water and is, therefore, repre-
sentative of polymers in urethane flexible foam. The Tg of this material is
about -45°C.

Fig. 7 shows-the relationship between Tg and the molecular weight of
the base-triol in polyurethanes prepared without water. Molecular weight is
expressed in terms of the hydroxyl number of the triol. The triol molecular
weight can be calculated from the hydroxyl number (assuming an average
functionality of 3) using the following equation:

168, 000

triol lecul ight =
riol molecular weig| hydroxyl number

As expected, Tg increases as the hydroxyl number increases. Extrapolation
of the glass transitions gives a Tg of -70°C for a polymer based on a triol of
infinite molecular weight (zero hydroxyl number) which is, in essence, poly-
(propylene oxide). This is in good agreement with the T'g of ~62° to -65°C
for poly(propylene oxide) dete rmined experimentally by Read, 10

The urethane polymer glass transition behavior appears to result from
motions of the oxypropylene sequences located between fairly rigid urethane
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the Tg of urethane polymers of
various oxypropylene-triols.
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(and urea where water is used) struc-
tures. Reduction of the oxypropylene
chain length has the net result of add-
ing restrictions to the chain flexibility
which causes an increase in Tg.

Disubstituted urea structures in
polyurethanes which are produced by
adding water, and the necessary iso-
cyanate for the water, to the base
formulation have some influence on
Tg as seen in Fig. 8. These polymers
were made from formulations in which
the triol molecular weight was varied
but the amount of water (4 parts in 100
parts triol) was held constant. Although
the Tg of polymers made from high
molecular weight triols is unaffected
by the ureas, an increase in the Tg of
low molecular weight triol polymers
does occur. This phenomenon probably
does not relate to molecular motions
of the ureas since these structures are
certainly rigid throughout the whole
temperature range of the measure-
ments. The hydrogen bonding asso-
ciated with the highly polar urea is
probably responsible for the observed
increase in Tg.

Stiffness. The stiffness or
rigidity of the urethane polymer is
greatly dependent upon temperature
which determines the polymer physi-
cal state. The general relationship
between stiffness and temperature
was demonstrated in Fig. 5. At tem-
peratures below Tg the polymer is a
glass-like material and has a very
high stiffness. This high stiffness is
due to the rigidity of the polymer back-
bone chains. As the temperature is
raised above Tg, the chains become
more flexible and the stiffness greatly
decreases.

The oxypropylene block sequences
have previously been described as the
flexible parts of the urethane polymers




responsible for the glass transition 0

behavior. Fig. 9 shows the effect

of this polymer chain flexibility on

the room temperature stiffness of

polyurethanes prepared from triols

of various molecular weights. These

polymers were made without water

and hence do not contain disubstituted f

ureas. As the triol molecular weight E
E
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is lowered (increasing hydroxyl num-
ber), the polymer stiffness increases
proportionally until the triol molecu-
lar weight is low enough to raise the
polymer Tg above room temperature.
At this point a very sharp rise in I
stiffness is observed. All of the
polymers with glass transitions
above room temperature show
nearly the same stiffness, around L i i i i
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state.

Fig. 9. Room-temperature stiffness
of urethane polymers as a function
of the hydroxyl number of the
oxypropylene-triol (polymers
made without water).

Polyurethanes prepared with
water differ greatly from the poly-
urethanes made without water in
their stiffness behavior at tempera-
tures above Tg. These differences
are due to the presence of disubsti-
tuted ureas, the major products of the water/isocyanate reactions. Hydrogen
bonding between the urea sequences makes these structures very efficient in
rigidifying the polymer molecular structure at temperatures above Tg where
the chain segments are very flexible.

The relationship between the room temperature stiffness of polyols based
on a 3, 000 molecular weight triol and the amount of urea in the polymer is
shown in Fig. 10. The urea content was varied over a wide range by using
different amounts of water in the base polymer formulation. The increase in
stiffness is attributed very simply to the greater weight per cent of the
rigidifying urea.

The stiffness of the urethane polymer at temperatures below Tg does
not appear to be further increased by the addition of urea. In the glassy state
the polymer chains are quite rigid and the extra rigidifying action of the ureas
is of little consequence. Fig. 11 illustrates the effects of the ureas on the
room temperature stiffness of polyurethanes based on triols of different mo-
lecular weights. At a low triol molecular weight (high triol hydroxyl number)
where the polyurethane Tg is well above room temperature, the stiffness of
the urea-containing polymers does not differ greatly from the polymers




3
|
STIFFMESS, P

STIFFNESS, PSI

o] TRIOL. HYDROXYL NUMBER

Fig. 11. Room-temperature stiffness
of uréthane polymers vs. hydroxyl
number of the oxypropylene-triol
(polymers made with water).

L | L

o 5 i0 15
DISUBSTITUTED UREA CONCENTRATION, %

Fig. 10. Relationship between the
room-temperature stiffness of
urethane polymers based on a
3, 000 molecular weight
oxypropylene-triol and the urea
concentration.

without the ureas. As the triol molecular weight is raised (triol hydroxyl
number is lowered), an abrupt decrease in stiffness occurs at different triol
molecular weights in the two types of polymers. The transition in stiffness
occurs at a higher triol molecular weight in the urea-containing polymers
because of the increase in the Tg due to the ureas (see Fig. 8). As the triol
molecular weight is further increased, the polymer Tg is displaced below
room temperature and a slight increase in stiffness follows.

The increase in stiffness of urea-containing polymers which results from
increasing the triol molecular weight without changing the amount of water and,
therefore, the weight per cent urea structure in the formulation can be attrib-
uted to the length of the urea sequences. Raising the triol molecular weight
while maintaining a constant weight ratio of water increases the length of the
disubstituted urea sequences between polyol molecules. Probably more effi-
cient hydrogen bonding is possible in these longer sequences. It is recalled
from Fig. 7 that the stiffness of polymers without the ureas decreases as the
triol molecular weight is raised. With water, however, the reverse is true.
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Tensile Strength and Elongation. The polymer physical state greatly
influences the ultimate tensile properties, the tensile strength and elongation,
as well as stiffness. 1n the rubbery state the polymers are characterized by
fairly high elongations and relatively low tensile strengths. The tensile
strength of these materials is very dependent on the concentration of the
disubstituted ureas. Moreover, the increase in tensile strength which is
produced by the ureas is of the same order as the stiffness increase which
was previously discussed. This is shown in Table 1.

TABLE 1

Effect of Urea on the Tensile Properties of
Polyurethanes Made From 3, 000 Molecular Weight Triols

Stiffness, psi Tensile, psi

Polyurethanes without urea 300 120
Polyurethanes with 9 wt. per cent urea 8,200 1,800

The elongation of polymers in the rubber state appears to be related
more to the primary cross-link density than any other one factor. Increasing
the molecular weight of the triol lowers the primary cross-link density and the
elongation is raised as illustrated in Fig. 12. The urea-containing polymers
exhibit elongations similar to those of the polymers without urea.

In the glassy state the urethane
polymers are fairly brittle with high
tensile strengths and low elongations.
Table 2 reveals these trends in poly-
mers prepared from 265 and 425
molecular weight triols. The glass
transitions of both polymers are
well above room temperature and the
tensile properties are, therefore,
typical of glass-~like materials. The A
addition of urea to the polymers in i Ties
the glassy state does not appear to | | | W'““I’UT UREA
increase the tensile strength or the o 1000 2000 3000 4000 5000
elongation to an appreciable extent. oL, MASEIChn eae
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Mechanical Loss. The loss Fig. 12.
temperature curve (Fig, 6) of the
urea-containing urethane polymer
based on a 3,000 molecular weight
triol suggests that this material is

Effect of triol molecular
weight on the elongation of
urethane polymers.
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TABLE 2

Brittle Behavior of Polyurethanes
Based on Low Molecular Weight Triols

Polyurethane Tensile Properties

Triol Molecular Weight Tensile Strength, psi Elongation %
265 10,000 6.5
425 6,800 8

fairly non-elastic. The level of loss above the Tg of this polymer is quite high
when compared to the behavior of most other polymeric materials. The elastic
properties of the urethanes appear to be fundamentally related to the disubsti-.

tuted urea structures and the hydrogen bonding associated with them.

Fig. 13 compares the loss behavior above the Tg of the two types of
urethane polymers, those with urea and those without urea. Both of these
polymers were made from 3,000 molecular weight triols, and the polymer
with urea was formulated with 4 parts water in 100 parts polyol which pro-
duces about 9 weight per cent urea in the final polymer.

The relationship between mechanical loss and the urea content is shown
in Fig. 14. All of the polymers contained in this figure were prepared from a
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Fig. 13. Effect of urea on the loss-
temperature behavior of urethane Fig. 14. Relationship between per
polymers based on a 3, 000 mo- cent hysteresis loss and the urea
lecular weight oxypropylene-triol. content of urethane polymers made
N from a 3,000 molecular weight
oxypropylene-triol.
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3,000 molecular weight triol and the urea content was varied by the addition
of water, and isocyanate necessary to react with the water, to the base poly-.
mer formulation.

Mechanical loss above Tg in urethane polymers made with water is
believed to result mostly from the breaking of hydrogen bonds when the poly-
mer is strained.? Since a major part of the polymer strength is derived from
the hydrogen bonding, a marked decrease in the strength results when the
bonds are disrupted. Moreover, if the polymer is maintained in a strained
condition for a long period of time the hydrogen bonds continue to break and
the polymer "creeps,' as evidenced by a stress relaxation. If the polymer
is relaxed and especially if it is heated while it is relaxed, the hydrogen bonds
will be re-established and the strength recovers. Although most polymers
are subject to creep-behavior because of factors such as chain slippage the
urethanes appear to be poorer than most in this respect because of the hydro-
gen bonding phenomena. The loss properties of the urethanes used in flexible
foam can be improved considerably by making the polymer without the water
which is responsible for the ureas, but the reduction in strength would be
intolerable.

Foam Properties Related to Polymer Properties

Load-Bearing. The load-bearing properties of urethane foams are
basically determined by the stiffness of the urethane polymer. The urethane
polymer glass transition is important in the production of the various types
of foams, e.g., rigids, semi-rigids, and flexibles. A foam comprised of a
polymer with a Tg well above room temperature is very rigid. Conversely,
if the polymer Tg is well below room temperature, the foam is a flexible
type. Semi-flexible foams are produced from polymers with glass transitions
in the immediate vicinity of room temperature.

The stiffness of polymers with glass transitions well below room tem-
perature is derived mostly from hydrogen bonding. Polymers of this type
are used mostly for flexible foam applications and must have this hydrogen
bonding in order to provide these foams with the required strength. Since
the urethane polymers used in rigid foam applications have glass transitions
above room temperature, they are very rigid and do not require the hydrogen
bonding from the ureas. For this reason water is not usually required in
rigid-foam formulations. Although rigid foams are generally not produced
from the same type of polyols used in flexible foams, the resulting polymer
always has a Tg above room temperature.

A comparison of the trends in foam properties with the trends observed
in the properties of the molded urethane polymers suggests that the polymers
are not the same even though they are based on the same ingredients. These
differences are believed to result from the manner in which the two products
are reacted or "cured." For example, the foams based on triols with molecu-
lar weights above 3,000 generally exhibit poor load-bearing properties;
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whereas, the molded polymers of these same ingredients have a very high
stiffness. The molded polymers were cured much more rigorously than the
foams and for this reason are more completely reacted. This indicates that
the potential properties of the polymer are never fully realized in foams be-
cause of insufficient cure. The cure problem is most apparent in foams made
from high molecular weight polyols.

Tensile Strength and Elongation. Foam tensile strength and elongation
properties result from these same properties of the polymer. Hydrogen bond-
ing has a great bearing on the tensile strength in flexible foams similar to the
affect on stiffness. Of course, in rigid foams the forces of hydrogen bonding
have very little effect on the tensile strength or stiffness. Although hydrogen
bonding tends to increase the elongation somewhat in flexible foams, the elon-
gation seems to relate more to the polymer primary cross-link density.

The extent of cure of the flexible urethane foams has a very large effect
on the elongation properties. If the cure is relatively incomplete, unreacted
chain ends are left in the polymer. As a result, chain slippage is increased.
This phenomenon probably accounts for the unusually high elongations which
are observed in foams based on triols of molecular weights higher than 3, 000.
The elongations of these foams could very likely be reduced by extending the
cure to complete the reactions.

Flex Fatigue. Mechanical loss in the urethane polymer is responsible
for flex fatigue in urethane foam. A high-loss behavior is inherent in the ure-
thane polymers made with water because of the actions of hydrogen bonding,
and, therefore, flex fatigue is observed in all foams made from polymers of
this type.

In flexible urethane foams, flex fatigue and the load- bearing properties
are directly related to the amount of water used in their preparation. Improve-
ments in flex fatigue cbtained through a reduction in the amount of water used
are more than offset by the decrease in load-bearing properties.

Although flex fatigue in urethane flexible foams will very likely never
be eliminated completely, it can certainly be minimized to a tolerable level.
Fortunately, flex fatigue as experience in most urethane flexible foam appli-
cations is not a severe problem since these materials generally outwear most
competitive products. This can be attributed to the fact that the loss in load-
bearing properties caused by the breaking of hydrogen bonds during flexing is
recoverable to a great extent through re-establishment of these bonds. Since
most usages of flexible foam involve cyclic compression and relaxation, the
relaxation periods offer an opportunity for the hydrogen bonds to reform.
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INSULATION PROPERTIES OF FLUOROCARBON
EXPANDED RIGID URETHANE FOAM

R. E. Knox

Introduction

The development, use, and acceptance of urethane foam for numerous
end uses has been extremely rapid with continued future growth expected. In
one decade, urethane foam has evolved from a laboratory curiosity to an item
of commerce, with consumption now in excess of 100 MM lb/year. 1 7o date,
the major outlet for urethane foam has been for flexible applications. Recently,
however, the use of rigid urethane foam has started to increase, and its con-
sumption could well equal that of resilient foam by the end of the decade with
a total market in excess of 500 MM 1b/year.

Rapid growth of rigid urethane foam is expected to materialize because
of its remarkable combination of physical properties and the relative ease by
which resilient foam processing technology, already well advanced, can be
applied to rigid urethane foam. Being fluid, rigid urethane foam systems
can be casted, poured-in-place, or sprayed. Equipment and techniques quite
similar to those employed with resilient urethane foam are being used today
to manufacture rigid foam at high output rates. Rigid urethane foam cures
without the need of external heat to yield a dimensionally stable product. This
product has high strength at low density and is resistant to many chemicals
and to moisture pick-up. It has good adhesion properties and can be produced
over a wide range of densities in fire resistant form. Typical physical
properties of rigid urethane foam are given in Table 1.

In addition to the above features, rigid urethane foam possesses another
outstanding property--it has extremely low heat transmission rates when pro-
duced with fluorinated hydrocarbon expanding agents such as trichloromono-
fluoromethane (Fluorocarbon 11)* and dichlorodifluoromethane (Fluorocarbon
12). #% This particular property is the subject of this paper. Data for fluoro-
carbon expanded foam will be presented showing (1) its insulation performance
relative to other insulating media under simulated in-use conditions, (2) its
heat transmission rate as a function of temperature and age, and (3) the effect
of foam structure on its heat transmission rate.

*Available as "FREON 11", registered trademark of E. I. du Pont de
Nemours & Co.
#*¥Available as "FREON 12", registered trademark of E. I. du Pont de
Nemours & Co.
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TABLE 1

Typical Physical Properties of Fluorocarbon 11
Expanded Polyether Rigid Urethane Foam

Density, 1b/ft3 1.8-2.2
Tensile Strength, psi at break 44
Compressive Strength, psi at yield 41
Closed Cells, % of foam volume 91

Moisture Vapor Transmission, perm. in.
(at 100°F, 100% R, H.) 2.5

Water Absorption, lb/ft2 (Water Immersion 8
head for 7 days at R.T.) 0. 05

Dimengional Stability, % Linear Change

14 days at -15°F <-0.5
14 days at 100°F, 100% R. H. < 2
14 days at 200°F <1
*Thermal Conductivity ("'k" Factor), (Btu)/(ar)
(ft2) (O°F/in.) at 75°F mean temperature 0.11 - 0.13
Service Temperature, Upper Limit, OF 225
Lower Limit, °F -300

*Determined on unaged foam sample.

"k'" Factor of Fluorocarbon Expanded Rigid Urethane Foam

The insulation industry traditionally has used the term "k'' factor,
usually expressed as (Btu)/ (hr)(ft2)(OF/in. ), to characterize the insulation
performance of a material. That rigid urethane foam is a superior insulating
material is evident from Table 2 which compares its heat transmission rate
to that of other common insulating materials. The low "k'" factor results
from encapsulation of high molecular weight fluorocarbon gases in urethane
foam polymer. The relationship between molecular weight and thermal con-
ductivity of several gases is shown in Fig. 1. Although this relationship has
long been known, high molecular weight gases have not been widely utilized
until recently because of the difficulty of efficiently containing the gas for
insulation applications. Rigid urethane foam technology has been developed
to the point that this problem no longer exists.
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TABLE 2

Typical "k'"* Factor for Commercial Insulation Materials

"k'" Factor at 75°F

Powdered Gypsum 0.50
Glass Foam 0.40
Sawdust 0. 36
Rock Wool 0. 32
Cork 0.28
Polystyrene Foam 0.26
Hair Felt 0.25
Glass Fiber 0.23
Urethane Foam, COg expanded 0.23
Urethane Foam, Fluorocarbon 11 expanded 0.12

*'k" = (Btu)/(hr) (ft2) (O°F/in. )

It is now common practice to
employ fluorocarbon gases such as
Fluorocarbon 11 for the dual purpose
o of generating the foam and reducing
the foams' thermal conductivity.
Urethane foam polymer is relatively
impermeable to fluorocarbon gas
and, as a result, gas retention is
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Relative Insulating Effectiveness
Fig. 1. Thermal conductivity of gases of Fluorocarbon Expanded
as a function of molecular weight. Rigid Urethane Foam

A "k" factor value, though

useful in assessing a material's ther-
mal insulation properties, cannot quantitatively predict the performance of a
material in actual service because the test does not simulate well the many
environmental conditions which can be encountered. For example, "k"
factors are run very often at a mean temperature of 75°F where the cold side
is maintained at 32°F and the hot side at 118°F., Very seldom is an insulating
material used at these particular temperature conditions. Also, when a
foamed material is tested for '"k" factor, a relatively thin specimen is used,
while in actual service the foam either has a dense skin on its outer surface
or is integrally adhered to common facing materials. It was felt that a
simulated in-use test would give more practical and meaningful data than
data obtained by conventional "k'' factor determinations. A simple but repro-
ducible test was devised which enabled comparisons to be made of the relative
thermal insulation resistance of a number of media under a wide variety of
exposure conditions.
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Test Principle for Determining Relative
Insulating Effectiveness

Insulating effectiveness was determined by measuring the evaporation
rate of a constant boiling liquid under equilibrium conditions from containers
completely insulated with the various test media. By running several different
insulating media simultaneously under controlled environmental conditions, a
direct comparison could be made of their relative insulating effectiveness.

Equipment Used

A dimensioned view of the insulated evaporation tube assembly used for
this study is shown in Fig, 2. The cylindrical shape of the evaporation tube
was chosen to assure a constant insulation thickness and to simplify heat trans-
fer calculations. The insulation thickness used for all experiments was 1, 8'".
The tubes were made of copper which has a heat transmission rate over 100
times that of the insulating media being tested. Any heat transmitted through
the insulation above the liquid level was transferred immediately by the copper
to the liquid, and as a result, the liquid evaporarion rate became largely inde-
pendent of the liquid level in the tube. This simglified the procedure since it
eliminated the need to maintain a constant liquid lc vel within the evaporation
tube. ’

The tube was equipped with an insulated but loose fitting plug. This
facilitated filling, prevented pressure buildup by providing a narrow path
for venting the vaporizing liquid, and
minimized heat flow via a large un-
insulated opening.

In most tests the insulated REMOVABLE INSULATEQ INSULATION (18" THICK}
evaporation tubes were covered TOBe Vetanes AnchmD
~with a "MYI BR"* £il . This fil PLUG'S PERIPHERY)
. . 2" DIAMETER x 20" LONG
served' as an effective vapor‘barrler S PPER-TUBE
but which could be removed in order o fios23" WALCRIHICKAESS) =

NSTANT BOILING
to study the effect of moisture and Liauio

free convection on the insulating

efficiency of the test media. Pro- < Ganmien
visions also were made for deter-

mining the effect of air flow across

the insulated surfaces on the rela-

tive insulating effectiveness of the

various test media.

The procedure used is similar
to those employed for cryogenic in- Fig. 2. Cross section of evaporation
vestigations® with the following tube.
major difference. The Elastomers

*du Pont trademark for its polyester film.
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Laboratory procedure determines the equilibrium evaporation rate by direct
weight measurement of the entire tube assembly, whereas in cryogenics ex-
perimentation the evaporation rate is determined by passing the vapor through
a wet test meter. Provisions must be made in the cyrogenic procedure to
prevent vapor condensation in the lines leading to the meter. The procedure
to be reported on here is simpler, less expensive, and yields more rapid
results without apparent sacrifice in accuracy. While errors in the procedure
can occur (e.g., very small return heat flow through a non-insulated pathway,
minor external temperature fluctuations), they will be small and will cancel
out since all media are tested concurrently.

Materials Used

Table 3 lists the constant boiling liquids used for test purposes with their
pertinent physical properties. The choice of liquid was made on the basis of
boiling point, av<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>