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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
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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-

0.00 ALIPHATIC - 6(150) tance was the comparison of polymers
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mixing with mixing times of approxi- _ HETEROCYCLIC -8 {150) _
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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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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.

Acknowledgement

The author wishes to express his appreciation to the members of the
Mobay Research Department and of Farbenfabriken Bayer, discussions with
whom have helped shape these views on foam formation. Particular apprecia-
tion is due Mr. A. S. Morecroft, whose considerations of nucleation phenomena
have been most helpful, and to Mr. P. G. Gemeinhardt, Mr. W, C. Darr,

Mr, E. L. Reichard, and Dr. J. K. Backus.

References

1. Arnold, R. G., J. A, Nelson, and J. S. Verbane, Chem. Revs., 51,
47 (1957).

2. Bayer, O., Angew. Chem., A59, 257 (1947).

3. Bolin, R. E., J. F. Szabat, R. J. Cote, E. Peters, P. G. Gemeinhardt,
A. S. Morecroft, E. E. Hardy, and J. H. Saunders, J. Chem. and Eng.
Data, 4, 261 (1959).

4, Buist, J. M., R. Hurd, and A. Lowe, Chem. and Industry, 51, 1544
(1960).

5. Craven, R. L., paper presented at the American Chemical Society
Meeting, Atlantic City, September, 1956,

6. Darr, W. C., P. G. Gemeinhardt, and J. H. Saunders, paper presented

at the Organic Coatings and Plastics Division, American Chemical Society
Meeting, September, 1962,

34




10,

11,

12,

13.

14.

15,

16.

deVries, A. J., Rubber Chem. and Technol. , 31, 1142 (1958).

Flory, P. J., Principles of Polymer Chemistry, Cornell University
Press, Ithaca, N, Y., 1953, Chapters IX-1 and IX-2,

Frensdorff, H. K., Rubber Age, 83, 812 (1958),
Hansen, R. H., SPE Journal, 18, No. 1, (1962),
Hochtlen, A., Kunststoffe, 42, 303 (1952).
LaMer, V. K., Ind. Eng. Chem., 44, 1270 (1952),
Mobay Chemical Company, unpublished data.

Sandridge, R. L., A. S. Morecroft, E. E., Hardy, and J. H. Saunders,
J. Chem. Eng. Data, 5, 495 (1960).

Saunders, J. H., Rubber Chem. and Technol. » 33, 1293 (1960).

Saunders, J. H. and K. C. Frisch, Polyurethanes, Part I, Interscience
Division, John Wiley and Sons, Chapters V and VI, 1962,

35




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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(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
E

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
200, 000 pounds per square inch, @ D¢ WO 300 400 500 600
which is characteristic of the glassy TRIOL HYDROXYL NUMBER

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

iz IFERFONATLRL £34

*k* FACTOR.(B 1y }/ L. KIFH F. in)
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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, availability, lew toxicity, and non-flammability.

TABLE 3

Coastant Boiling Liquids

Thermal
Boiling Conductivity of Ht. of Vap.,
Molecular Pt.,°F Vapor at 860F at B.P.,
Name Weight atlatm Btu/hr ft2 °F -in. Btu/lb

Fluorocarbon 11

(ccigm1) 137.38 74. 8 0.058 78. 31
Fluorocarbon 114

(CCIF,CCIFy)3) 170, 93 38.4 0.078 59. 00
Fluorocarbon 12

(CClyF)3) 120. 93 -21.6 0. 067 71. 04
Fluorocarbon 22

(CHC1F9)(4) 86.48 -41.4 0.081 100. 66
Fluorocarbon 13Bl1

(CBrF,)5) 148.9 -72.0 - 51. 08
Fluorocarbon 13

(CC1F,)(6) 104. 47 -114.6 - 63. 85
Ny 28.0 -320.0 - 85. 00

(1) FREON 11, (2) FREON 114, (3) FREON 12, (4) FREON 22, (53) FREON
13Bl, (6) FREON 13, E. I. du Pont de Nemours & Co.
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The insulating media tested included commercially available fluoro-
carbon expanded rigid urethane foam, ground cork, vermiculite, several
grades of commercially available glass fiber, and polystyrene foam (see
Table 4).

TABLE 4

Insulating Media Used for Relative Insulating
Effectiveness Evaluation

Media Density, 1b/ft3

Polyether Urethane Foam, Fluorocarbon 11 expanded
(cast in place) 2.0

Glass Fiber, purchased

(a) standard pipe type 7.0
(b) blanket type 1.0
(c) semi-rigid board type 6.0
Ground Cork, purchased, bulk 10.0
Polystyrene Foam, purchased 2.0
Vermiculite, purchased, bulk 12,0

Test Conditions

Many different experimental hot and cold side temperature conditions
were used. The cold side temperature was varied by substituting liquids of
different boiling point in the evaporation tube, while the hot side (outside of
tube) was maintained at room temperature or varied by placing the evapora-
tion tube in a temperature controlled oven or cold box. Over an experimen-
tation period of several months, the hot side temperature was varied from
230° to -60°F and the cold side from 75° to -320°F. Also, during the ex-
perimentation period, frequent reruns at specific temperatures were made
to determine the effect of aging and temperature extremes on maintenance of
insulation properties. Many of the test conditions used approximated tem-
peratures associated with home and commercial appliances, cold storage,
reefer trucks, and building insulation. For example, a home refrigerator
was simulated by using an external (hot) temperature of 78°F and an inside
(cold) temperature of 38°F, while a refrigerated meat truck was simulated
by using either external (hot side) temperatures of 78° and 120°F, and an
inside (cold side) temperature of -21. 6OF.
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Experimental Procedure

. Each insulated tube of known tare weight was filled with a given quantity
of liquid. After sufficient time elapsed for equilibration, each tube was re-
standardized by adding additional liquid. Then the experiment was commenced.
Rate of weight loss of constant boiling liquid was determined by weighing each
tube periodically. The test was terminated when less than five per cent of the
liquid remained. Since most of the liquids used were low boiling, i.e., less
than room temperature, and were normally received in pressurized cylinders
it was necessary to cool them below their boiling point before transferring to
the insulated tube.

El

Data Analysis

Equilibrium evaporation rates were determined by plotting the weight of
liquid remaining versus time. As an example, typical evaporation rate plots
are shown in Fig. 3 for the various insulating media in which an external tem-
perature of 118°F and an internal temperature of -21, 6°F was used. Signifi-
cantly, weight loss is linear with time verifying that by this technique evapo-
ration rate is independent of liquid depth in the tube. Also, under these test
conditions, it will be noted that the evaporation rate increases in the following
order: urethane foam, glass fiber, polystyrene foam, and vermiculite.

The rate of heat transfer through the various insulating media may be
determined by the following equation:
evaporation rate, g/hr x heat of

rate of heat transfer (Btu/hr) = vapo;';gfltsiogr}llztullb

By knowing the heat transfer rate
g LAY that occurs with each insulation under
the various simulated service condi~
tions, it is an easy matter to calculate
the relative insulation effectiveness of
any two materials. For example, it
can be determined, by applying the
above equation to the data in Fig. 3,
that the rate of heat transfer for poly-
styrene foam is 30.2 Btu/hr and for
rigid urethane foam 15.18 Btu/hr.
Thus, for non-curved surfaces, one
inch of rigid urethane foam gives
insulation performance equivalent
i to 2 inches of polystyrene foam.

15 Condttions  Conet
Fivsr

8

8

400}

FLUCROCARBON 12 REMAINING, GMS.

Fig. 4 shows the relative insu-

Fig. 3. Typical evaporation lating effectiveness of urethane foam
experiment. compared to other insulating media
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over a wide range of mean tempera-

tures. In this work all media tested

were vapor barrier protected with

MYLAR film. Of particular interest are the following points: (1) fluorocarbon
expanded urethane foam is superior to all media tested; (2) fluorocarbon ex-
panded urethane foam's relative insulating effectiveness advantage over other
media decreases with decreasing mean temperature. This latter point is to
be expected since all insulating media will be equivalent at or near absolute
zero. This is best shown by referring to Fig. 5 which shows the variation of
thermal conductance of various gases as a function of temperature, As the
temperature decreases, all values decrease. However, the slopes for the
higher conductivity gases are greater, resulting in greater decrease in ther-
mal conductance with decreasing temperature. Thus, the relative insulating
effectiveness of urethane foam compared to other media should be expected
to and, in fact, does decrease with decreasing mean temperature. Referring
to Fig. 4, the cross-hatched area represents the temperature range for the
major actual and anticipated volume outlets for insulating media. Table 5
lists the hot, cold, and mean temperature conditions for several commercial
insulation applications. As indicated in Fig. 4, the outlets listed in Table 5
fall well within the region wherein fluorocarbon expanded urethane foam enjoys
its greatest relative insulating effectiveness advantage over other insulating
media. -

In some cases, evaporation tests were run with the vapor barrier
(MYLAR) protection removed from the test insulating media. Urethane foam
gave equivalent insulation with and without barrier protection. However, this
was not true with the other insulating media as is shown in Fig, 6. The in-
creased rate of heat transmission for unprotected glass fiber, polystyrene
foam, and cork is believed due to the increased convection currents set up
within these other media which do not have a tight or as small a closed cell
network as does urethane foam. Also, the data in Fig. 6 show that with the
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TABLE 5

Service Temperatures for Various Insulation Applications

Temperatures, °F

Service Hot Cold Average
Home Refrigerator 80 38 59
Home Freezers 80 -20 30
Reefer (refrigerator) Trucks
Vegetable Service 120 40 80
Meats 120 -20 50
Building Insulation
Summer 120 80 100
Winter, south 80 38 59
north 80 -20 30
6 (MEAN TEMPERATURE, 58°F.) porous media heat transmission in-
(0 AIR VELOCITY) - y
L creased with increased AT, i.e.,
- LEGEND the temperature difference between
% £ r D Sorsiih \Bed the hot and cold sides. This te.nds to
| i< AT=40°F. support the theory that convection
| ) No borrier used currents are responsible for the in-
| W4 AT=40°F creased thermal conductance of porous
4 .
7 i materials.
i 2 7 bl
| Z To demonstrate the influence
g that increased convection currents
é can have on heat transfer, relative
Z 5t insulation effectiveness was deter-
E mined with air flowing across the
w faces of urethane foam and glass
ER ® e fiber insulated tubes. The results
2 2 £ 2 are shown in Fig. 7. Urethane foam,
“ g 2 55 because of its small but individual
o = & = cell nature, is unaffected by air flow
LT el et whether unprotected or not, while the

Fig. 6. Factors influencing insu-
lating effectiveness.
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porous medium shows increased rates
of heat transfer with air flow across
the tube. While the air flow was
arbitrarily chosen (500 ft/min. =

6 mph) it does show the pronounced
effect which winds can have on an
insulated building or refrigerated
truck.




For optirnum insulation per- MEAN TEMPERATURE 58°F. 40°F. AT

formance, moisture pick-up must
be kept to a minimum. Moisture
pick-up not only adversely affects
heat transmission rates3 but also,
in the case of refrigerated trucks,
decreases payload weight, neces-
sitating periodic moisture removal
from porous insulating media. 4
Although heat transmission rates
were not studied over a long period
of time with the refrigerant in the
tube, Table 6 shows unprotected
urethane foam picked up negligible
moisture. The other insulating
material tested showed a weight
gain indicating moisture pick-up ]
even in this short period of time.

LEGEND

Barrier used
Q Air velocity

= Na barrier veed
& O Air velocity

. Na barrier veed
500 ft./min. air velacity

P73 Barrier used
% 500 f1. /min. air velocity

7

EQUIVALENT INSULATION THICKNESS, Inches
]

AN

" GLASS

BER URETHANE FOAM

Fig. 7. Effect of air velocity on

Moisture penetration into in- relative effectiveness of in-
sulating media can be markedly sulating media.
decreased by vapor barrier protec-
tion. However, the difficulties
encountered in hermetically sealing
porous insulating media are obvious. Urethane foam has inherent hermetic
sealing properties. For pour-in-place, spray, or laminated construction,
only the exposed urethane foam surface need be vapor barrier protected. In
applications where rigid urethane foam is enclosed in porous media, e. g.,
brick or cement blocks, the foam for optimum performance should be pro-
tected with a moisture vapor barrier.

Since the insulating qualities of urethane foam are due to encapsulation

and containment of fluorocarbon gas, aging effects on urethane foam are of
prime importance. Urethane foam exhibits excellent resistance to aging even

TABLE 6
Effect of Insulation Type on Moisture Pickup

(Cold side maintained at -21. 6°F; Hot side maintained at 780F)

Cumulative lnsulation Weight Gain, g

Material* 24 hrs 48 hrs 72 hrs
Closed Cell (urethane foam) 0 0 0
Porous Media (Glass fiber) 22 39 46

*No barrier protection, 0 air velocity.
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though the material is subjected to wide variations in temperature. The evapo-
ration rates determined on the urethane foam insulated tube over a 200 day
period are shown in Table 7, There is essentially no change in insulating
efficiency. This indicates little aging (little or no loss of fluorocarbon gas)

or change of foam gas composition occurred even though the material was
exposed to temperatures as high as 220°F and as low as -320°F between the
tests given in Table 7.

TABLE 7

Effect of Aging on Evaporation Rate of Fluorocarbon
Expanded Urethane Foam

Aging Conditions: Hot Side  78°F
Cold Side -21. 6°F (Fluorocarbon 12)

Foam Age, Fluorocarbon 12
days Evaporation Rate, g/hr
5 68
25 69
100 67
200 69

Effect of Mean Temperature on Thermal
Conductivity of Urethane Foam

The experiments just described are effective for gauging in-use per-
formance of insulating media. For design purposes, however, it is desirable
to know the effects of changing mean temperature on the heat transmission rate
of urethane foam.

The standard ASTM method of doing this is to measure the rate of heat
flow through a test specimen under steady state conditions. The measurement
is made under static conditions by heating electrically one side of the specimen
and maintaining the other side at a constant, but lower, temperature, When
steady state conditions are reached, the measured heat output rate is equal to
the heat transfer rate through the sample. Heat losses through the edge of the
specimen can be compensated for by the use of a guarded hot plate. 5

As stated earlier, "k'" factor determinations are usually made at a mean
temperature of 75°F. Knowing the 'k" factor value at 75°F, it has been tradi-
tional to assume that it would decrease linearly with decreasing temperature to
be essentially zero at temperatures approaching absolute zero. Recently,
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there has been increasing evidence =y = —|
that this linear relationship does not I

hold for fluorocarbon expanded rigid
urethane foam. 9 Consequently,
guarded hot plate.equipment of high
precision was used to determine the
effect of mean temperature on ther-
mal conductivity. Fluorocarbon
expanded rigid urethane foam of

2.0 1b/ft3 density was supplied by
the Elastomers Laboratory to R. M.
Lander of the University of Minne- R e
sota who performed this work. The MEAN TEMEL RATURES, °F.

data obtained are shown in Fig. 8.
1t can be seen that "k'' factor does
not decrease linearly between +45°
and -40°F. Rather, in this region
a slight increase in heat transmis-
sion rate occurs. Above +45° and
below -40°F mean temperature, the
"k" factor decreases linearly with
decreasing mean temperature. This non-linearity in the "k' factor-mean
temperature curve has little significance from a practical standpoint as the
evaporation tube experiment has shown. Also, it will be noted that the "k"
factor obtained at the point of maximum rise (0. 14) at -40°F is still well
below that obtained with other typical insulation media.

"k" FACTOR, (B.1u ) Z{he)(Ft2)(*F.7 in.)

Fig. 8. Thermal conductivity vs.
mean temperature fluorocarbon
expanded rigid urethane foam.

It is interesting to speculate as to the cause of this "k' factor rise.
The most plausible theory to explain this phenomenon is fluorocarbon gas
condensation leading to:

1, Decreased pressure in the foam cell which results in increased
heat transfer by convection due to increased mean free path.

2. Increased heat transfer due to convection currents resulting from
reboiling of condensed fluorocarbon liquid.

3. Saturation of foam cell's surface with liquid fluorocarbon result-
ing in increased heat transfer by conduction.

4. Equilibrium saturation of the foam cell surface with liquid fluoro-
carbon. In this case the addition of heat to the hot side of the foam cell causes
the ejection and transfer of saturated fluorocarbon vapor to the cold side with
subsequent fluorocarbon condensation. Abnormal quantities of heat are then
transferred due to the release of latent heat during condensation of fluorocarbon
gas.

Gas chromatographic measurements on unaged fluorocarbon expanded

urethane foam has shown that there is essentially no net change in the total
weight of material in the foam cell at any temperature. 7 However, the
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molar concentration of the gas phase does change with changing temperature,
with a higher per cent of non-condensibles resulting as temperature is de-
creased. This is good evidence of fluorocarbon condensation which would be
expected since the boiling point of Fluorocarbon 11, for example, is 74. 8°F
at 1 atm. It has also been shown' that the total pressure in a foam cell which
has been expanded with Fluorocarbon 11 is approximately 0.8 atm at 74. 89F.
The condensing temperature of Fluorocarbon 11 at this pressure is approxi-
mately 50°F. Increased heat transmission rates as the temperature is
lowered from 50°F would then be expected to result due to Fluorocarbon 11
condensation. The experimental measurements shown in Fig. 8 are good
confirmation of this theory.

The non-linearity of the "k" factor versus mean temperature curve is
not wholly restricted to fluorocarbon expanded urethane foam. Departures
from linearity have been shown for other media in which the voids contained
COZ. 8 1t should be restated, however, that even though fluorocarbon expanded
urethane foam shows decreased insulation resistance from +45° to -45°F, this
material is still superior to other commercially available materials at com-
parable economics. In addition, for the majority of applications envisioned
for rigid urethane foam (see Table 5), the non-linearity of the "k'' factor
versus mean temperature curve is primarily of academic interest.

Effect of Aging on Insulation Performance
of Fluorocarbon Expanded Rigid Urethane Foam

Typical aging effects as determined by "k factor measurements on cut
fluorocarbon expanded rigid urethane foam (1/2" thick) are shown in Fig. 9.
Aging occurs in two stages termed primary and secondary aging. Primary
aging is due to air diffusion into the foam cells. Cut, unprotected urethane
foam polymer is relatively permeable to air, thus air will enter the foam
cells until essentially equilibrium conditions are established. With the thin
specimens used for k' factor determination, this usually octurs in within
80 to 100 days at room temperature. At completion of primary aging, the
"k'" factor value is generally increased 30 to 35 per cent. Thus, the lower
the "k'" factor value of the foam as originally made, the lower will be the
value at completion of primary aging. Since this value is commonly assumed
as the equilibrium "k" factor of exposed urethane foam, it points out the need
for as low an initial ''k'"" factor value as possible. Secondary or long term
aging occurs slowly and is due to gradual gaseous fluorocarbon loss from the
foam cells. Urethane foam pulymer is relatively impermeable to fluorocarbon
gases, 9 thus, complete loss of fluorocarbon gas will occur only after many
years aging. Data published on urethane foam aging characteristics 0 have
shown essentially no change in the secondary aging curve after 500 days
continuous exposure.

Experiments have shown that the k' factor of uncut or barrier pro-

tected fluorocarbon expanded rigid urethane foam does not change signifi-
cantly even when aged for as long as 720 days at 75°F and 50 per cent

62




Relative Humidity. This would be g2
expected since primary aging due to
air diffusion has been prevented.

The general tendency of the urethane
foam industry to assume equilibrium
"k'" factor values of the order of 0. 16
to 0. 17 is unrealistically high on the
basis of the data contained in this
paper. Rather when it is remem-
bered that insulating quality urethane
foam should be encased in an im- 5 5
permeable covering, it is reason-
able to assume the 'k" factor
obtained originally will closely
approximate the long term 'k
factor value.

( AGING CONDITIONS. 75°F, 50% R H
20} 6"x 6" x Y, Sample

18 -

16
- Primary Aging ——— + Secondary Aging ——————]

®

(75°F. MEAN TEMP)

"k® FACTOR (B.t u }/(hr. K12} *F./ in}
~
T

5
T

°©
&

s
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Fig. 9. Aging of cut surface fluoro-
carbon expanded rigid urethane
foam.

Effect of Foam Variables on Insulation Resistance

It is important to obtain as low an initial "k'' value as possible in order
to fully utilize urethane foam's insulation capabilities. Several foam physical
variables have been identified which have an influence on heat transmission
rate. These include closed cell content, cell size, foam density, and type
and amount of gas entrapped.

The effect of closed cell content on "k'" factor is shown in Fig. 10. As
would be expected, the higher the closed cell content, the lower the "k'" factor
because of the greater quantity of gas per unit volume which is trapped. The
effect of cell size is shown in Fig. 11. This figure shows that "k" factor
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Fig. 10. Effect of closed cells on "k" Fig. 11. Effect of cell size on "k"
factor of fluorocarbon expanded factor of fluorocarbon expanded
rigid urethane foam. urethane foam.
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= — decreases as the cell size decreases
because there are more heat flow
barriers per unit thickness, thus less
heat transfer due to convection. Ure-
thane foam has low heat transmission
\-.“_ rates over a wide range of densities

« 5 as shown in Fig. 12. The spread in

&

(TESF MEAW TENF |

“h® FAETOR. M bl Lk LHRTF Jia )

L i —1 the data presented is due to variation
e —\_,-' e & o i | . .
| - in cell size, closed cell content, poly-
mer species, etc. Future improve-
R S - S WP | S SR . : .
o FOAM DENSITY, LR FEIL P ments in processing techniques can

be expected to lower but not change
the shape of the "k'' factor density
curve shown, The gradual increase
in "k'" factor as the density is de-
creased is not restricted to urethane
foam, rather occurs in all media
(but not necessarily at the same
density) due to increased heat transfer by radiation as the density decreases.
Even though the thermal conductance of fluorocarbon expanded urethane foam
increases gradually with decreasing density, 'k'' factor values as low as 0.13
(Btu)/ (hr)(ft2)(CF/in. ) at 1.2 1b/ft3 densities have been obtained. This does
not imply, however, that this is the minimum obtainable "k'" factor value at
this density since, as shown in Fig. 5, the thermal conductance of gaseous
Fluorocarbon 11 at 75°F mean temperature is approximately 0. 06 (Btu)/(hr)
(ft2)(°F/in. ). While increased heat transfer due to radiation as the density

is decreased will prevent this low value from being obtained,’ it may be
approached more closely in the future as techniques develop for increasing
the number of closed cells and decreasing the average cell size.

Fig. 12, "k" factor-density relation-
ship, fluorocarbon expanded rigid
urethane foam.

11

Summar

A test method has been devised and described for determining the rela~
tive insulating effectiveness of various insulating media under simulated in-use
conditions. Heat transmission rates were determined for urethane foam over
a wide range of mean temperatures. Certain foam variables were identified
which have an influence on initial and aged "k' factor values.

Conclusions

The evaluation of several insulating media under simulated in-use
conditions has demonstrated the superiority of fluorocarbon expanded ure-
thane foam. The proven insulation excellence of fluorocarbon expanded
urethane foam when combined with its other outstanding physical properties
such as low density, low moisture pick-up, high strength, etc., more than
justifies the choice of this material for both insulation and combination
structural-insulation applications.
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11,

When fluorocarbon expanded rigid urethane foam is properly formu-
lated and applied, good long term performance may be expected from this
unique and unusually effective insulating material.
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DESIGN OF POLYETHER BASED RIGID FOAMS

J. T. Willett and E. J. Robertson

Since their commercial introduction in 1956, the polyether polyols for
use in rigid urethane foams have increased to encompass a large number and
variety of materials. Because polyethers are generally propylene oxide
adducts of polyhydric alcohols, the functionality of the currently available
products can range from three when glycerine is the base up to eight with
sucrose. There are also the propylene oxide adducts of diamines and tri-
amines or other organic structures. Table 1 lists the commercially avail-
able polyether polyols and suppliers. For flame retardance, products have
been developed which contain either halogents, phosphorus, or their com-
binations. However, the development of these molecules is so recent that
their structures have not been highly publicized by the companies which
produce them. The trend, however, is towards reactive flame retardant
compounds as opposed to the additive type.

TABLE 1

Commercially Available Polyethers and Suppliers

Functionality Propylene Oxide Adduct of
Triols Glycerine, trimethylolpropane, and hexane-triol
Tetrols Pentaerythritol, alpha-methyl glucoside, and
Ethylene diamine
Hexol Sorbitol
Octols Sucrose
Allied Chemicals Jefferson Chemicals Witco Chemicals
Atlas Chemicals Olin Mathieson Wyandotte Chemicals
Dow Chemicals Union Carbide

The other major component of rigid foams is the isocyanate. The most
accepted product in this country has been the 80/20 2,4/2,6 isomer of tolylene
diisocyanate which is used in most quasi-prepolymer systems. The demand
for less handling and one-shot systems has led to the rise of the crude mate-
rials, namely, 85 per cent tolylene diisocyanate, 4,4'diphenylmethane
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diisocyanate, and polymethylene polyphenyl-isocyanate. The popularity of
these crude products has increased because of their lower reactivity and less
tendency to scorch, their ability to improve dimensional stability and to en-
hance flame retardance, and their lower cost. Also the crude isocyanates
are generally less volatile and therefore not as irritating to the eyes, and
respiratory tract. The isocyanates and their suppliers are listed in Table 2.

TABLE 2

Isocyanates and Suppliers

Tolylene diisocyanate 80/20 2,4/2,6 isomer
4,4'diphenylmethane diisocyanate, Mondur MR, and Hylene MCC
Polymethylenepolyphenylisocyanate - PAPI

Crude 80/20 tolylene diisocyanate - Nacconate 4040

Allied Chemicals E. I. du Pont de Nemours
Carwin Chemicals Mobay Chemicals

To aid in the dispersion of the materials, surfactants or surface active
agents are essential to the foam system. These agents are also effective in
controlling cell size and closed cell content. The basic types are organo-
silicones.

For catalysis of the systems, two types of compounds are used either
alone or in combination. These are tertiary amines such.as 2, 2, 2-bicyclo-
octane (Dabco), 1,2,4-trimethylpiperazine, tetramethylbutane diamine, and
tetramethyl guanidine or organo-tin compounds such as dibutyltin dilaurate
or dibutyltin diacetate.

In their early development the foams were expanded by carbon dioxide
generated in the reaction between water and the isocyanate. Later develop-
ments revealed that halogenatcd fluorocarbons performed well as blowing
agents and greatly irnproved' thermal insulation.

How and in what order these components are combined is also important.
Two basic methods of foam preparation are considered commercially feasible
for rigid polyether urethane foam production. These two methods are:

1. Quasi-prepolymer preparation, and

2. One-shot preparation.

Each method is unique and has its own set of problems. The prepolymer
method, for example, was plagued by viscosity. Unlike the flexible polyols
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which are low viscosity materials, the rigid polyols are of much higher vis-
cosities, as high as 100,000 cps at 25°C. This presented a problem of pump-
ing in available equipment so a method of reducing viscosity was devised.
This meant the preparation of a quasi- or semi-prepolymer by reacting the
polyol with enough isocyanate to produce NCO terminated polymers and
enough excess isocyanate to reduce the viscosity to 5000 cps or less. This
method had the advantage over prepolymers by reducing viscosity and over
one-shots by reducing exotherm to prevent scorch. This reacticn also favors
the urethane linkage and means the allophonate and biuret linkages which are
most susceptible to accelerated agmg are not formed or at least minimized,
The quasi-prepolymer is then reacted with a cross-linking agent which con-
tains the surfactant, the catalyst, the blowing agent, and enough polyol to
reduce the NCO/OH ratio from 4/1 to 1.05/1. In some cases, particularly
to ensure polyol stability, the surfactant is added to the quasi-prepolymer.

The quasi-prepolymer had just settled into use when the demands of
industry moved on and set its sights on the one-shot method. This method
of preparation is desirable both economically and in simplicity. In the one-
shot technique, polymer formation and foaming take place simultaneously.
However, many problems had to be and are still in the process of being
solved. The first problem needing a solution was scorch. Since the heat
of reaction is sufficient to cause scorching in the foam and since the foam
is an excellent insulator, a means of heat dissipation was considered a major
problem. Because of this problem some method was sought to reduce the
exotherm. Tolylene diisocyanate was replaced by crude tolylene diisocyante
which reduced the exotherm below the scorch level. However, this brought
about other problems-~-one being friability and from here we proceeded to
the crude MDI or polymethylene isocyanates. In these materials an answer
seems to have been found, i.e., foams are produced with no scorch, reduced
friability, and increased flame retardance.

Now that we have seen the two main means of foam preparation it be-
hooves us to examine more closely the components of a formulation and the
characteristics each will impart to the final rigid polyether urethane foam.

Since the polyether polyol can result in foams ranging from flexible to
rigid, we must limit the equivalent weight range of the polyol. The most
useful range has been an equivalent weight between 75 and 150. As can be
seen in Table 3, the equivalent weight will affect the compression strength
of any foam system. 3 In general as equivalent weight decreases, compression
strength increases. Table 3 shows a polyether polyol series made into rigid
foams by the quasi~prepolymer method. This series is a propylene oxide
adduct of sucrose in which the equivalent weight of the polyol has been varied.
The effect of the variation is noticeable primarily in the strength properties.
By decreasing the equivalent weight, the compression strength increases in
each foam. Although not as dramatic, the effect of varying the equivalent
weight is also noticeable in the tensile strength, A more gradual trend to
a stronger tensile is noticed with an increase in equivalent weight.
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TABLE 3

Strength Properties vs. Equivalent Weight
in Sucrose Polyether Rigid Foams

OH no. 450 410 375 350
Equivalent weight 127 137 150 160
Component A
Sucrose polyether2 127.0 137.0 150. 0 160. 0
Trichlorofluoromethane 40.5 42.0 46. 9 50.0
Dabco catalystb 0. 81 0. 84 0. 88 0.91
Silicone DC-113 or DC-199¢ 0. 81 0.84 0. 88 0. 91

Component B
Quasi-prepolymer

(29. 4% excess NCO) 143.0 143.0 143.0 143.0
Density, pef 2.1 2.1 2.1 2.1
Compression strength, psi 55 45 40 40
Tensile strength, psi 34 35 35 40

Voranol polyethers, Dow
bHoudr’y Process
CDow Corning

Another means of controlling strength properties is the polyether polyol
functionality. Table 4 shows this effect in a series of foams prepared from
polyether polyols of approximately the same hydroxyl number but differing in
functionality. The decrease in tensile strength as the functionality is increased
is self-evident. However, the expected increase in compression strength is
not as noticeable. A possible explanation of this paradox is suggested by the
results of the study of Darr, Gemeinhardt, and Saunders. They show evidence
that there is an incomplete chemical reaction in resins whose functionality is
six or greater and that the tetra-functional resin equivalent to the one used in
this foam was the most completely reacted. The relationship between the foam
properties and polyether polyol properties is important to know because it
affords a means of controlling the foam properties at a minimum cost. For
example, to get stronger foam we could increase the equivalent weight which
in turn would increase the cost by requiring an increase in the amount of iso-
cyanate needed. We also know that a higher polyether polyol functionality will
improve strength properties. Therefore, we are able to use the same equiva-
lent weight, thus holding cost at the same level. It should be feasible to reduce
the cost of a foam system by the same reasoning. Therefore, we see before us
the possibility of controlling the strength and cost of foams by the proper com-
bination of equivalent weight and functionality in the polyether polyol. However,
using polyols with very low equivalent weights tends to increase brittleness
and friability.
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TABLE 4

Strength Properties vs. Functionality

OH no. 450 490 450
Functionality 4 6 8
Polyol type pentaerythritol sorbitol sucrose

Component A

Polyether 65.0 73.4 88. 9

Trichlorofluoromethane 27.0 35.9 28.4

Dabco? 0.5 0.8 0.6

Stannous octoate 0.1 -- --

Silicone DC-113 or 199P 0.5 1.1 0.6
Component B

Quasi-prepolymer 100. 0 100. 0 100. 0
Density, pcf 1.9 1.9 2.1
Compression strength, psi 32.0 29.8 55.0
Tensile strength, psi 60.0 46. 9 34.0

&Houdry Process

bDow Corning

The structure of the polyol component also affects foam properties,
especially temperature resistance. For example, in polyether systems the
use of a polyether having a cyclic structure such as alpha-methyl glucoside
usually leads to better temperature resistance than a polyether of equal
functionality and equivalent weight based on pentaerythritol. The effects of
several of these polyol features, as well as the combined effects of isocyanate
and polyol'structures, were shown by Darr and co-workers. 4 A correlation
was shown between properties of rigid foams and properties of analogous
solid polymers made from the same isocyanate and polyols, without the blow-
ing agents. The temperature resistance of the two series of polymers appeared
to be the most sensitive measure of the effect of structural changes in either
foams or solid polymers, so primary emphasis was placed on this property.

One particular property which has received considerable attention for
a number of years is flame resistance. Flame retardant materials can be
physical additives such as unreactive organic phosphorus and/or halogen
compounds or certain inorganic phosphates or oxides. Typical organic
examples are tris(chloroethyl) phosphate or tris(2, 3-dibromopropyl) phosphate.
Inorganic materials such as antimony oxide or ammonium phosphate are also
effective either alone or in combination with the organic materials. 5 Another
approach is to incorporate organic halogen or phosphorus compounds which
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have active hydrogen atoms which when reacted from an integral part of the
polymér structure. An example of this type is Virginia Carolina's Vircol 82
(a phosphorus-containing diol) which is effective in both polyether and poly-
ester based systems. An increasing number of polyether polyols of higher
functionality are rapidly becoming available. Wyandotte Chemicals has de-
veloped a number of such polyols which are now available in commercial
quantities. Tables 5, 6, 7, 8, and 9 show examples of these polyether polyols
in three types of foam application, molding, slab, and spray. Still another
approach is the use of a flame resistant coating, especially on spray applied
foam for outdoor applications, where good low water vapor permeability and
good weather protection is desired.

TABLE 5

Self-Extinguishing Molding Formulation

Formulation

Phosphorus polyether® (OH no. 329) 87.5
Sucrose polyetherb (OH no. 545) 12.5
Fluorocarbon 11 32.5
Tetramethylbutane diamine 2.0
Dibutyltin dilaurate 0. 02
Silicone DC-113¢ 2.0
PAPIH 1. 05/1 NCO/OH ratio 89.5

Mechanical Variables
Martin Sweets On/Off Mixing Head, 60 lb/min. (nominal rate)

8Polyol 216, Wyandotte Chemicals Corporation
bpolyol 195, Wyandotte Chemicals Corporation
CDow Corniﬁg

dCarwin Chemicals

The type of isocyanate used also has an effect on foam properties. For
instance, a combination of either tolylene diisocyanate or crude tolylene di-
isocyanate with an alpha-methyl glucoside polyol produces foams with a high
degree of friability. However, by replacing the tolylene diisocyanate with
either crude methylene bis(4-phenyliscoyanate) or crude polyphenyl polyiso-
cyanate the friability is greatly reduced. The amount of isocyanate also plays
an important part in determining foam properties. An NCO/OH ratio less than
one usually results in a foam susceptible to humid aging instability and, in some
systems, to shrinkage at room temperature. It has, however, been standard
practice to run at an NCO/OH ratio of about 1. 05/1. This ratio has been found
to be beneficial to the foam in that it gives the best cost/performance ratio.
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TABLE 6

Self-Extinguishing Molded Foam Properties

Foaming Characteristics

Cream, seconds 12
Rise, seconds M
Tack-free, seconds M
Properties

Density 2.0
Compression strength, psi measured

perpendicular to foam rise 23.0
"k'"" factor at 759F mean temp. 0. 107
Flame resistance ASTM D-1692 self-extinguishing

TABLE 7

Self- Extinguishing Slab Foam Formulation

Formulation .
Phosphorus polyether® OH no. 450 87.5
Sorbitol polyether® OH no. 676 12,5
Silicone DC113° 1.5
Fluorocarbon 11 38.5
Tetramethylbutane diamine 1.5
Dibutgltin dilaurate 0.1
PAPI" 1. 05/1 NCO/OH 121

Mechanical Variables .
Machine UBT-65, 60 mm x 150 mm head
Low pressure, 2 components
Pin mixer at 5000 rpm
Air bled into head, cu ft/min. 0.2
Conveyor speed, ft/min, 10
Conveyor angle, degrees from horizontal 4
Output, 1b/min. 70
Slab width, inches 30
Slab height, inches 20
PAPIY, temp., OF 75
Resin, temp., °F 83

8Polyol 204, Wyandotte Chemicals Corporation
bPolyol SP 560, Wyandotte Chemicals Corporation
CDow Corning

dCarwin Chemicals
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TABLE 8

Self-Extinguishing Slab Foam Properties

Foaming Characteristics
Cream, seconds
Rise, seconds
Tack-free, seconds

Properties

Density, pef

Compression strength, psi
measured parallel to foam rise
measured perpendicular to foam rise

"k'" factor at 75°F mean temp.
measured perpendicular to foam rise

Flame resistance, ASTM D-1692

10
75
on rise

26
21

0.130
self-extinguishing

TABLE 9

Rigid Spray Foam Formulation

Formulation

Phosphorus polyether polyol® (OH no. 430)

QUADROLDP (OH no. 770)
Silicone DC-113€
Dabcod

Dibutyltin diacetate
Fluorocarbon 11

Premix
Mondur MR€/TP 740, 94/6

Mechanical - Equ ipment‘

DeVilbiss 51269 External mix spray gun

59.
14,

o
W oOUOo -

35.

100

Low pressure pumping unit with 2-10 1lb/min. output

Properties
Density, core, pcf
Compressive strength, psi
Tensile strength, psi
"k" factor at 75°F mean temp.
Flammability, ASTM D-1692

2.0
26
41
0.120

self-extinguishing

8polyol 216, Wyandotte Chemicals Corporation

bWyandotte Chemicals Corporation
CDow Corning Corporation
dHoudry Process Corporation
€Mobay Chemical
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The NCO/OH ratio cannot be increased indiscriminantly since too large an
isocyanate excess would produce hard brittle foams as well as increase the
foam cost.

Another important factor to have an effect on the foam properties is the
surfactant. Originally included to aid in the mixing and blending of two some-
what incompatible materials, the surfactants were found to yield other bene-
ficial and more noticeable effects, i.e., control of cell size, gas entrapment,
and strength. Many types of surfactants have been tried ranging from nonionic
surfactants to the silicones, and the most acceptable seems to be the silicones.
Until recently, it had been thought that the silicone copolymers were inter-
changeable and that only stability was a variable. However, more and more
reports have been coming in from the field and our own results corroborate
the fact that you should be as selective with the surfactant as you are with the
polyol, isocyanate, and catalyst.

The next factor to be considered is the catalysts: usually teritiary
amines, organo-tin compounds, or combinations of the two. Working in com-
bination with the surfactant, the catalyst will help to produce the fine closed
cell structure necessary for good quality insulation. The tin catalysts are
more effective on the urethane reaction and higher amounts speed up all three
phases of foaming as indicated by cream, rise, and tack-free time. The
amine catalysts do not have as much an influence on the urethane reaction but
seem to change the rise and tack-free times and are more effective in cross-
linking the foam.

The final component of a polyether rigid urethane foam is the blowing
agent. Originally, this was carbon dioxide which was generated when the iso-
cyanate and water reacted. Later developments indicated a better and more
economical blowing agent, namely, a material which boiled around 75°F and
was inert in respect to the reaction. This material, usually a halogenated
hydrocarbon, was economical because it eliminated the need for water which
in turn reduced the amount of isocyanate and thus lowered costs. The other
effect of the new type blowing agent was an increase in insulating efficiency.
A 2 pound per cubic foot carbon dioxide blown foam has a "k' factor of about
0.22 BTU/hr/sq ft/°F/ in. compared to a halocarbon blown foam of the same
density with a "k" factor of 0.15 BTU/hr/sq ft/°F/in. This means that the
amount of insulating material can be reduced by almost 50 per cent. Besides
reducing "k'" factor and cost, the blowing agent regulates density. By varying
the amount of blowing agent, the density can be controlled between 1-30 pounds
per cubic foot.

The potential of rigid polyether urethane foam has become recognized
in many fields. It has advanced farthest in the field of household refrigera-
tion. It is no stranger to those who insulate tanks, trailers, and railway cars.
Besides "k'" factor the foam has appealed to them because of its load bearing
potential, low moisture pick-up, and solvent resistance. Even the military
has felt the potential of rigid polyether urethane foams. From the radomes
for the Air Force® to void-filling for the Navy's submarines it has left its
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mark. Foamed in place foxholes, a water and vermin proof shelter simple

to construct and abandonable” have been prepared. Spray-foamed above
ground shelters made by inflating canvas hemispheres and then spray apply-
ing the foam have been examined. 8 The Army has also investigated rigid
foam shelters for protecting electronic equipment, 9 for barracks, mess halls,
and field hospitals. 10 These are some of the uses envisioned for rigid poly-
ether urethane foam and each use presents its particular set of problems. We
have the tools, i.e., the polyethers, the isocyanates, the catalysts, the sur-
factants, and the blowing agents. We know how to use the tools to solve the
problems presented, and daily we discover other ways to put these tools to
work. Thus, it can be appreciated that by an adroit choice of polyether and
isocyanate, paying close attention to their functionality and equivalent weight,
choosing the proper catalyst and surfactant, a rigid polyether urethane foam
with almost any combination of properties can be obtained.
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RIGID POLYURETHANE FOAM, POURED-IN-PLACE:
A RANGE OF DENSITIES

E. C. Galloway

Introduction

"Pouring-in-place" is the oldest, the most versatile, and, therefore,
the most popular technique for the application of rigid urethane foam. This
paper, the first in a series concerning various foaming techniques, may serve

as a review of current basic practices and an introduction to the newer methods.

Conventional "pouring-in-place'' may be defined briefly as a type of
molding which involves charging freshly mixed liquid formulation into a cavity
where simultaneous polymerization and gas generating reactions occur, filling
the cavity with cellular {thermosetting) plastic. The technique is applicable
over the entire density scale, from 0.7 to 70 pounds per cubic foot. Usually
the mold is retained as the exterior of the finished item.

The "semi-" or "quasi-prepolymer" process is generally used. This
involves simply the reaction of polyol and toluene diisocyanate in two stages
(Fig. 1). The objective of completing part of the reaction at a stage prior to
foaming is to avoid difficulties in handling or product degradation which might
arise from generation of all of the heat of reaction at one time. Typically,
about 20 per cent of the polyol is added slowly to the entire diisocyanate
charge, with agitation and cooling as needed to produce a mixture of capped
polyol and unreacted TDI. At the time of foaming, this "quasi-prepolymer"
is mixed with the remaining polyol and other components, and the foaming
sequence begins.

n OCN NCO
NCO HO OH NCO
PO D G LG
OCN HO OH OCN NCO OCN
semi - prepalymer (27-33% XS NCO)
2) HO OH . -
semi-prepolymer 4 > Silicone AL

Catalyst
HO o Blowing Agent

Fig. 1.
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To provide a framework of rigid urethane foam information, a chronol-
ogy of key developments is presented in Fig. 2. Through these years a vast
amount of technology has been accumulated concerning liquid pouring-in-place,
and, consequently, this is the technique usually given first consideration for
any new use.

1945 Report of German (Bayer) progress, W.W. II.

1946-47 Goodyear, Lockheed programs: light weight
military structures - polyester, TDI water
(one-shot) systems '"foamed-in-place. "

1950 du Pont Monsanto: TDI commercially available.

1952 American Latex, Nopco: licensees of Lockheed
systems.

1954 du Pont: prepolymer technique,.

1957 du Pont, General Motors: use of F-11; Dow:
highly functional polyethers commercially
available.

1959 Wyandotte: Quadrol spray system; Hooker:

F. R. Hetfoam polyester systems; Dow:
rigid board stock.

1960 RCA Whirlpool: first major production line -
polyether, TDI, F-11; Virginia-Carolina:
F. R. polyether systems - Vircol 82.

1961 Allied: Nacconate 4040, modified TDI for
one-shot use; du Pont: 'Frothing."

1962 Carwin, Mobay: polyaromatic isocyanates
for one-shot use.

< rmpeimy

1963 ¢

Fig. 2, Rigid polyurethane foam milestones.

The New Development

The following plan is recommended for the development of a new
application. Acceptable performance with favorable economics is always
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the objective. If the application has been demonstrated before, explicit
instructions will be available (from the supplier) and the matter becomes
relatively routine. However, if the application is unique, the phases of
development, with considerable overlapping, should be as follows:

1. Consideration of economic limitations; suggestion of a chemical
formulation to give the best compromise of (estimated) physical properties
and handling characteristics.

2. Determination of needs in proportioning, mixing and dispensing
equipment, aad mold design; preliminary laboratory test pours to demon-

strate feasibility.

3. Prototype preparation to evaluate processing characteristics of
the best formulation and intrinsic properties of the item.

4. Maintenance of control during full production.
Throughout the development there is a gradual transfer of responsibility

from the supplier (1) through a period of shared effort (2 and 3) to the foam
user (4).

Physical Changes

During development it is frequently helpful to consider the foaming
sequence in terms of expansion rate and how it is related to temperature
and pressure changes (Fig. 3). Not only is useful information developed
for candidate formulations, but such a graph provides a point of departure
for discussions of equipment and mold requirements. The example used is
a quasi-prepolymer polyether system expanded with fluorocarbon-11 to a
density of 2 pounds per cubic foot. The mold used was a standard 2-foot
square panel with a 2-inch cross section; foam rise was in a 2- foot direction
and without restraint (Fig. 4). So that the physical changes (temperature,
pressure, and volume) may be compared easily, percentages of change
rather than absolute values are plotted against time.

Temperature

Considering temperature first, rise is nearly complete before the
maximum temperature is reached. Thus, at 130°F (54. 4°C), only 50 per
cent of the temperature change, about 90 per cent of the rise, is obtained.
This is significant, for example, when considering the possibility of density
gradients due to different degrees of thermal expansion within the pour. Even
if the temperature near the foam-mold interface reaches only 130°F while
250°F (121.1°C) is exceeded in the center, it is apparent that because the
foam is no longer appreciably elastic above 130°F, densities will be within
acceptable limits.
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Pressure
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Tamperstus R, 7~
™
7
/
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s

) N Throughout the foaming sequence,
/ M work is being done against both the at-
\, mosphere and the polymer mass as it
continually builds viscosity. Measure-
\ ments of mold pressure during foaming
3 show that significant pressure increase
\ / occurs only after 80-90 per cent of the
neioa rise and just before the exotherm
reaches its maximum. This is an
indication that the polymer matrix no
longer has sufficient elasticity to per-
mit easy expansion against the atmo-
sphere and the increase in temperature
over the last 15-20 per cent of the
ABPARATUS FoR PRI PRI i range forces fluorocarbon-11 to exert

Change 0 Proesty, %

E

Fonel Dimensions - 2" x 2'x 2/
Prenect Temp - I30°F (544°C) N
Component Temp - 76°F (244°C1  Maxu

- 250°F (121 1°C)
-017psig

-2
=175 16 £60*

Fig. 3. Pressure, temperature, and
rise rate for an unrestrained rise.

R ‘ pressure outward against the mold as

well as upward against the atmosphere.
This increase in outward force is the
main source of mold pressure in an
unrestrained pour.

ok e bag Al

iy e AT
1, EPESED gEear

Rise Rate

The rate of expansion plotted in
this manner yields a straight line seg-
ment which can be extrapolated to 0
per cent and 100 per cent of height,
providing graphical definition of two
useful concepts, Extrapolated Foam
Initiation Time (A) and Extrapolated
Rise Time (B). *

These two concepts have a direct
bearing on the foaming operation. The
EFIT gives an indication of the handling
time of a system. 1t is essential to
avoid pouring liquid mix on to rising foam, and the theoretical maximum
charge must be calculated from handling time and output capability. Thus if
a system has an EFIT of 30 seconds and the machine to be used can dispense
20 pounds per minute, it is obvious that the theoretical maximum which can
be poured is 10 pounds. By relating this to the finished foam density and the
cavity volume, the number of pours to be made for complete fill can be
determined.

*A bulletin describing the test methods is available from the Society of the
Plastics Industry.
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The ERT measures a critical segment of the mold cycle, that time
period during which the foam reactions are actually taking place. If the
system under consideration is too reactive, there may be insufficient time
to cap and truss the mold, or excessive anisotropy and shearing at the end
of the rise may result. 1f it is too slow, the production time cycle may be
extended beyond the practical limit. The ERT provides a useful reference
point when altering reactivity of the system.

Analysis of such models plus actual use information for several formu-

lations have led to the following basic recommendations concerning premix
(equipment) and postmix (mold environment) requirements.

Equipment Needs

Acceptable repetition of processing characteristics of the system and
properties of the foam product demands that component temperatures be
replicated to +29F (over the range 65-90°F) and proportioning accuracy to
1+l per cent. Also, machine mixing is preferred to minimize variations in
physical properties from pour to pour, material wastage, and the work force
requirement.

Molds

It is recommended that molds be designed to withstand one psig in an
unrestrained pour of cross section more than 2 inches or, more typically,
4 psig in a pour with 10-15 per cent "packing'' or overfill. For example,
2-3 psig of mold pressure may be generated by foaming a 2 pound density
system in a 2 foot high panel with a 2 inch cross section; so, a mold able
to withstand 4 psig provides a safety factor of 100 per cent.

Careful consideration of methods for achieving minimum time cycles
is worth-while as this determines the investment needed for molds and
handling and storage space required for completed parts. Usually in pouring-
in-place, the surface to volume ratio is high and control of the mold tempera-
ture is critical. ldeally, for minimum mold cycle time and to prevent foam
densification, the rate of temperature increase at the surface should match
the exotherm rate in the foam core. This might be achieved by using a heater
capable of being programmed. A more practical technique involves preheat-
ing the mold and using a material of construction, such as high density ure-
thane foam or plywood, with a sufficiently low heat capacily that loss of heat
of reaction is minimized.

Test Pours

The most demanding stage in the development process is that con-
cerned with prototype foaming. This is the "pilot' stage for refinement of




the formulation, equipment and molds, and operating techniques (including
training of personnel) prior to advance into commercial production.

Variables associated with the formulation such as catalyst type, expand-
ing agent level, or stoichiometry are better investigated by the supplier rather
than the user. However, factors associated with the actual foaming operation
such as machine conditions, mold complexity, or mold temperature program-
ing may change with each use. As conditions approach those determined to
be optimum in bucket and panel pours, closer correlation between laboratory
and prototype (and subsequently production) pours results. Since operating
conditions are seldom ideal, extensive prototype study under proposed pro-
duction conditions is essential.

Production--Maintenance of Control

After several prototypes have been poured successfully and the program
has moved into full production, the following check list may be helpful for
achieving process control.

1. Check the specific gravity of the resin-fluorocarbon mixture to
verify expanding agent content; a hydrometer may be used conveniently.

2. Bring components to the correct equilibrium temperature.
3. Check the proportioning procedure to insure accuracy to £1 per cent.
4. Obtain a "control cup density. '

5. Measure the mold surface temperature before and after foaming.
A final temperature exceeding 1300F (54. 40C) is recommended.

6. Dispense the calculated charge for 10 per cent pacl;ing (i.e., a
restrained pour) and cap the access port.

7. Take a final control cup density.

Assuming provisions are made for monitoring machine and mold condi~
tions, once the operation is in progress only step "d" need be repeated
periodically. The control cup density test is the simplest and most reliable
one known for detecting maladjustments in formulation or equipment. It in-
volves measurement of density and visual check of foam initiation and rise
times and cell structure. When operating changes are made or when new
lots of material are started, the test should be made.

*The details of this testing technique (Fig. 5) may be obtained from the
Society of Plastics Industry.
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Density

In successful applications
using pouring-in-place, maintain-
ing close control of density is im-
portant over the entire range.
Density is the chief determinant of
cost and the most significant vari-
able affecting mechanical properties.
Fig. 6 shows the relationship of
density to concentration for the two

most commonly used expanding e o it Jer TUmi TR,
"

. s we kg e
spam 1% inspec foaw slresiere

agents, fluorocarbon-11 and carbon
dioxide. In the high density range,
the system is sensitive to very
slight chances in expanding agent
level. There is an appreciable
decrease in efficiency as more
agent is added to reach lower den-
sities until an appareant minimum
density is reached at about 1.5
pounds per cubic foot. In the case
of fluorocarbon-11, its specific
gravity is sufficiently high to off-
set further decrease in polymer
content. When carbon dioxide is
used, the water-isocyanate reaction
by which it is produced results in
an increase in cross-link density
and a corresponding more rapid
loss of the elasticity necessary for

expansion.

OVERALL DENSITY {unrestrained) LBS /F73

It has been demonstrated that

a combination of these expanding

mechanisms, one physical and the = o o' 12 18
other primarily chemical in type,
can be used to extend the useful

20 24

density range below 1 pound per Fig. 6. Density vs. expanding agent

* concentration.

cubic foot. Fig. 6 indicates that
for the particular polyether sys-
tem used, 1.7 parts of water and
25 parts of fluorocarbon-11 in
combination achieves a lower

density than either agent alone.
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Applications

The numerous applications for which urethane foam has been successful
may be classified into three types according to density: low, medium, and
high; up to 1.5 pounds per cubie foot, from 1.5 to 3.0, and above 3. 0 pounds
per cubic foot respectively. Fig. 7 shows several specific uses where pour-
in-place has been suited. The scale on the right indicates the relative volumes
of each of the three ranges as estimated for 1968.

1968
70

I SPECIFIC USE

L Speciolty Militory Uses
Submorine Missiles
Radomes

HIGH Pockoging { Performonce) 15
Encapsutation
Mititory Construction

10 Aircratt Sandwich Construclion

DENSITY | ESTIMATED
(1bs/ft3) | MARKET

Refrigeroted Trucks, Troilers

3 |———— Home Applionces —_
Cryogenic Vessels
Industriol - Pipes, Tonks

MEDIUM  construction - Roofs, Floors 90
Curtoin Woll Ponels
Flototion

1.6 ————— Automotive - Corrosion Borrier —_— 1

Automotive - Body Sound Absorption

LOW S
Pockoging (Minimum Cost)

05

110 MILLION POUNDS

Fig. 7. Pour-in-place applications.

Low Density

Foam in the low density class has one important use: packaging, com-
peting principally against inexpensive loose fill materials. The best example
is the Royal McBee Corporation typewriter package (Fig. 8). Cavities on both
sides of the typewriter are filled with foam to keep the machine in place and to
act as a shock absorbing medium should the cartons receive rough handling
during shipment. Foam adheres tenaciously to the carton to form a unitized
construction which affords excellent protection at lower cost than any previous
design. The combination expanding agent technique was used to achieve an
acceptably low density without brittleness, a frequent disadvantage of high
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water formulations, or inadequate
dimensional stability, usually a limi-
tation when using high concentrations
of fluorocarbon-11.

Medium Density

The medium density range has
the greatest market potential, proba-
bly over 80 per cent of the total pour-
in-place market. Economic and per-
formance standards are stern.

A soft drink dispenser (Fig, 9)
developed by the Multiplex Company
takes advantage of some of the best
known properties of poured-in-place
urethane foam: efficient insulation,
no sagging out of place, and low mois-
ture vapor transmission. The replace-
ment of fibrous glass insulation which
had to be installed by hand and glued in
place has cut the production cycle in
half. Each dispenser requires about
5 pounds of foam and less than 40
seconds are required for filling.

Then, about 15 minutes are allowed
before the supporting truss is removed

Fig. 9. Multiplex soft drink dispenser foam
density 2.4 lbs/cu. ft.
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Rigid foam is not a primary structural material., Its main appeal is
that it imparts strength and rigidity with little increase in weight and excel-
lent foam-substrate adhesion in sandwich construction. Most current appli-
cations take advantage of this because in only a few cases does the foam
constitute the entire finished product. (In these cases, any of the several
mold release agents must be used.) The high strength to weight ratio pro-
vided by rigid foam and the processing advantages of pouring-in-place are
especially attractive to the construction industry, particularly for roof and
wall panels.

High Density

The high density range embraces 95 per cent of the total useful density
scale and provides opportunities for a great variety of foams. For example,
compressive strength may range from 100 to 20,000 psi. Insulation value is
seldom critical, but mechanical properties must be tailored to suit the par-
ticular end use requirements. The greatest usage in this range has been for
""packaging;' but in contrast to the low density range where success hinges
on favorable economics, performance is the only criterion in the high density
region.

Nearly all high density foams are expanded with carbon dioxide. The
much lower expanding agent required and the high efficiency of water in this
range remove the economic incentive to use fluorocarbon-11. In addition,
frequently the pours are large and since density is high, the weight of the
foam can be a limiting factor. Carbon dioxide insures that maximum strength
per unit weight will be obtained.

The Federal Government is the largest consumer of high density foams,
using them for supporting, encapsulation, or shock absorption. One interest-
ing application (Fig. 11) is the "Sonobuoy' produced by Haveg Industries for
positioning electronic equipment used to sense undersea noises. The unit is
a molded phenolic shell containing
high density polyurethane foam which
insulates electronically and at the
same time provides a shock medium
to protect the unit from the impact of
hitting water after being dropped from
installing aircraft. The high density
of the foam is required to give the unit
sufficient weight to ride under the
surface.

Fig. 12 shows a very current
application in the space program for
a system formulated to provide a
density of 8 pounds per cubic foot.

SUNOBUOY - HAVEG INDUSTRIES

Fig, 11,
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Fig. 12. Project Mercury astronaut couch foam
density >8 lbs/cu. ft.

Each astronaut was encased in a polyethylene film and a contoured plaster
mold was prepared. A reinforced plastic couch was then laminated over the
mold and a foam system was poured between the two surfaces. This is an
excellent example of a complicated molding job of the sort that only rigid
urethane foam can do.

Recent Advances

Three advances in pour-in-place technology are the frothing technique,
one-shot foaming, and ''one component’' systems. While these are to be treated
in detail in subsequent papers, they are listed here to indicate that each of them
has been derived from conventional liquid pouring-in-place techniques.

It is in the medium density range where properties and economics are
viewed most critically and where the foam users with the greatest volume
potential operate. The advantages in processing and properties claimed for
the frothing method and the minimal costs which one-shots offer may be
realized best when equipment and technically trained personnel are available
to provide control. However, in the low density and high density ranges and
in the medium range for users below about 200 thousand pounds per year, it
will probably continue to be more advantageous to use packaged quasi-
prepolymer systems and conventional pouring-in-place methods.
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The third advance, one-can foam systems, may soon constitute a
major commercial breakthrough for rigid foams. Such systems have been
investigated to date primarily for space applications, but obvious possibilities
exist for civilian uses as well.

Conclusion

In conclusion, for a discussion of the more theoretical aspects of foam-
ing, the new volume"' on polyurethanes written by J. H. Saunders and K. C.
Frisch is highly recommended. Furthermore, for those who may be interested
in actually developing a new application for rigid urethane foam, a complete
discussion of process variables and their significance in restrained and un-
restrained pouring-in-place may be found in an article by R. E. Jones which
appeared recently in Plastics Technology.
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MOLDING OF ONE-SHOT RIGID URETHANE FOAM

E., A. Dickert, W. A. Himmler, D. E. Hipchen,
M. Kaplan, H. A. Silverwood, and R. Zettler

Introduction

Rigid urethane foam technology during the last six years has had a
growth comparable to the phenomenal advance in flexible foam technology.
Rigid urethane foam, however, did not find the immediate market accept-
ance that flexible foam did. This was primarily due to:

1. greater technical and developmental problems;

2. modifications needed to conform to strict construction codes
and regulations; and

3. competition from less expensive insulating materials, whereas
flexible polyether foam had a price advantage over competitive materials.

It has only been during the past three years that major progress has
been made in meeting these challenges. Contributing to thc recent accelerat-
ing acceptance of rigid urethane foam has been the commercialization of the
more economical one-shot method of foaming. Prior to this, all foaming
was accomplished by the quasi-prepolymer method, which consisted of
blending a premix containing 80-90 per cent of the polyol and all other
formulation ingredients with a quasi-prepolymer. The quasi-prepolymer
was made by pre-reacting all of the diisocyanate with the remaining polyol.
These polyols were initially polyesters; however, in 1958 the lower cost
polyethers began to rapidly replace polyesters.

The one-shot method involves only the blending of the premix with the
diisocyanate immediately before foaming. Thus, significant saving is accom-
plished by reducing the manufacture of foam from a two-step (quasi-prepolymer
preparation and foaming) to a one-step (foaming) operation. Specifically, the
introduction in 1959 of a lower cost modified polyisocyanate* made the one-
shot process a reality and at the same time contributed additional cost savings.

*NACCONATE®4040——Allied Chemical Corporation, National Aniline Div.
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An important use of rigid urethane foam presently is for insulation, with
refrigeration accounting for an increasing share of the rigid urethane market.
The low thermal conductivity, low density, and excellent dimensional stability
of rigid urethane foam make it especially suitable for refrigeration. More-
over, since low thermal conductivity permits the use of thinner insulation
compared with other insulating materials, more inside space is available for
storage.

Uses for rigid urethane foam, other than for thermal insulation, are:

1. Construction applications where the load-bearing properties of the
foam are important in addition to its insulating ability.

2, Flotation.

3. Packaging.

4. Speciality applications.

There are three general methods of rigid foam application:

1. Poured-in-place. (This paper will discuss the important factors
of the one-shot poured-in-place technique.)

2. Slabstock--used in applications where foam can be most economi-
cally cut to required shapes.

3. Sprayed--offers advantages of ease of applications and mobility.

The poured-in-place technique offers the following advantages as
compared with slabstock:

1. Lower initial thermal conductivity and improved retention of thermal
conductivity of the foam.

2. Improved structural strength and resultant cost saving by per-
mitting use of thinner gauge skins.

3. Self-bonding characteristics of the foam to the panel skin.
4. Ability to produce a complicated shape.

These advantages justified the development of the spe cial techniques required
to mold commercially.

In-place foaming is accomplished by charging the cavity with the proper
amount of liquid mix and allowing the expanding foam to fill all voids. Since
cavity molding of rigid urethane foam presents difficulties not encountered
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in slabstock production, a specific technology is required. This paper pre-
sents a discussion of several aspects of filling a cavity or panel with rigid
urethane foam.

Discussion

The production of molded rigid urethane foam panels of good quality is
dependent on control of chemical and mechanical variables. The contribution
of each formulation ingredient to the properties of the finished foam is chemi-
cal in nature, whereas, metering and mixing of the ingredients, mold design,
and automation of the foaming operation are distinectly mechanical. Some of
these factors are discussed in this paper.

Early one-shot foam formulations produced good moldings having low
thermal conductivity and excellent dimensional stability. However, improve-
ments in several properties were desired. These included the attainment of

1. reduced shear (non-~uniformity) of the panel surfaces,

2. reduced panel density with little or no change in properties, and
3. improved adhesion of the foam to the substrate.

Several experimental studies involving numerous formulation and processing
variables resulted in the solution of these problems through

1. slower foam gelation,
2. optimum mold temperatures, and
3. surface treatment of the substrate materials.

A typical molding formulation and important processing variables are shown
in Table 1. Typical physical properties of a foam panel are given in Table 2.

This formulation has been used successfully to mold panels which differed
widely in size and shape. Its versatility has been illustrated by molding of
intricate shaped refrigerator doors, simple refrigerator panels, and eight-
foot high refrigerated truck panels.

Several formulation and mechanical variations have been developed to
permit attainment of lower densities, improved adhesion, and low shear.
These variations have involved changes in pour patterns to accommodate
various mold shapes, changes in fluorocarbon levels or ingredient tempera-
tures to control panel density, and slight catalyst adjustments to improve
adhesion or shear by control of gelation rates.
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TABLE 1

One-Shot Rigid Urethane Foam Molding Formulation

and Process Conditions

Foam Formulation

Ingredients

Parts by Weight

Component A

Polyether Polyol® (460 Hydroxyl No. )

N,N,N!, N'-tekrakis
(2-hydroxypropyl)ethylenediamineb

Triethylenediamine®

N, N-Dimethylethanolamine

Dibutyltin dilaurate

Silicone Surfactant

Trichlorofluoromethaned

Component B

NACCONATE 4040

Processing Conditions

TDI Index (ratio of NCO/total active H)
Isocyanate Temperature, °F

Premix Temperature, °F

Agitator Design

Mixing Speed, RPM

Output, 1b/min.

Mold Temperature, OF

Cream Time, seconds

Rise Time, seconds

Tack-Free Time, seconds

100

O OO Om®
o U w
N

107

1.03
80
80
Screw type
6000
36
125
15
150
150

dGENETRO

CDabco - Houdry Process Division
11 - General Chemical Division, Allied Chemical Corp.

94

QACTOL* 52-460 PCLYOL, National Aniline Division, Allied Chemical Corp.
bQuadrol - Wyandotte Chemical Corporation

*Trade-mark of Allied Chemical Corporation for urethane-grade polyethers.




TABLE 2

One-Shot Rigid Urethane Foam Molded Panel (48" x 48" x 2-1/2")

Foam Physical Properties

Density, over-all, panel 1b/ cu ft

Density, core, 1lb/cu ft

Closed Cells, %

Compression Load, psi, perpendicular to rise
at yield point
at 10% deflection

Compression Modulus, psi

Flexural Strength, psi

Flexural Modulus, psi

Shear Strength, psi

Shear Modulus, psi

Moisture Vapor Permeability, perm-inches

Water Absorption, 1b/sq ft surface area

"k" Factor, Btu (sq ft)(hr){°F/in. )(cut foam sample)
initial
after 10 days at 140°F

Dimensional Stability, % Volume Change

24 hours
24 hours
24 hours
24 hours
72 hours

at -22°F
at 158°F
at 230°F
at 158°F, 95-100% RH
at 100°F, 95-100% RH

95

23

30

600

60

900

22

210

0.112
0.123

<1
<1

Our work was carried out with a two-component foam system; isocyanate
composed one stream and a premix of all other ingredients composed the second
stream. Three or more streams have been used on occasion to give greater
formulation flexibility without altering results; however, more stringent control
of ingredient calibration is needed as the number of streams is increased.
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As is true in all foaming operations, close control of many chemical
and mechanical factors is a prerequisite to a high yield of first-quality
product. The remainder of this paper is devoted to a discussion of these
factors and their effect on the molding operation.

Chemical Factors

Polzethers

Rigid foam polyethers are usually based on sorbitol, sucrose, pentaery-
thritol, methyl glucoside, or similar polyols. In general, foam physical
properties, especially dimensional stability, improve with increased poly-
ether functionality and hydroxyl number. High functionality is helpful in
attaining the highly cross-linked rigid polymer that is necessary for good
dimensional stability in the finished foam. »

The hydroxyl number of the polyether (a measure of equivalent weight
of the polyether) usually falls within the range of 300-550 units. High hydroxyl
number polyethers (e. g., 450-550) generally produce one-shot rigid foams
having good dimensional stability. However, as the hydroxyl number in-
creases, the foams have a tendency toward friability. Since friability has
an adverse effect on adhesion and foam strength, a compromise must be
made. The best balance of properties of one-shot foam moldings has been
attained in a hydroxyl number range of 450-490 (see Fig. 1), the exact
hydroxyl number depending on the specific polyether type. Conversely, low
hydroxyl number polyethers (300-400) usually produce soft, non-friable foams
having correspondingly poorer dimensional stability. '

Polyisocyanate

The polyisocyanate* used in the
one-shot molding system described
here is a modified toluene diisocyanate.
Its relatively high acidity (0.2-0. 3
per cent) gives it a reduced degree
of reactivity which permits slow
gelation and rise times, both of which
are helpful in panel molding.

FRIABILITY INDEX

DiMEREEHEL SRABILITY,
% FUPANEIN A HOUSH 4% I|GRE

= A TDI Index (ratio of NCO/total
active H) of 1, 03-1. 05 produces opti-
mum results. Lower isocyanate levels
Fig. 1. Effect of polyether hydroxyl can result in poor dimensional sta-
number on dimensional stability bility. Higher levels do improve
and friability.

T T ¥ T i—
POLYETHER HYDROXYL NUMBER

*NACCONATE®4040——Allied Chemical Corporation, National Aniline Div.
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dimensional stability but density is \20r
increased (Fig. 2) with a correspond-
ing increase in foam cost. e

2| Cors Densily —

Silicone Surfactant

Passi Damaiiy ——

ISOCYANATE INDEX

The silicone surfactant serves

a dual function. First, it serves to 10a}-
emulsify the hydrophilic polyether
and the hydrophobic isocyanate and 100 —g T 70 72 7% 76 7@ o

. DENSITY, ib f
fluorocarbon into a homogeneous '

mixture, thus insuring uniform re-
action throughout the foam mass,
Second, it controls cell size by
stabilizing the rising foam and pre-
venting coalescence of the tiny foam
cells until gelation occurs.

Fig. 2. Effect of isocyanate index
on panel density.

In the one-shot molding process, slightly higher quantities of silicone
surfactant are generally required than are used in slabstock production.
Perhaps this is due to the more critical nature of the molding process arising
from foam movement and packing pressures involved.

Catalysts

The most critical formulation ingredients in rigid foam production are
the catalysts, which control the rate of polymerization and rise of the foam.
The reaction rate is conveniently measured as follows:

1. cream time - start of exothermic reaction manifested by milky
appearance of foaming mass.

2. rise time - completion of foam expansion.
3. tack-free time - complete gelation or hardening of the foam.

These relative foaming times are especially important in molding formulations.
To insure complete mold fill, low shear, and good adhesion, gelation should be
retarded until the foam has nearly completed rising. This permits foam to'flow
into each crevice or void of a complex mold. The close control of reactivity
required for molding has been accomplished by selecting the optimum combi-
nation of catalysts.

Two classes of catalysts have found commercial acceptance in the pro-

duction of rigid urethane foam: tin salts and tertiary amines. The tin salts
are of two types: the organometallic type such as dibutyltin dilaurate and the

97




organic acid salts of divalent tin such as stannous octoate. Some of the
tertiary amines are:

triethylenediamine

N,N-dimethylethanolamine
N,N,N',N'~-tetrakis(2-hydroxypropyl) ethylenediamine
tetramethylbutanediamine

tetramethylguanidine

triethylamine

The preferred catalysts and their contributions to one-shot panel molding
are:

Dibutyltin dilaurate. Produces fine cell structure and promotes rapid
gelation or hardening of the foam. Because dibutyltin dilaurate is particularly
effective in promoting rapid gelation, its use is restricted in the above molding
formulation. Concentrations above 0. 03 parts by weight/100 parts polyether
result in increasing shear and decreasing adhesion.

Triethylenediamine. Gives the rapid initial polymerization that is
essential for fine uniform cell siructure, yet gelation or hardening of the foam
is delayed until rise is almost complete. The catalytic activity of triethylene-
diamine is not so pronounced as that of dibutyltin dilaurate and therefore it
allows more latitude in control of gelation.

N,N-Dimethylethanolamine. Serves to neutralize the acidity in
NACCONATE 4040, thereby increasing the basicity of the system and con-
trolling the rate of polymerization. Excessive amounts tend to reduce foam-
ing times slightly but have little effect on moldability. Odor in the finished
foams is not a problem since the catalyst becomes part of the polymer through
reaction of its hydroxyl group with isocyanate.

Odor in the finished foam is undesirable when the panel is used in the
proximity of foodstuffs since the odor can be transferred to the food. The
recommended amines do not cause odor in the foam. However, many amines
such as triethylamine, tetramethylbutanediamine, and tetramethylguanidine
may cause odor problems.

N,N,N', N'-tetrakis(2-hydroxypropyl) ethylenediamine. Improves mold-
ability and adhesion, and reduces shear. This amine polyol also acts as a
crosslinking agent and is especially effective for improving dimensional
stability of low-density foam panels. Again, foam odor does not occur with
this catalyst.

Fluorocarbon Blowing Agent

The fluorocarbon serves two important functions in rigid foams. First,
it serves as a blowing agent for expansion of the urethane polymer. Second,
the fluorocarbon gas, usually trichlorofluoromethane, trapped in the foam
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cells contributes to the low thermal 20
conductivity of the foam, apparently
because the thermal conductivity of
the fluorocarbon is low.

@
T

@
T

The over-all panel density is
controlled by the level of trichloro-
fluoromethane, as shown in Fig. 3.

% TRICHLOROFLUOROMETHANE
3
T

&
T

Other factors, such as ingre-

dient temperatures, mold tempera- PR R T e ay e e e
. IN-PLACE .PANEL DENSITY, Ib /cu tt

ture, panel thickness, and panel
shape, also have an effect on panel
density. All of these factors must Fig. 3. In place panel density vs.
be considered when a given panel per cent trichlorofluoromethane.
density is required.

Ingredient Temperatures

The temperatures of ingredients can play an important part in obtaining
proper reaction times (i.e., cream, rise, and tack-free) for molding. In
general, reaction times decrease with increasing ingredient temperatures.
This effect of ingredient temperatures on reaction times for a two-stream
system containing identical premixes and diisocyanate is shown in Table 3.

TABLE 3

Effect of Ingredient Temperatures on Reaction Times

Foam A Foam B
Premix, °F 70 78
Isocyanate, °F 71 123
Cream, seconds 17 9
Rise, seconds. 140 100
Tack-Free, seconds 145 110

Ingredient temperatures can also be used as a tool to control panel
density of one-shot foams. At equivalent levels of fluorocarbon, significantly
lower density panels have been prepared from hot ingredients (Foam B) than
from cooler ingredients (Foam A), as is shown in Table 4. Furthermore,
Table 4 also shows that panels of equivalent density can be prepared from
hot ingredients (Foam B), using less fluorocarbon than required with cooler
ingredients (Foam C). The physical properties of Foams B and C are
equivalent,
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TABLE 4

Effect of Ingredient Temperatures on Panel Density

Fluorocarbon Over-all Panel
Ingredient Temperature, °F Parts/100 Parts Density*,
Foam Premix Isocyanate Polyether 1b/cu ft
A 77 77 45 2,3
B 87 125 45 2,0
C 77 77 52 2.0

*Panel Size: 24" x 24" x 1.75"

Most commercially-molded panels have an over-all density of 2.3-2. 8
Ib/cu ft. It is possible, with certain types of polyols, to achieve densities as
low as 2. 0 1b/cu ft without substantial sacrifice of foam properties. This can
be accomplished by increasing blowing agent concentration or ingredient
temperatures.

Usually, too short a cream time is undesirable in molding because it
may result in poor foam distribution or knit lines and air voids in the molded
part. Surprisingly, however, the short cream time attendant to hot ingre-
dients has not caused processing problems. Foam mix is poured on top of
rising foam without deleterious effect. In fact, shear is actually decreased
when hot ingredients are used. Perhaps this difference occurs because short
cream time resulting from hot ingredients is not necessarily accompanied by
rapid gelation; whereas short cream time caused by fast catalysis is accom-
panied by rapid gelation and it is the rapid gelation that causes poor moldability.

Stability of Ingredients

Component A in Table 1 is stable for several days if kept under a slight
dry nitrogen pressure to prevent vaporization of the fluorocarbon.

Component B is stable at room temperature under dry nitrogen.

Deactivitation of the premix is characterized by increased foaming
times and foam having coarse, irregular cell structure. Loss of fluorocarbon
from the premix is evidenced by an increase in foam density. This loss can
be minimized by maintaining about two psi pressure on the premix holding
tank.
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Mechanical Factor

Mixing Head and Agitator

In one-shot rigid foam molding, the foam machine must deliver two or
more components to the mixing head in correct proportions and at controlled
temperatures. The function of the mixing head is to provide sufficient mixing
so that the streams are thoroughly blended and the resultant foam has fine,
uniform cell structure and optimum physical properties. Insufficient mixing
will result in weak foam with coarse, irregular cell structure.

Fig. 4 shows a typical mixing head consisting of the agitator, housing,
and outlet orifice. The degree of mixing achieved in the head is largely de-
pendent upon agitator design, clearance between the housing and agitator,
agitator spéed, and the size of the outlet orifice. Each of these is discussed
below:

Agitator Design. Typical agitator designs are shown in Fig. 5. At equal
operating speeds, the pin-type, screw-pin-type, and screw-type agitator,
respectively, will provide low, medium, and high rates of mixing shear. The
screw-type agitator is preferred for molding because it has consistently given
fine cell structure foam and thorough mixing from first to last shot.

The clearance between the housing and the agitator, particularly with
the screw-type, is very important. A clearance of 0. 006" - 0. 030" between
the housing and the screw-type agitator provides a high degree of mixing shear
and has been found to produce fine, uniform cell structure foam. The specific
clearance to be used for a particular system is dependent on ingredient vis-
cosities. Generally, higher viscosities require increased clearance.

The first ingredients discharged from the mixing head on opening the
valves and the last on closing the valves must be thoroughly mixed in correct
proportions, in order to make useful moldings. Thorough mixing has been
attained with the high shear screw-type agitator; correct proportioning has
been obtained by adjusting recycle pressure of ingredient streams to equal
pressure during forward flow.

Outlet Orifice. Restriction at the outlet of the mixing head creates back
pressure and increases the mixing action. The back pressure is also a function
of the throughput rate and, therefore, selection of the orifice size must take
this into account. Excessive restriction of the orifice tends to result in foam
of increased cell size, which is undesirable. Optimum results have been
achieved using the smallest orifice that does not significantly increase cell size.

Agitator Speed. Agitator speed may be increased or decreased to bring
about a corresponding change in the degree of mixing. Normal speeds for the
screw-type agitator are 4000-6000 RPM.
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PIN TYPE

Low Shear

AGITATOR
(Screw Type)

SCREW PIN TYPE

Medium Shear

HOUSING

SCREW TYPE
High Shear
QUTLET ORIFICE

Fig. 4. Mixing head. Fig. 5. Agitator design.
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Critical Mixing Level. For the given foam formulation, a specific
combination of the above variables will provide a critical minimum level of
mixing. Increased mixing beyond this level does not significantly affect foam
quality or appearance. Table 5 lists values for these variables which will
provide adequate mixing for the foam formulation given in Table 1. In general,
these variables will be applicable to most one-shot rigid urethane foam mold-
ing formulations. However, it should be noted that some variation should be
expected among different foam machines.

TABLE 5

Mixing Head Design Recommendations
for One-Shot Panel Molding

Agitator type Screw
Agitator/Housing clearance 0.015 in.
Housing diameter 1.5 in.
Housing Length 4 in.
Outlet orifice diameter 1in.
Throughput rate 40 1b/min.
Agitator speed 6000 RPM

Mold Construction

Mold construction is often dictated by the application involved. However,
the design of any rigid foam mold cavity must concern itself with materials of
construction, adequate jigging for mold support, and venting for release of
entrapped gases.

Materials of Construction. Plain and galvanized steel, aluminum, and
wood are commonly used mold surface materials. Adhesion of the foam to
the mold surface is usually an important consideration. Where strong adhe-
sion is desired, the minimum requirement is that the foam-to-mold surface
bond strength sh:-.id equal that of the foam itself. Surface treatment may be
required to achieve optimum foam-to-metal bond. Untreated surfaces ranked
in order of decreasing bond strength are: wood, steel, embossed aluminum,
mill finished aluminum, and galvanized steel. Surface treatments for metal
molds which improve bond strength include:

chemical etching, such as with phosphoric acid or chromic acid;
application of a primer;*

solvent cleaning; and

mechanical abrasion.

W N e

*Metalast Washcoat Primer #920, C. A. Woolsey Paint & Color Co., Inc.,
N.Y. )
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In general, solvent cleaning followed by a coat of primer gives the best
results on metal surfaces.

It is sometimes desirable to release the foam from the mold surface.
This may readily be accomplished by applying a wax coat to the mold surface.
Mold release agents that have proved effective are Traffic Wax* and Perma-
Mold 511-02, **

Jigging. In filling a mold cavity with rigid urethane foam, significant
pressures are developed because 5-10 per cent excess foam must be added
to insure complete fill. Therefore, the mold surfaces must be supported to
prevent distortion-ef the panel.- These pressures may reach 2-4 1b/sq in.

Jigging may be simple or complex depending on the complexity of the
panel shape. A straight wall trailer truck or building panel might require
only supported plywood. On the other hand, a refrigerator door panel con-
taining shelves and egg trays would require a detailed, complex jig. Jigging
is generally necessary when the mold surface has insufficient strength to
prevent distortion due to the pressure of the rising foam.

Venting. The one-shot foam formulation discussed previously produces
a foam of sufficient flowability to fill narrow and complex mold cavities, e. g.,
the thin shelf protrusion and egg trays of a vertically filled refrigerator door.
However, to fill intricate cavities of this type, it is necessary that air and
foam gases be allowed to escape so that voids are not formed within the
foamed article.

Small diameter holes, up to 1/16", positioned at the extremities of the
mold surfaces permit sufficient gas release to fill intricate sections. Larger
holes, up to 1", should be provided at the top of the mold to release the bulk
of the gases. The smaller vents will seal themselves as.the foam gels. The
larger holes at the top surface should be closed when the rising foam reaches
that point.

Molding Conditions and Techniques

In addition to mixing head and mold design considerations, the manu-
facture of quality panels is dependent on other factors, including mold packing,
direction of foani rise within the mold, mold temperature, mold thickness and
complexity, and curing conditions.

Packing. In order to assure complete fill of mold extremities and
optimum foam properties, a foam charge 5-10 per cent in excess of that
needed for an unrestrained foam rise should be used for closed molding

%S, C. Johnson & Son, Inc., Racine, Wisc.
*%Brulin & Co., Inc., Indianapolis, Ind.
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as described by Jones. * Use of too little packing results in non-uniformities
and slightly soft foam at the top of the panel. Use of excessive packing results

in higher panel densities and higher pressures, which, without adequate jig-
ging, may distort :he mold. .

Vertical versus Horizontal Pour. The panel mold may be positioned

with its walls vertical or horizontal during the foaming operation, as illus-
trated in Fig, 6. The high vertical rise is the easiest to handle as it may
be poured through a single opening at the top of the mold. Panels up to

POUR
POUR

VERTICAL

HORIZONTAL

Fig. 6.

*R. E. Jones, Plastics Technology, 27-34, October 1961,
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eight feet high have been successfully foamed using only one pour. The foam
properties of vertically filled panels are uniform from top to bottom. For
example, density and compression load properties of foam from bottom to
top of typical panels are shown in Table 6.

A low vertical rise (Fig. 6) may also be used where high panels cannot
be conveniently handled. In this case, the foam may be poured through a
single hole at one end if the mold is tilted to insure adequate distribution.
Otherwise, it may be necessary to traverse the length of the mold.

TABLE 6

Variation of Foam Density and Compression Load in
Vertically Poured Panels (Panel Height, Feet)

2a 4b 8C —
Comp. Comp. Comp.

. Foam Core Load, d Core Load,d Core Load, d
Location Density psi Density psi Density psi
in Panel 1b/cu ft at yield 1b/cu ft at yield 1b/cu ft at vield
Bottom 2.1 21 1.9 16 1.9 16
Middle 2.0 21 2.1 17 1.9 . 15
Top 2.0 21 2.1 18 1.8 14
agr x2t x1.75"
bgr x4r x2, 5"
€g' x18" x3"

dPerpendicular to foam rise

The compressive strength of the foam is greater parallel to foam rise
that it is perpendicular to foam rise, e.g., 23 psi versus 16 psi, respectively,
at yield point for 2,3 lb/cu ft over-all density. Therefore, maximum com-
pressive strength occurs parallel to the panel walls in a vertical pour. It
may be desirable to achieve maximum strength perpendicular to the panel
walls. In such cases, the panel can be foamed horizontally. This type of
pour requires traversing of the mixing head for uniform foam distribution.

It also requires special equipment for closing and jigging one side of the
panel after the foam has been charged.

In general, the vertical type of pour offers the greatest simplicity of
operation and in many applications, such as refrigerated truck panels, com-
pression load properties should be adequate.

Mold Temperature. Temperatures of 110-130°F are desirable with
metal molds in one-shot rigid urethane panel molding to insure low panel
densities and optimum "k'" factors. Lower mold temperatures result in
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high panel density due to loss of heat to the mold. In addition, a thick skin
forms at the foam surface which may cause an increase in "k" factor. Fig. 7
shows the effect of the mold temperature on the density of a 1-3/4" Panel.

In general, wooden or plastic molds show the same effects. However,
due to their lower specific heat and thermal conductivity, as compared to
metal molds, lower temperatures are required and the effects of changes in
mold temperature are less Pronounced.

Mold Thickness and Complexity. High quality panels differing widely
in thickness and complexity have been prepared us ing the formulation shown
in Table 1. However, to attain desired panel density, it is necessary to
adjust fluorocarbon levels as mold thickness and complexity change. In
general, as panel thickness is decreased or complexity increased, the fluoro-
carbon level must be increased to maintain equivalent panel densities. At a
given fluorocarbon level, thick Panels will have lower density than thin panels
because with thick molds the surface-to-volume ratio is lower and less exo-
thermic heat is lost to the mold. For example, a 1. 75" thick panel generally
is 0.3 - 0.4 1Ib/cu ft less dense than a 1" thick panel.

130 =
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Fig. 7. Mold temperature vs. in-place panel
density.

107




Curing Conditions. Generally, with warm (110-130°F) molds, a panel
can be released from the jig in approximately ten minutes. A postcure at
150-175°F may reduce this time to as little as five minutes.

Summary

Some recent advances in the molding of rigid urethane foam have been
presented. The contribution of each formulation ingredient (such as polyether,
polyisocyanate, silicone emulsifier, catalysts, and blowing agent) on panel
molding, as well as effect of ingredient temperatures, have been discussed.

In addition, the mechanical variables of panel molding, such as mixing head
and agitator design, mold construction, and molding techniques have been
investigated.
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SPRAY APPLICATION OF RIGID URETHANE FOAM

I. N. Einhorn

Introduction

The technology of urethanes was developed in Germany during World
War II. This activity reached moderate commercial importance in that
country, but did not reach a significant stage of development in the United
States until the mid-1950's.

By 1955 laboratory work had yielded a variety of pourable and sprayable
rigid and semi-rigid urethane foam formulations. These foams were based on
carbon dioxide as the blowing agent and thus did not achieve sufficiently low
thermal conductivity (k" factor) to be competitive on a cost-performance basis.

With the advent in 1958 of foam systems based on fluorocarbon blowing
agents, systems were developed which demonstrated improvements in thermal
performance. Many foam systems have been field tested on large applications
during the past four years.

Application by Spray

Atomization of the foam raw materials by spray technique makes it
possible to deposit much thinner layers than can be laid down by pouring with
a mixing head, and provides the most effective method of controllably pro-
ducing foam on vertical as well as horizontal surfaces.

The spray-in-place technique provides a method of applying urethane
foam in many types of commercial applications such as exterior tanks, ducts,
roofs, and pipes of simple or complex design. Rapid advances are being made
in the development of equipment that may be used to apply foam. Use of in-
creased volumes of materials, made possible by this new equipment, should
lower the price of the basic raw materials, thus making possible applications
that are precluded by current cost structures.

Equipment for Spraying

Spray Guns. 1 Several varieties of spray guns are commercially available
for coating surfaces with foam. These may be divided into three basic types:

1. External mix with air atomization. The two reactant streams are
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pumped through the gun under pressure and ejected in separate streams.
Mixing and atomization are accomplished simultaneously just exterior to the
spray nozzle.

2. Internal mix with air atomization.

blended internally by an air-driven agitator.

The two reactant streams are
The components are pumped

through the gun under pressure and atomized on discharge by air as a single

stream.

3. Internal mix with airless atomaization.

The two reactant streams

are mixed by passing them together through an internal labyrinth under high

pressure.

across the spray nozzle.

TABLE 1

Atomization is accomplished on discharge by pressure drop

Performance Comparison of Foam Spray Guns

Property

External Mix

Internal Mix

Internal Mix

(Air atomization)

(Air atomization)

(Airless atomization)

Viscosity
of
reactants

Air supply

Overspray

Intermittent
operation

Necessary to main-
tain low viscosity
for each component
to insure adequate
mixing

Large volume of
air required

Considerable over-
spray costly and re-

quires optimum safety

precautions

Little plugging

Viscosity control
not as critical as
with external
equipment

Volume of air re-
quired lower than
with external mix-
ing equipment

Overspray greatly
reduced

Plugging a prob-
lem

Requires continuous
flushing

Viscosity control not
as critical as with
external equipment

None required

Overspray reduced
to low level

Internal mixing sec-
tions require self-
cleaning, needs
constant flushing

Metering Units.

The equipment employed to meter the foaming react-

ants must be capable of delivering the materials in accordance with the

material supplier's recommendations.
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delivering two to ten pounds of material per minute is satisfactory for the
majority of field applications. Two systems have been used in commercial
applications:

1. Pressure pots. Systems using air to provide pressure and orifice
type valves for flow control have been used successfully for small applications.
It is necessary to pass the air through a water-extractor and a filter system
to minimize pick-up of moisture due to condensation. This system is sensi-
tive to variations in pressure, temperature, and viscosity, and is generally
not satisfactory for commercial operation.

2. Positive displacement metering pumps, such as piston or gear
pumps, provide accurate, reproducible metering over a wide range of operat-
ing conditions. This type of system is more expensive than simple pressure
pot systems but has found greater usage because of better control.

Temperature Control. Equipment must be capable of maintaining
adequate temperature control (heating and cooling) of the reactants. Con-
trolling the temperature of the reactants reduces variation in viscosity and
aids in obtaining good mixing.

Variables Affecting the Spraying of Urethane Foam

Control of the quality of raw materials and recognition of the effects
of variables in the application process are vital to the quality and repro-
ducibility of urethane foams.

Climatic Conditions.

1. Temperature (ambient). The formation of urethane foam involves
an exothermic chemical reaction. Variations in the ambient temperature
conditions may affect the foaming rate, adhesive bond to the substrate, and

111



physical properties of the resulting foam. Unless specifically formulated
for other conditions, urethane foam should be spray applied within an am-
bient temperature range of 65° and 100°F, Loss of volatile components of
the foaming raw materials increases at higher temperatures.

2. Substrate temperature. Unless specifically formulated for use at
other temperatures, urethane foams should be spray applied on substrates
whose temperatures fall within a range of 65° and 100°F. If the substrate
temperature is less than 65°F, a thin layer of material can be sprayed and
permitted to foam. This ''flash coat' will act as an insulation, allowing sub-
sequent layers to foam to the desired density by preventing a loss of exotherm.
If the substrate temperature exceeds 100°F, it may be necessary to employ a
blowing agent which vaporizes at a higher temperature to prevent flash volatil-
ization and resulting high density foam.

3. Moisture conditions. Moisture (rain, fog, condensation, etc.) will
react chemically with the urethane raw materials, adversely affecting foam
formation and the resultant properties. Consequently, the substrate must be
dry and good industrial practice dictates that the area sprayed be limited by
the applicator's ability to protect the insulation from precipitation (rain,
snow, dew, etc.) with a temporary cover until the prescribed weather barrier
can be applied. If, by conditions beyond control, the insulation is subjected
to precipitation, the foam must be allowed to dry before the application of the
barrier coat.

4. Wind velocity. Wind velocities greater than 10 to 15 miles per hour
can result in excessive loss of exotherm thus affecting foam density and ther-
mal properties. Caution must be taken to prevent overspray and fumes from
contaminating adjacent work areas.

Chemical Factors Governing Foam Properties

The formation of urethane foam is a complex phenomenon. In addition
to the chemical and physical aspects of a polymerization system, factors
peculiar to colloidal systems must be considered. An understanding of the
formation of urethane foams involves consideration of the organic chemistry
of the reactions leading to gas formation and molecular growth, the colloid
chemistry of nucleation and bubble stability, and the rheology of the polymer
system as it changes from a liquid to a solid.

Inasmuch as "prepolymer" or "semi-prepolymer" processes have been
almost universally employed for spray-in-place applications, emphasis is
directed toward a study of the variables in these systems and their relation-
ship to application and performance.
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In the prepolymer system the polyol (resin) and isocyanate are reacted
to yield a prepolymer:

O )
n 1]
2R(NCO)2 + HO ~~ OH —» OCN-R-NHCO~~~OCNH-R-NCO

Isocyanate Polyol Prepolymer

Subsequently water and catalyst (amine) are mixed into the prepolymer to
effect foaming:

0 o
i )
n OCN-R-NHCO~~~OCNH-R-NCO + n H,0 ——*

O O
f \ M
[ —NHC-NH—R—NHC—OMA-OCNH-R—] +n CO2 .
n

An inert blowing agent (fluorocarbon) is generally incorporated in the system
to decrease foam density and improve thermal insulating properties.

Crosslinking is most successfully introduced into the polymer by use of
branched resins. Idealized structures can be drawn for trifunctional tetra-
functional, etc., polyols. 2 The average weight per branch point has been
calculated to be in the order of 400 to 700 for rigid foams and from 700 to
2500 for semi-rigid foams.

W W S
‘P- (NHCNH-R-)X NHCO OCNHR %

n

OCNH-(R-NHCNH) ~~
Tl n Y
o) o)

Idealized Structure Based on Triol

The semi-prepolymer (quasi-prepolymer) differs from the prepolymer
in that a part of the polyol (resin) is mixed with all of the isocyanate to give
a prepolymer containing a large excess of unreacted isocyanate. This pre-
polymer is then foamed by reaction with additional polyol which may contain
blowing agent, catalyst, and surfactant. Many rigid foam formulations are
produced commercially by this process using trichlorofluoromethane as the
only blowing agent.




Chemical Factors Relating to Foam Properties

The stoichiometry of urethane spray systems is normally such that the
ratio of total isocyanate equivalents to total hydroxyl equivalents in the react-
ants is close to unity.

Effect of NCO/OH Ratio on Foam Density. A series of samples were
prepared under constant conditions varying only the NCOQ/OH ratio. Table 2
lists the stoichiometric relationships in the reaction mixture used to produce
the test specimens.

TABLE 2

Stoichiometric Relationship of Reactants

Sample NCO OH

Number Equivalent Equivalent NCO/OH
1 0. 384 1.401 0.274/1.0
2 0. 745 1.401 0.532/1.0
3 1. 066 1.401 0.761/1.0
4 1.328 1.401 0.948/1.0
5 1.544 1.401 1.102/1.0
6 1.735 1.401 1.238/1.0
7 1. 911 1.401 1.364/1.0
8 2.096 1.401 1.496/1.0
9 2,283 1.401- 1.630/1.0

Samples 1 and 9 collapsed during the foaming process. All other
samples possessed sufficient gel strength to maintain a cellular structure
during cure. Fig. 1 indicates the relationship between the NCO/OH ratio
and foam density. Foams meeting generally accepted commercial specifi-
cations were prepared utilizing an NCO/OH ratio ranging from 0. 948/1.0
to 1.364/1.0.

Effect of NCO/OH Ratio on Compressive Strength. Fig. 2 indicates
that only a slight increase in compressive strength properties were obtained
with a given formulation when the NCO/OH ratio was raised above 1. 1/1.0.
Table 3 presents the compressive strength properties of a series of foams
of varying NCO/OH ratios.

Effect of NCO/OH Ratio on Thermal Properties. The stoichiometry
of the foam raw materials governs to a large degree the stability of "k" factor
of the finished product. Thus it can be shown, Fig. 3, that the initial "k"
factors of a series of foams of different NCO/OH ratios vary only between
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0.136 and 0.145. The "k'" factors of these same foams varied widely when
subjected to accelerated aging at moderately high temperatures and varying

humidity conditions.
Effect of NCO/OH Ratio on Water Vapor Permeability. Fig. 4 presents

data on water vapor permeability vs. NCO/OH ratio. Optimum properties
were obtained when the NCO/OH ratio was in the range 1.102 to 1. 364.
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Effect of NCO/OH Ratio on Foam Heat Distortion. The relationship
between the NCO/OH ratio and foam heat distortion properties is difficult to
establish. Samples were prepared in which the NCO/OH ratio varied between
1.102/1.0 and 1.894/1.0. All specimens were permitted to equilibrate at
70°F and 50 per cent R.H. for 14 days before testing., The samples were
then exposed to each of the following temperatures for a period of 24 hours
(100°, 150°, 200°, and 250°F). Changes in foam volume and sample weight
were measured. Fig. 5 presents the relationship between the NCO/OH ratio
and sample weight while Fig. 6 presents the relationship between the NCO/OH
ratio and sample volume

Effect of Physical Factors Relating to Foam Properties

Effect of Atomization Pressure on Foam Properties. The atomization
pressure used is of extreme importance in determining foam properties.
Laboratory experiments have shown that density, cell structure, and thermal
properties are directly affected by atomization pressure. Numerous small
voids will occur in the foam siructure if excessive pressure is used; this is
probably the result of breakdcwn of the surface skin during foam rise per-
mitting a release of fluorocavbon blowing agent and simultaneous air
entrapment.
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1. Effect of Atomization Pressures on Thermal Properties. It is
difficult to assess the entire relationship between atomization pressure and
and foam physical properties. If too little atomization pressure is used
during spray application, insufficient mixing may take place; if an excess
atomization pressure is used, mechanical damage to the foam may result.
A series of samples were prepared (NCO/OH ratio 1.102/1.0) with the
atomization pressure varied from 25 psi to 90 psi. All samples sprayed
with atomization pressures less than 45 psi exhibited complete or partial
collapse during foaming. Samples prepared with atomization pressures
above 75 psi were characterized by excessive voids or cell collapse.

The initial ""k" factors of samples prepared with the atomization
pressure varied between 45 psi and 75 psi fell in a narrow range, i.e.,
0.128-0.139. When the foams were subjected to accelerated aging condi-
tions (Fig. 7), a widening of the "k'' factor range was observed. Thus it
is important to determine the optimum atomization pressure for a given
foam formulation and a specific spray gun in order to obtain optimum ther-
mal performance properties.

2. Effect of Atomization Pressure on Compressive Strength. An
analysis of compressive strength properties of foam samples prepared with
various atomization pressures is presented in Fig. 8. Additional insight into
the effect of atomization pressure on compressive strength may be gained by
reviewing the data presented in Table 4.
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3. Effect of Atomization Pressure on Water Vapor Permeability, The
relationship between permeability and atomization pressure is defined in Fig.
9. As the atomization pressure increases, the water vapor transmission rate
decreases.

4. Effect of Atomization Pressure on Foam Thermal Stability. Fig. 10
shows weight loss on heating of spray applied urethane foam samples decreases
with increased atomization pressure.

Effects of Substrate Temperature and Substrate Preparation. Experi-
ments were carried out to determine effects of substrate temperature and
substrate preparation on the foaming process and foam adhesion. Four tem-
perature levels were employed (459, 65°, 759, and 100°F). Substrates in-
cluded aluminum, cold rolled steel, and plywood. Substrates were free of
grease, oil, moisture, and loose particles.

Table 5 summarizes information obtained in this study. The use of a
zinc chromate wash and an epoxy prime coat gave improved adhesion to the
substrate.

Poor adhension was observed when the substrate temperature fell
below 65°F.
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TABLE 5

Surface
Temperature Substrate Remarks
450F Aluminum, no wash, no No adhesion, severe
primer distortion of foam
450F Aluminum, zinc chromate No adhesion, severe
wash, epoxy primer distortion of foam
450F Carbon steel, no wash, No adhesion, severe
no primer distortion of foam
450F Carbon steel, no wash, Very poor adhesion, severe
epoxy primer distortion of foam
450F Plywood, no preparation Fair adhesion, moderate
distortion of foam
65°F Aluminum, no wash, no Poor adhesion, slight
primer distortion of foam
650F Aluminum, zinc chromate Fair adhesion
wash, epoxy primer
65°F Carbon steel, no wash, Fair adhesion
no primer
650F Carbon steel, no wash, Good adhesion
epoxy primer
650F Carbon steel, no wash, Good adhesion
bonderite primer
65°F Plywood, no preparation Good adhesion
750F Aluminum, no wash, no Poor to fair adhesion
primer
750F Aluminum, zinc chromate Fair to good adhesion
wash, epoxy primer
750F Carbon steel, no wash, Fair to good adhesion
no primer
750F Carbon steel, no wash, Good adhesion
epoxy primer
750F Plywood, no preparation Excellent adhesion
110°F Aluminum, no wash, no Fair adhesion
primer
110°F Aluminum, zinc chromate Good adhesion
wash, epoxy primer
110°F Carbon steel, no wash, Excellent adhesion
no primer
110°F Carbon steel, no wash, Excellent adhesion
epoxy primer
110°0F Carbon steel, no wash, Excellent adhesion
bonderite primer
110°F Plywood, no preparation Excellent adhesion
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Effect of Surface Contamination

Carbon steel and aluminum plates were used to evaluate the effect of
surface contamination (water and rust) on foam adhesion. Table 6 presents
a summary of experimental results. Water on the substrate surface increased
the incidence of voids at the foamn-metal interface and decreased adhesion to
the substrate.

Parameters Pertaining to Product Specification

Insulating Design Factor. Urethane foams applied by the spray-in-place
technique have shown initial "k'' factors between 0. 120 and 0. 140. It is
suggested for design purposes that a "k" factor of 0. 160 be used (based on a
mean temperature of 75°F),

Barrier Coatings. Permeability studies of spray foams have indicated
that most samples have a perm-inch rating ranging from 1.5 to 3. If the
insulation is to be subjected to temperatures below 32°F, a barrier coating
having a perm rating of 0.5 perm or lower should be used.

Protective Coatings. If the foam insulation is to be exposed to the
elements, a protective coating should be used.

Flammability. It is suggested that urethane foam used as insulation
have a nonburning or self-extinguishing classification. If a protective coating
or barrier coating is applied, it also should have a nonburning or self-
extinguishing classification.

service Temperature Limitations. It is recommended that urethane
foam insulation not be exposed to temperatures greater than 50 per cent of
the heat distortion temperature for continuous service and 75 per cent of the
heat distortion temperature for intermittent service.

Safety*

Care should be exercised when handling foam raw materials, some of
which are classified hazardous. Adequate ventilation must be provided to
maintain a flow of fresh air during the spraying operation.

*Chemical Safety Data Sheet SD-73, "Properties and Essential Information
for Safe Handling and Use of Tolylene Di-isocyanate, " Manufacturing
Chemists' Association, Inc. , 1959,

123




pood J00d-atreyq poon) xood Axap J00d 37eI1SQNGg 0} UOISaYPY
1°9-6°% - 9°9-¢°g 8°'8-L"L $°9-L°6 a3ued
9% '¢g - AL LT°8 809 "3ae
.N.m.—Z_ e
0°p-¥°¢ 9°p-1°¢ 9°¢-0°¢ 2°6-0'¥ ¥H-G°¢ a3ued
0L 98¢ 6€°¢€ 86 ¥ 20 % *3ae
13d 1®
ﬁOE.mEhO.«oQ Jjusadasd
9°¢¢-8'0¢ Z°€£-6°02 9°8¢-¥% L2 8°LE-2°LT 9°¥£-2°1¢ a3uex
€0 '2¢ L2°92 ¥%°ce geee 1% °2¢€ *3ae
*XEBIN 1B
2°L2-8°81 8'$z-2 ST 0°62-L"LT ¥°L2-L'8T L°LZ-S €2 adued
00 '¥2 60 ‘61 1€ %2 06 '$2 G162 "3ae
1dd 1e
€°L-6"% 2°9-0"% 2'8-6"% 0°9-L'¥ L'9-8°¢ aguer
8% 9 86 ' 12°L £€°¢g LZ°9 "3ne
‘39@ %7 1B 1sd ‘peO]
00°2-06 T 16°T-8¢ T 60 '2-00 2 86 '1-98 1 28 °T-HL°T aduea
00°2 99 °1 €0°2 $6°T 6L°T "3ne
jod fAsuag
738uad;g aATssaadwo))
%.HQ 19M %.HQ 19M pajisny 19M EOHuHUEOU wummﬁwﬁﬂoo
ESEHESH.Q. ESEHESH.Q. waum EOQ.H.NU waum EOQ.HMU waum EOQ.HMU wumhumnﬁm

590014 Surureoq uo aaniISTOIN JO 10913H

9 HIdV.L

124




Summary and Conclusions

Statistically designed experiments were conducted to determine accept-
able limits for spray variables. The relationships between such factors as
stoichiometry, temperature of reactants, atomizing pressure, and climatic
conditions and their effect on foam density, compressive strength, thermal
properties, and permeability were established.

Various types of spray equipment were compared. Emphasis was placed
upon equipment requirements necessary to insure-adequate metering, mixing,
and delivery of foam raw materials.

Results of a study of substrate variables and their effect on the foaming
reaction and the physical and mechanical properties of the foam were outlined.

Parameters pertaining to product specification were reviewed, including

insulation design factor, barrier and protective coatings, service temperature
limitations, and flammability characteristics.
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DEVELOPMENT OF A ONE-PART
"FOAM-IN-SPACE" POLYURETHANE

Seymour Schwartz

Introduction

In 1958, the Materials Engineering Branch, Applications Laboratory
of the Aeronautical Systems Division of Wright-Patterson Air Force Base
initiated a number of in-house exploratory investigations to determine the
feasibility of producing polyurethane foam at reduced atmospheric pressures,
simulating outer space conditions. These tests included mixing of conventional
urethane foam components in a vacuum and the use of catalyst-water systems
absorbed on silica gels. The results of this preliminary work indicated that
polyurethane foams could be utilized at a reduced atmospheric pressure to
produce such objects as rigidized inflatable structures, lunar shelters, furni-
ture, thermal insulation, shock absorbing devices, etc. However, it was also
demonstrated that conventional formulations and processing techniques would
not be suitable for use under these conditions.

As a result of the preliminary work, which established feasibility of
the vacuum foamed material, a formal request for proposals was issued by
the Aeronautical Systems Division to a number of organizations known to
have the desired capabilities. The specific requirements in the directive
were as follows:

1.  The material must be based on polyurethane chemistry.

2. It must foam reliably in a vacuum environment--with the material
directly exposed to the vacuum, of approximately 160, 000 feet.

3. The foamed material should be approximately a 2 1b/cu ft density.

4, If pre-mixed material was developed it should have a minimum
shelf life of 2 months at room temperature, i.e., it could not be cryogenically
inhibited.

5. It should also foam at normal ambient pressures.

6. A minimum of mechanical equipment should be used during the
foaming process and no special equipment was to be developed.
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7. Material capability would have to be demonstrated by fabrication
of two types of foamed structures, made in a simulated space environment.
One was to be an expandable structure, such as a 7 ft diameter ballon, in-
flated and rigidized with walls 1 to 2 inches thick under conditions simulating
an unmanned spacecraft. The other structure, used to deinonstrate large
mass capability, was to be a full sized chair, made under the same conditions
but not necessarily in the same manner.

Hughes' Aircraft Approach

After the receipt of the contract, the Hughes Aircraft Company, on
analysis of the problem, came up with several approaches, differing widely
because of the vast disparity between the two structures.

1. In order to foam rigidize the balloon a one part, pre-mixed and
pre-distributed material was believed best, since this would require no
special vacuum operated equipment to be developed.

2. On the other hand, the chair, because of its size and shape, (an
approximately 2 x 2 x 2 ft block with a back and arm rests) was well adapted
for fabrication by metering and mixing a two component material into a mold.
Such a procedure, however, would probably have required special equipment
in order to operate in a vacuum.

On consideration of all the factors involved in production of each type
of material it was decided that if the one part material were produced it would
be a very simple approach, and one which could be used for both applications,
as well as being potentially a very useful material. It was therefore decided
to concentrate solely on production of the one part, pre-mixed foamant, It
was also decided that heat would be utilized as the activator. Further, no
mechanical equipment was to be used in the vacuum. The basic polyurethane
reactions, i.e., diisocyanates reacting with a diol and/or a triol and also
reacting with water to produce CO2 gas, would be adhered to.

Foamant Development

In the development of the desired one component compound, the first
step was believed to be a method of deactivating the isocyanate component.
This was necessary since in common isocyanate-polyol mixtures the reaction
takes place within 5 to 30 seconds, when catalyzed, and not much slower when
uncatalyzed. This reactivity, of course stems from the isocyanate, so efforts
were concentrated on this component. Two methods were tried. The first
consisted of chemical blocking of the isocyanate with a material which would
cleave off when heated, thus regenerating the original isocyanate. An example
of such a compound, commercially known as Hylene MP, is shown below:
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A number of similar compounds were prepared at Hughes using both toluene
diisocyanate (TDI) and diphenyl methane diisocyanate (M DI) as the isocyanates
and blocking agents such as acetyl acetone, diethyl malonate, phthalamide, and
others. A number of blocked compounds were successfully prepared. However,
in use it was found that the cleavage temperature in each case was too high
(approximately 325° to 400°F), and when reacted in vacuum, the release of

the blocking agent resulted in too voluminous a gas evolution., Also, complete
stability was not obtained when the blocked isocyanate was mixed with the

polyol and stored at room temperature.

The second method of deactivation tried was an attempt to encapsulate
the isocyanate in a heat rupturing encapsulant. By this technique it was hoped
that the encapsulated isocyanate could be mixed directly with the polyols with
no reaction until heat was applied. Contacts were made with all the encapsu-
lators in the United States, and it was found that no one was prepared to en-
capsulate liquid isocyanates without a long research program. The National
Cash Register Company, however, did agree to furnish solid MDI encapsulated
in either of two thermoplastic materials melting at 122° and 1400F. In tests
it was found that only the 1409F material would resist damage during the mix-
ing with the polyol. However, in attempting to make a foam using the encap-
sulated MDI and conventional polyols, it was found impossible to get foams
much lower than 10 to 15 1b density. 1n addition the foams were of fairly low
strength and poor quality. It was assumed this was due partly to the plasticiz-
ing effect of the encapsulant, which was present to the extent of 20 per cent by
weight of the MDI, and partly to the solid isocyanate which was used. The
reaction was exothermic, however, and it is surmised that satisfactory results
might have been achieved with other formulations and more extensive work.
Therefore, because of the difficulties encountered in attempting to deactivate
the isocyanates, this line of attack was discontinued, in favor of another
technique described below.

Concurrently with the work being done on the isocyanates, a number of
tests were also made on techniques for furnishing water to the system since
this was also considered to be a major problem in development of a one part
mixture. This investigation of water sources was also carried out along two
lines. The first consisted of investigating a number of hydrates, such as
H3BOs3, MgO. H20, BaCl.2H30, etc., which would release water of crystalli-
zation when heated. The second technique utilized Linde molecular sieves,
which would also release their water when heated or in a vacuum. The results
of the first tests indicated that boric acid could be mixed with a liquid iso-
cyanate prepolymer for at least a month and a half with no apparent action,
when held at room temperature. When heated, the isocyanate-water reaction
took place very readily at temperatures of 200° to 300°F. The results secured
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with the molecular sieves were not so definite, however. The hydrated sieves
appeared to store satisfactorily at room temperature when mixed with the iso-
cyanate prepolymers.* However, when the mixtures were heated in a va~uum,
considerable bubbling occurred, which apparently was due to the volatiles in
the isocyanate prepolymers rather than the formation of COy. Repeating the
tests with devolatized prepolymer showed no evidence of reaction although
bubbling occurred, which was assumed to be simply water vapor release and
not COg since there was no evidence of urea and amide formations which
should have occurred simultaneously with the COgq liberation. The results
with the molecular sieves were therefore considered inconclusive.

In addition to the work done on the isocyanates and water sources,
limited investigations (at that time) were being made on polyols (diols and
triols), as well as catalysts and surfactants. In general, during this phase
only common commercially available materials were tested. These included
liquid diols of equivalent weights of 100 to 200, to insure rigidity, and similar
short chain length triols to act as cross-linkers. Similarly, samples of
various commercial catalysts and surfactants were also obtained to be tested
in the formulations to be made up.

Because of the poor success achieved in attempting to satisfactorily de~
activate the liquid isocyanates by chemical blocking or to utilize encapsulated
solid isocyanates and liquid polyols, it was then decided to go to an all solids
mixture. Such a system, it was reasoned, should have good storage stability
and, if it would melt at a low enough temperature, should be capable of being
foamed. The problem then resolved itself to finding solid isocyanates, polyols,
catalysts, and surfactants of the correct melting point, functionality, and vapor
pressure to result in a material which would do the following:

Be stable when mixed together and stored in a normal atmosphere.
Melt at a temperature below 200°F (arbitrarily selected).

After melting the material should foam up and then,

polymerize and become rigid while in the foamed_ condition.

B ow N

The first such solid mixture prepared had the formula shown below:

Material Function MPCOF Equiv. Weight Equivalents Used
Diphenyl methane lsocyanate 125 0.5
diisocyanate (MD]1) component 99
Bisphenol A Diol 307 114 0.41
Pyrogallol Crosslinker 271 42 0.1
Boric Acid Water source 5% by wt.
Silicone Oil Surfactant 1% by wt.
8 hydroxy Catalyst 5% by wt.
quinoline

*Satisfactory storage was only found with sieves containing less than 7 per
cent moisture.
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The above formulation resulted in a material which met almost all the
requirements. The foam produced, when made in air, was fair foam although
somewhat friable. When heated in vacuum, however, the vapor pressure of
the ingredients (mainly the isocyanate) was so high that as soon as complete
melting occurred the material literally blew itself apart to result in simnply a
large mass of froth., The importance of this formulation, however, was that
it did demonstrate that the solids approach was basically a sound one and that,
with improvements, a satisfactory material might be developed along these
lines.

Several hundred formulations later such a material was finally developed.
The new compound, which used the same type general materials as in the first
solids formula, incorporated a higher melting, higher vapor pressure, sterically
hindered isocyanate, dianisidine diisocyanate (DADI), as well as different diol
and triol, both melting below 200°F. The structural formulas of the resin
components are shown below:

H3CO OCH;
di ianisidine
di isacyanate OCN- - NCO
({DADI)
p, p'bis{ 3 hydroxyethoxy) HH I H H
2,2 diphenyl propone (diol) HO-C-C-O-Q-C-O-O-C-C-OH
H H | H H
CH,OH
HHI
Trimethylol prapane (Triol) HC-C-C-CH,0H
HHJ
CH,OH

In addition, a commercial silicon surfactant, Dow-Corning #113, was used

and a commercial catalyst, Metal and Thermit Company '"T-8." The polyols
used were selected after a great number of tests on both commercially avail-
able solid polyols and synthesis of a number of polyols at Hughes--the great
majority of which turned out to be too high in melting point, or were not solids,
or were too long in chain length, etc.

The new compound was a material which melted completely at 175°-180°F.
It appeared to have an indefinite shelf life when stored at room temperature,
although its reactivity apparently is reduced with time. 1t is not sensitive to
normal atmospheric moisture, so needs no special storage conditions. 1t
foamed in a vacuum, without the use of a separate blowing agent (use of vacuum
and the vapor pressure of the ingredients turned out to be the key). The result-
ing foam was 2 to 5 1b per cu ft in density, depending on processing conditions.
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The compressive strength of the material varies from 15 to 50 psi, depending
on density, and on being compressed the material did not shatter. In addition,
the foamed material showed surprisingly good strength at 300° to 350°F. By
addition of boric acid to the basic mixture, a fair foam was obtained at normal
pressures. Fig. 1 shows the type of foam made at a pressure corresponding
to 16,000 ft (1-1/2 mm Hg approximately).

o ] Tees crumeec

Fig. 1. Typical foam cross-section.

Even with the production of a satisfactory foaming powder it was found
that the development problems were far from over. The diol and triol, though
solids, were not hard, crystalline materials but were somewhat soft and
gummy. Therefore, while small amounts of the powder mixture were easily
made by hand using ja mortar and pestle, attempts to make large amounts by
mechanical mixing and grinding always ended up as gummed up messes. A
number of techniques were tried including ball mills, a drug mill, a Hobart
paddle mixer, and a counter current muller. A satisfactory process was
finally developed when it was found that by working the material to cause the
"gumminess" the temperature would rise and when checked at the right point,
a prepolymer would form which was plastic when hot and brittle when cold.
This brittle material could then be easily ground up to form the desired
powder. Using this technique, several hundred pounds of powder were
prepared for use in fabrication of the required structure.

Fabrication of Demonstration Units

Prior to actually starting fabrication of the balloon and chair, it was
necessary to develop a method of distributing the powder on the balloon sur-
face. 1t was also necessary to determine the optimum conditions of time and
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temperature for forming large amounts of foam since only small laboratory
quantities had been made before. The technique finally adopted for the balloon
fabrication utilized the fact that the powder could be pelletized, using a plastic
preform press. A number of pellets, 2-3/8 in. diameter by 3/32 in. thick,
were adhered to the surface of a two foot diameter balloon using Goodyear
Plibond cement. Over the pellets was heat sealed (using the pellets as the
sealing media) a thin Dacron marquisette cloth, the purpose of which was to
prevent running of the material during the period between liquefication and
final polymerization. Tests on a small (2 ft) balloon indicated a satisfactory
structure could be obtained. See Fig. 2,

In running a number of tests with various amounts of foam in a vacuum
chamber, it was found that the maximum height of foam which could be obtained
was approximately 4 inches, This limitation was established by the fact that
since the material was endothermic as the reaction progressed, the developing
foam retarded the rate of heat input. Thus the inner layers of powder would
not receive heat as rapidly as the outer layers and therefore would not foam.
Another factor limiting the size of the foam was the fact that after a few
minutes of heating, if the powder was too thick, the outer layers would cure

Fig. 2. Section of 2 ft test balloon.
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or set'" before the inner layers liquefied. This cured material then tended

to prevent any further expansion from the rest of the mass. It was thus found
that approximately 1/4 inch of powder was the limit of material which could
be foamed.

With the processing information then it was decided that the large balloon
could be fabricated using the adhered-on pellet and restrainer cloth technique.
It was also decided that the chair could be made, but in this case using multiple
"hlows" to result in the final 2 x 2 x 2 ft block.

Fig. 3 shows the fabrication techniques employed in coating the large
7 ft diameter demonstration balloon. While the balloon was not extremely
flexible, it was possible to pack it in a relatively small container for ship-
ment. At Wright-Patterson Air Force Base the balloon was inflated in the
vacuum chamber at a pressure corresponding to approximately 150, 000 ft
altitude. By suitable pressure regulation, the balloon was maintained at 5
inches of water internal pressure during the rigidizing operation. Rigidiza-
tion was accomplished by heating a band approximately one foot wide from pole
to pole, as shown in Fig. 4. As the area foamed and rigidized, in approxi-
mately 15 minutes, the balloon was rotated to expose a new area. Rigidiza-
tion was complete in 4 hours. Fig. 5 shows the completed structure.

Fabrication of the chair was conducted in a somewhat different manner.
The completely vented mold employed is shown in Fig. 6. Fig. 7 shows the
set-up employed for the first "blow,'" with powder and pellets in place. The
chair mold is shown laying on its side so the arms may be formed easier.
The heat lamps are directly above the mold. The use of pellets, large and
small, was found to be distinctly superior to the use of plain powder. The
small pellets on the sides would foam and flow into the depressions left by
the main mass of foam as it rose up bubble shaped. (Because of lack of back
pressure, the material did not follow the mold contours as it foamed.) The
large pellets were used since it was found they were more compact and they
helped spread the material more evenly than did the powder.

The complete chair was foamed in seven stages since only approximately
4 inches of foam could be formed at a time. FEach layer of reactants was there-
fore put in place, foamed, cured, and allowed to cool slightly prior to addition
of the next layer. Each foam cycle took approximately 20 minutes to complete.
However, bringing the chamber to altitude, cooling the foam prior to pressuriz-
ation, and then adding the new material made each stage take approximately 2
hours to complete. Fig. 8 shows the completed chair.

Conclusions
As a result of the preliminary Air Force efforts and the work reported

here, it may be concluded that there are a number of approaches which might
be used to produce polyurethane foams in a vacuum environment. These
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Fig. 3. Technique for applying foam pellets
to balloon surface.

Fig. 4. Method used to activate foam on
balloon at 160, 000 ft.
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Fig. 5. Completed balloon structure.

Fig. 6. Chair mold.
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Fig. 7. Method used to mold chair.

Fig. 8. Completed chair.
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include the solid reactants, encapsulated components, absorbed catalyst-water
systems, and possibly ''blocked" isocyanates. Some of these will require
longer research and development programs than others to be fully useable.

The one part, solid reactant heat triggered material so far developed,
however, is considered to possess many characteristics which make it ideal
for space usage; other than the obvious advantage of elimination of the meter-
ing and mixing processes. The material can be triggered by the readily
available solar heat. The vacuum environment is used to assist in the blow-
ing process. The powder may be very simply packaged with no need for vapor
tight or pressure resistant containers, refrigeration, etc. Because of the
low vapor pressure of the ingredients, it is believed that the material has
much lower toxicity than conventional polyurethane foamants.

There are also, however, a number of improvements which could be
made in the material. One of the most desirable would be a technique to
cause the material to exotherm, after initial triggering, This might be
accomplished by using a more reactive isocyanate, by encapsulation of
conventional isocyanates, or possibly by adding a pyrotechnic to supply
heat. Another desirable improvement would be development of techniques
and materials which could be easily spread in a continuous film over a
substrate. Still another desirable improvement would be other methods of
activation such as gas catalysis, or use of gamma or ultra-violet rays from
the space environment. Further development to improve the uniformity and
cell size structure is also desirable.
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THE DEVELOPMENT OF A FLEXIBLE,
SELF-EXPANDABLE SHEET

Thomas Francis, M. H. Jones, and M. P. Thorne

Introduction

The use of foamed plastics as materials for the construction of shelters
and storage facilities for military personnel, particularly in regions of extreme
climatic conditions, is attractive because of their low weight and excellent
thermal insulation characteristics. To realize their full potential, simple
and convenient techniques are required for producing foamed materials in the
field over a wide range of ambient conditions.

One concept that would have wide applicability is that of an expandable
sheet. It its simplest form this is visualizcd as a thin tent roll material in-

- corporating the components of a foam system, suitably stabilized, which on

heating will react to yield a rigid or semi-rigid foamed product. Two basic
types of foam systems have been considered and may be designated as heat-
expandable and self-expandable systems. The first consists of a thermoplastic
material containing a blowing agent. Application of heat from an external
source would melt the resin and cause it to expand through decomposition of
the blowing agent. The second type involves a reactive foam system in which
the components are deactivated by chemical or physical means so that the mix-
ture is stable under normal storage conditions. Once activated in a localized
area, foaming could be self-propagating in sheet form by virtue of the exo-
thermicity of the chemical reactions involved. Because of the obvious ad-
vantage of a system with a minimum heat requirement, the research effort

has been directed towards the development of a self-expandable sheet.

Ideally, the properties and operating conditions that should be met are
as follows:

1. storage Stability for 12 months in the range -55 to 70 C (—65
) g

2. an operational range of -45° to 50°C (-50° to 1259F),
3. an initiation temperature of not less than 70°C (160°F).

4.  a uniform foamed product of core density 2-4 1b/cu ft and com-
pressive strength of 20-80 psi. ;
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5. a foamed product of low thermal conductivity and good low tem-
perature resilience.

6. a product stable to atmospheric conditions of temperature, moisture,
U.V. radiation, etc.

Foam systems considered to be of potential use in a self-expandable
sheet include the phenolics, epoxides, and polyurethanes. Experimental work
has been confined to the epoxies and the polyurethanes with the initial emphasis
on the latter because their technology is well advanced and, potentially, they
possess most of the characteristics necessary to meet the desired end use.

The principle requirements of a self-expandable system are storage
stability at ambient temperatures and a high reaction exotherm so that foam
propagation can be self- sustaining once initiated. Two logical approaches to
the problem of obtaining storage stable mixtures of the foam components may
be suggested. These are encapsulation of the individual reactive constituents
in an inert polymeric film, or the use of more stable solid components in
finely divided form where molecular interaction is restricted to the limited
area of particle-particle contact. Micro-encapsulation techniques, as
developed by the Southwest Research Institute,l National Cash ‘Register
Company, “ and others, have been considered. However, attention has been
concentrated on possible all-solid systems since the difficulties inherent in
the encapsulation of reactive liquid materials, such as the diisocyanates
employed in urethane foams, are obvious.

With regard to the second requirement, the approach must be towards
foaming compositions which have a high chemical functionality per unit weight
and a fast reaction rate. For systems involving the same basic chemical
reactions, the heat output is determined largely by chemical f'unctionality,
but rapid reactions are also necessary to minimize radiant heat loss to the
surroundings. The combination of these factors controls the temperature
rise in the system which is a measure of the facility for self-propagation.
Throughout the paper the term exothermicity is used in this sense rather
than in the conventional thermodynamic one of heat of reaction.

As will be shown later, it appears improbable that an all-solid epoxy
or polyurethane system can be devised which is self-propagating in sheet
form on localized initiation, if the initiation temperature is appreciably
above the ambient temperature. In practice, the compromise that has been
adopted is a system which is sufficiently exothermic to foam and cure when
heated uniformly to the initiation temperature. This has necessitated the
development of a suitable auxiliary heating source.
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Foam Systems

Polyurethane Foams

In a conventional polyurethane foam formulation, the isocyanate com-
ponent represents the logical point for approaching the problem of storage
stability because of its sensitivity to any compound containing reactive hydro-
gen atoms, and particularly to water. One method of achieving this end is
chemical deactivation since isocyanates form heat labile adducts?» 459 with
a variety of organic compounds. The formation and thermal cleavage of these
derivatives is typified by the reaction given below for phenol and 2, 4-tolylene

diisocyanate.
CH3 CHy
©NCO cat, @NHC{}D
O
heat
NCO NHCOO

A large number of adducts employing phenols, 1,3-dicarbonyl com-
pounds, and carbodiimides as blocking agents were synthesized using com-
mercially available diisocyanates. These were substituted for the isocyanate
component in a standard formulation which gave rise to a rigid, low density
foam in an exothermic reaction when 2, 4-tolylene diisocyanate was employed.
Apart from such disadvantages as high initiation temperatures and the dele-
terious effect of the blocking agent on foam properties, in no instance was
evidence obtained of a significant degree of over-all exothermicity with the
systems. Similar results were obtained with blocked prepolymers and with
isocyanate dimers. Although it is probable that storage-stable polyurethane
foam compositions based on isocyanate adducts can be developed, their high
thermal requirements would constitute a severe handicap in field applications.

Epoxy Foams

Isocyanate Adduct-Epoxy Systems. It is evident that the lack of exo-
thermicity in adduct-based polyurethane systems is due to an essential heat
equivalence between the endothermic decomposition of the adduct and the exo-
thermic reaction of the liberated isocyanate with the polyol. Consequently,
consideration was given to systems combining isocyanate adducts with epoxides.
In principle, the following series of reactions would be expected for com-
positions employing water as the gas generating source.
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RNHCOA (adduct) —— RNCO + AH ........... endothgrrnic

RNCO. + Hp0 — ‘RNH; + CO; ............ exothermic
0 CHy = CHmw
A *
RNHz + CHy - CHw —RN T exothermic
H
CH, — CHmw 0 CHy — CHmw
P 77N 4 = |5,
RN\ + CHy- CHmw ~>-RN\ .......... exofhermic
H CHy; - CHmWw
H

Obviously this represents an idealized scheme since a number of side
reactions are possible, for example, that of the isocyanate with the aliphatic
hydroxyl or the amine. However, under almost all circumstances, such a
system would be expected to have an appreciable over-all exotherm. This
was found to be the case with a number of adducts, particularly phenol
derivatives, when employing liquid epoxy resins but not with solid epoxides.
One of the major problems encountered with these combinations was an
imbalance between the blowing and curing reactions leading to foamed products
with relatively poor properties.

Amine-Epoxy Systems. A number of examples of cellular materials
based on the curing of epoxides have been reported in the literature6,7,8,9
but the technology of epoxy foams is not nearly as advanced as that of the
polyurethanes. For the most part, published formulations yield high density
products and employ liquid components, as a result of which they lack storage
stability. )

The majority of commercially available epoxy resins are glycidyl ethers
based on the condensation of epichlorhydrin with bisphenol A to give products
of the type

o

CHs OH CH
e ' | ? =
Hp0 - - ¢ —@—OCHZCHCHZO —@- c -@-ocrazcrq ~ CH,
n |
CHy CHy

e
CHp

wheren= 0 - 20, These range from viscous liquids to low melting solids
depending largely on molecular weight. A few solid resins of higher epoxide
functionality, such as the tetraglycidyloxy derivative of symmetrical tetra-
phenyl ethane (Epon 1031), are also available.
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In general, the curing of a multifunctional epoxide to produce a thermo-
setting product is achieved by:

1. Catalysts which promote epoxy- epoxy condensation reactions such
as Lewis acids or bases. Examples of these are tertiary amines and boron
trifluoride. The base catalysed reaction may be represented as follows:

0
+
RgN + CHp = CHW  ——> RyNCH, - CHw
o
+ /O\ +
RsNCHz - ?HAN + CH2 - CHmw —_— RsNCHa - ?HAN
0 0= CHp = CHm

o-

2. Crosslinking agents with functional groups that react with the
epoxide linkage. Typical examples are multifunctional carboxylic acids,
anhydrides, amines, and hydrazides. The condensation reactions are
illustrated for the case of a primary amine by the following scheme:

N /CHz-g:/w
RNHZ + CHZ - CHmwmw —_— RN\H

CH, - CHm 0 /CHz CHm

OH OH

RN + CH, - CHW — RN
\ AN

H CHy GH w

OH

Considering once again the requirements for a self-expandable sheet
of storage stability and exothermicity, attention was focused on epoxy-amine
combinations because of the range of solid components available and the fact
that the amine-epoxide condensation is one of the most rapid curing reactions
for epoxy resins. Initially, a preliminary investigation was made of the
curing characteristics of various commercially available epoxides with multi-
functional amines to obtain information on reactivity and flow properties.
This was used as a guide in selecting components for evaluation in foam
formulations. Volume expansion in epoxy systems to give cellular products
may be achieved by the use of suitable chemical blowing agents which are
thermally unstable compounds that liberate a gas on decomposition. These
may be either inorganic or organic, the latter having wider applicability
because of their greater ease of dispersion in organic resins.
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Using a standard formulation comprising epoxide, amine, blowing agent,

and surfactant, an extensive study was made of combinations of the individual
components listed in Tables 1(a), 1(b) and 1(c). Over 1,000 formulations
were examined and assessed on the basis of initiation temperature, peak
temperature, foaming characteristics, and physical state of the product.
The most promising systems were found to be those employing an epoxy-
amine combination of Epon 1031 - 4,4'-diaminodiphenyl sulphone with di-
phenylether - 4,4'-disulphonylhydrazide (Celogen) or diazoaminobenzene
as the blowing agent and were examined in greater detail.

Appreciable differences were noted in the behavior of the two blowing
agents. With Celogen, foam initiation occurs at 120°C and the decomposition
of the compound contributes significantly to the exothermicity of the system
so that internal charring is observed at foam densities below 6 1b/cu ft.

Also, the material or its decomposition p:r’oducts10 react with the epoxide

and rapid curing occurs, leading to irregularly shaped products in the low
density range. The importance of this contribution to the over-all curing
reaction can be judged from the fact that thermosetting foamed products can

ke obtained from Epon 1031 and Celogen alone although they have low strengths.
Recent work has indicated that a related blowing agent diphenylsulphone-3,
3'-disulphonyl hydrazide (Porofor D 33) may be advantageous as a replacement
for Celogen since it results in less internal charring.

With diazoaminobenzene as the blowing agent, foam formulations based
on Epon 1031 and diaminodiphenyl sulphone have an initiation temperature of
160°-170°C and foamed products can be obtained with densities down to 3
1b/cu ft without significant charring. The main disadvantages of this system
from the viewpoint of its use in an expandable sheet are a high initiation
temperature, a very fluid melt stage, and a slow foam rise and set period.
As opposed to Celogen, the decomposition of diazoaminobenzene is less
exothermic, and neither the parent compound or its products appear to be
involved in crosslinking reactions with the epoxide.

In attempting to optimize these systems, consideration was given to
methods of obtaining better control of the exotherm, the flow properties
during foaming, and the rate of cure. As Celogen and diazoaminobenzenc
suffer from opposing drawbacks, formulations were examined containing
mixtures of the two in various ratios. Using such combinations foams can
be prepared with core densities as low as 3 1b/cu ft without appreciable
charring and with reasonable curing characteristics. 1t is interesting to
note that the combined blowing agents result in somewhat lower initiation
temperatures which is also advantageous. Further improvements in spe-
cific formulations can be made by the addition of inorganic fillers to reduce
the exotherm, such as aluminum dust, and compounds which may be em-
ployed to control viscosity during foam rise. Examples of the latter are
octyl phenol and the more reactive amine: 4,4'-diaminodiphenyl methanc.

Three preferred formulations which possess the best balance of prop-
erties for the planned end use are listed in Table 2 together with data on their
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TABLE 1(a)

Epoxides Examined in Foam Formulations

Soft. Pt. Epoxy
Type (°c) Equiv. Source
Diglycidyl
Ethers
EPON 1001 Bisphenol A 65-75 425-550 Shell
DER 542 Tetrabromobisphenol A 50-60 c.405 Dow
Tetrachlorobisphenol A 70 240 Lab.,
Prep.
Tetraglycidyl
Ether
EPON 1031 Tetra(hydroxyphenyl)ethane 75-85 245-255 Shell
TABLE 1(b)
Amines Examined in Foam Formulations
Type Equiv. Wt, M. Pt. (°C)
Aliphatic
Hexamethylene diamine 29 40
Octamethylene diamine 36 51
Decamethylene diamine 43 61
Dodecylmethylene diamine 50
Heterocyclic
Piperazine 43 104
Piperazine hydrate 97 44
2, 6-Diaminopyridine 30 120
Aromatic
p- Toluidine 53.5 45
p- Anisidine 61.5 59
m-Phenylene diamine 27 63
m- Tolylene diamine 30.5 99
N, N'-Diphenyl-1, 4- phenylene diamine 130 c. 142
N,N'- Diphenylethylene diamine 106 66
4,4'-Diaminodiphenyl methane 49.5 93
4,4'-Diaminodiphenyl sulphone 61.5 165
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TABLE 2

Preferred Formulations

FORMULATION 1 2 3
Epon 1031 100 100 100
4,4'-Diaminodiphenyl sulphone 12.5 25 18
4, 4'-Diaminodiphenyl methane - - 5
Celogen 2 10 8
Diazoaminobenzene 6 10 10
Octyl phenol 8 - -
Aluminum powder 32 40 -
Pluronic F-68% 2 2 2
DENSITY (1b/cu ft) 3.3 3.0 3.0
COMPRESSIVE STRENGTH (psi)
(0. 2% offset yield) 27 25 27
% CLOSED CELLS 95 75 90

*Wyandotte Chemicals Corporation

properties. These are all-solid systems that tests to date have shown to be
storage stable in the form of loose powders for at least five months at 21°C
(70°F). Formulations 1 and 2 also yield acceptable foamed products after
storage at 38°C (100°F) for three months although the ‘components fuse to
form a hard cake.

The formulations mentioned above represent the present state of develop-
ment, but it is anticipated that systems yielding products of lower density with-
out charring can be achieved. Recent work has shown that combinations of
Epon 1031 and various amines with nitrourea as the blowing agent have an
initiation temperature as low as 80°-90°C and give rigid foams with densities
as low as 0.8 1b/ cu ft with no evidence of internal charring. However, the
indications are that these systems are not storage stable because of inter-
action between the amine and the blowing agent.

Auxiliary Heating Source

The original concept visualized a foamable composition with sufficient
exothermicity to be self-propagating in sheet form once reaction is initiated
in a localized area. However, it is improbable that this objective can be
attained with an all-solid epoxy foam system. Even with the most exother-
mic formulations, it has been shown experimentally that the foaming reaction
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will not propagate in a thin layer when the initiation temperature is 80°-100°C
above the ambient temperature. A similar result was obtained when conditions
for heat transfer were made more favorable by allowing a foaming layer to
flow over an adjacent unfoamed area. Supporting evidence is also provided
by a simple thermochemical calculation. From approximate values of the
heat of reaction for an epoxy system and the heat required to melt the com-
ponents and raise the temperature to that for initiation, it is found that 70-

80 per cent of the heat output must be utilized for self-propagation. The
limitation of these systems is then obvious when consideration is given to
such factors as the large surface to volume ratio, the radiant heat loss to

the surrounding, and the poor heat transfer characteristics across sections
of partially foamed material.

The formulations that have been developed are self-propagating when
heated completely to the initiation temperature. Thus, a self-expandable
sheet can be obtained by employing an auxiliary heating source. To provide
uniform heating, it is evident that the heating device must also be in the form
of a flexible sheet that can be bonded to the foamable section. Initially, con-
sideration was given to the use of combustible sheets or films impregnated
with an oxidant, but pyrotechnic compositions were favored because better
control can be achieved together with an absence of flame or smoke. The
requirements of a suitable pyrotechnic are that it should:

1. involve gasless and smokeless reactions.

2. propagate uniformly at a reasonable rate in the substantial absence
of oxygen and at sub-zero temperatures.

3. have a relatively low burning temperature to avoid charring of the
foamable composition.

4. be obtainable in the form of a flexible sheet.

The so-called gasless pyrotechnic compositions11 are essentially mix-
tures of inorganic materials; one component of which is oxidizable, represent-
ing the fuel source, while the second is an oxidant. A number of compositions
were evaluated, in terms of the characteristics listed above, by visual obser-
vation of the behavior of a thin layer of loose powder on ignition. Some of the
systems studied are given in Table 3 together with a brief description of their
characteristics. The oxidant contents listed in the table are those which give
the best properties for each type. In all cases a range of component ratios
was examined to establish limits of propagation.

The most suitable pyrotechnic composition was found to be that based
on the oxidation of iron powder with elemental sulphur. * Consequently, a
number of methods of obtaining this finely divided mixture in flexible sheet

*This composition was originally suggested to the authors by Dr. J. M.
Humphries and Dr. R. Tremblay, Explosives Division, Canadian Industries
Limited, Brownsburgh, Quebec,
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TABLE 3

Pyrotechnic Compositions Examined as Potential Heat Sources

Type Wt., % Oxidant Comments

Fe/S 25 Gasless. Medium burning rate
and temperature. Hard con-
tinuous residue.

zZn/s 33 Gassy. Violent reaction., Little
residue.
Pb/S 14 Gasless. Medium burning rate

and temperature.

Si/PbOqy 90 Gassy. Burns rapidly. Little
residue,

Si/Pb30y 96 Gassy. Burns rapidly. Little
residue.

CaSiZ/Pb3O4 80 Gassy. Violent reaction.

CaSig/Fe50g 50 Gasless. Very hot. Medium
rate, Porous slag.

CaSig/Fez0y 50 Gasless. Very hot. Medium
rate.

Zn/PbOg/Ph304 55 Gassy, violent reaction. Little
residue.

Si/Al/PbCrOy 88 Gassy, fast rate.

form were studied. Packaging techniques such as quilting the powders be-
tween noncombustible supporting sheets and the use of flammable binders
such as nitrocellulose were investigated, but both were found to have an
adverse effect on propagation. A simple method that proved to be particu-
larly effective is to employ a loose fibrous material as a bonding agent. By
compounding the iron-sulphur mixture in a liquid medium with a small quan-
tity of asbestos fibers, a pulp-like material is obtained which can be filtered
to give a mat or sheet. Although of low strength, flexible sheets of the pyro-
technic composition can be prepared in this manner with from 2 to 20 per
cent by weight of asbestos without serious effect on the burning properties.
The sheets show no evidence of dusting and the strength can be improved by
replacement of part of the asbestos fiber with fiberglass.
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To obtain information on the optimum composition of the pyrotechnic
sheet, its heat output in relation to the requirements of the foam formulation,
and the amount of insulation required between the pyrotechnic and foamable
compositions, a simple test was devised using an aluminum disc to represent
the foamable layer. The dimensions of the disc were chosen such that the
heat capacity was approximately equivalent to that of a foamable layer of equal
surface area that would yield a three inch product of density 3 lb/cu ft. Pyro-
technic sheets were burnt in contact with the disc and the temperature-time
profile recorded automatically.

Using this test it was established that pyrotechnic sheets containing iron
and sulphur in ratios from 75:25 to 65:35 by weight and bound with from 2 to
10 per cent of asbestos fibers give acceptable burning characteristics. The
sheets are self-propagating above a total weight of 0,1 1b/sq ft and have an
average burning rate of 1 ft/min. Also, with an arrangement in which the
foamable layer is sandwiched between two pyrotechnic sheets, the total weight
of heat source required should correspond to 40-60 per cent by weight of the
foam composition for initiation temperatures of 1 )J00-150°C above ambient.

In general, surface temperatures encountered in he test were of the order
of 300°C but lasted for only a few seconds. Glas: fiber fabrics and glass-
asbestos papers were found to be acceptable insul: ting materials.

Construction of the Composite Sheet

The final phase of the investigation has been to combine the pyrotechnic
heating device with the foamable composition to demonstrate the concept of a
self-contained, expandable sheet. In the first instance, a method was required
of converting the powdered foam formulation into flexible sheet form. On a
laboratory scale, the procedure that was found to be the most convenient was
to package the powder in a channelled envelope of polyethylene-coated alumi-
num foil. This had the additional advantages of providing a continuous barrier
between the pyrotechnic and foamable materials, thus preventing ignition of
the latter, and of giving some heat distribution. The channels were prepared
by heat sealing through the inner polyethylene linings and as this bond is readily
destroyed at the temperature of the foaming reactions, uniform foam rise can
be achieved.

For testing the combination of expandable and pyrotechnic components,
a multilayered construction was devised and this is illustrated diagramatically
in Fig. 1. 1t does not necessarily represent the most suitable design for
manufacture. Basically, the two pyrotechnic sheets are sandwiched between
thin fiber glass fabrics and these components are bonded to each face of the
aluminum envelope. In the test, the composite sheet is placed in a wire mesh
basket and the two pyrotechnic components are ignited simultaneously. The
temperature-time profile within thc foamable layer is recorded with a suitably
placed thermocouple.
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Glass Fabric Pyrotechnic Sheet

N W TN

Aluminum FoIl  Foamable Powder Polyethylene Film

Fig. 1. Construction of composite sheet.

Using this procedure, several composite sheets containing preferred
epoxy formulations have been shown to yield acceptable foamed products with
densities in the range 3-5 lb/cu ft. An illustration of the volume expansion
that can be achieved is given in Fig. 2 which is a photograph of a composite
sheet and a cross-section through a foamed layer. The large pores that can
be noted in the foam are believed to be caused by air trapped within the alumi-
num envelope, and it is anticipated that this problem can be overcome by
vacuum packaging or altern=tive methods of containing the foamable composition.

Fig. 2. Photograph of composite sheet and
cross section through a foamed layer.

Preliminary results suggest that for a foam system which initiates at
1100-1200C, a weight ratio of pyrotechnic to foamable components of 30-40
per cent is required when the ambient temperature is 25°C. Work is in
progress to determine the performance of these systems at temperatures
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of -40° to 0°C and to establish their flexibility from the viewpoint of the oper-
able temperature range for any given combination. An indication that they
possess a fair degree of versatility can be judged from the fact that identical

composite sheets have given suitable products at ambient temperatures of
-5° and 25°C.
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NEW BRITISH DEVELOPMENTS IN FOAM EQUIPMENT

J. B. Blackwell

Microwave Heating

The first process I would like to talk about is the microwave curing of
flexible molded foams.

The ability to use electrical energy for heating the foam depends upon
several factors. The first is the applied voltage; the second is the frequency
of the electrical supply; and the third is the specific inductive capacity of the
material subjected to the energy.

At a particular frequency, an increase of applied voltage will give in-
creased heat energy if the material--and this is the problem--can accept the
energy. Considerable amount of work has been done in the past few years on
radio frequencies in a wave band of 36 megacycles and possibly up to 100
megacycles per second; however, the problems encountered were that the
voltages used to cure foams were too high. If we have two electrodes and
we apply the correct voltage across these electrodes and if the space between
the electrodes was completely filled with foam, then the foam would heat and
cure. However, when dealing with molded foams, we have complex shapes.
There is bound to be a certain amount of air space between the molded objects
and electrodes. In this respect, the voltage gradient across the air is greater
than the voltage gradient across the foam and to obtain the correct foam cure
there tends to be voltage break-down across the air gap.

The next point was to try higher frequencies. The particular frequency
depends upon the acceptance by the Post Master General or your Federal
Communication Commission. Microwave frequencies were considered as a
possibility.

One factor which was discovered at the beginning of the study of micro-
wave heating was that uncured foam would accept microwave energy and that
as soon as the foam became cured the energy was no longer absorbed. This
is fine up to a point because we can then pour the foam into a mold and place

the mold into what is termed a resonant cavity and apply the microwave energy.

The mold must be of some non-conducting material such as epoxy fiber-glass
construction. :

The foam heats, cures, and rejccts the energy after curing. We have
a problem now that the mold itself stays cool as the epoxy fiber-glass con-
struction does not readily heat up. Thus we have a molding which can be
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cured internally but impossible to release from the mold. It was then dis-
covered that the introduction of what is termed lossy material into the mold
construction adjacent to the foam caused a rise in temperature. We have
found about sixty per cent incorporation of finely divided iron powder into a
gel coat will cause the temperature to rise sufficiently so that the conventional
mold release agents of various types allow the foam to be released.

As shown in Fig. 1, we have a microwave cavity and rotating carousel
under construction. The magnetron unit used was about 1.1 to 1.2 kilowatts.
'The magnetron is housed in a position shown and the microwave field is fed
by means of wave guides into the cavity. The dimensions of these cavities
are critical and in general should be proportional to multiples of half the wave
lengths in all directions. We have to distribute this energy in the resonating
cavity, and this can be done by a mode stirrer on the inside of the cavity.
After the microwave energy comes along the waveguide, it enters the cavity
and strikes the rotating mode stirrer which interrupts the flow and caused
reflection of the radiation.

How can this be translated into an industrial practice? Credit should
be given here to the British Motor Corporation, who for the past nine months
have been pioneering this work. This effort resulted in the design of a
carousel which is basically a fabricated structure in which we take the elec-
trical supply in the center via slip rings to these individual magnetrons. The
carousel unit can accept up to twelve magnetrons. Cold water is used for
cooling the magnetrons. This unit, of course, is only part of the molding
process. It could be built into an existing foam molding line which carries
the mold from the foam head. By incorporating a mechanical arm, we can
push the mold in and out of the cavity. The back of the cavity is hinged and




the front is raised and lowered as the microwave cavity moves into position.
The first unit is now being installed at the B. M. C. factory.

The advantages of microwave heating are: one, the heating is more
uniform and generally independent of shape; two, the use of high frequencies
result in a lower applied voltage and consequently no breakdown in the air;
three, the most important factor is that mold occupation time is reduced.

The mold occupation time can be determined by the use of a cushion or
a topper pad somewhere around two pounds. The foams are being cured

inside six minutes.

These are the claims and advantages made for microwave heating.

'""Hold-Up'' Mixing

The next topic is '"hold-up" mixing heads. In most foam molding plants,
the mixing heads which are used are based on three stage "intermittent" types.
These heads were all based on early du Pont designs and operated by pumping,
mixing, and pumping through the stirrer. The big problem with "intermittent"
mixing heads has always been surge control. Surge control is combatted in
four ways:

1. by eliminating all the air from the pipe lines.

2. by pressure balancing the liquids.

3. by velocity balancing the liquids as they enter the mixer basket.
4, by eliminating the effect of compressibility.

If one paid particular attention to these details, one could operate
"intermittent' mixing heads. This is done successfully in many companies
in the United States and FEurope. If ureas are allowed to form in the T.D.1.
or if build-up occurs, jets can become blocked resulting in improper balanc-
ing and poor moldings. A considerable amount of high speed Cine work was
carried out in England by 1. C.1. It was found that even with pressure bal-
ancing and velocity balancing, it took up to 20 or 30 microseconds to establish
the jets of liquid.

About 1957, I. C.1. took out a patent on a method of batch mixing in
which a number of foam chemicals were injected into a mixing cup, with the
bottom sealed and the contents stirred. At the end of the stirring period,
the bottom was opened and the stirrer used to push the liguids into the mix-
ing head. This has been exploited commercially by B.M. C. in England, and
for eighteen months they have had a "hold-up'' mixing head in operation.
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Consider a valve block into which the chemical streams can feed.
Through the valve block runs a hollow stirrer shaft. A mixer cup sufficient
in size to take the charge is fitted (normally this is about 1.5 times the maxi-
mum volume of the liquids dispensed), and a seal disc is placed on the bottom
of the cup. The stirrer is of a helical design which assists considerably in
cleaning out the inside after foam ejection.

An air cylinder turns the valve and feeds the liquids inside the stirrer
cup for a pre-determined period of time. This is the equivalent to the normal
method using an "intermittent" mixing head. At the end of the dispensing
period (which may be up to five seconds), the stirrer continues to rotate for
a pre-set time. When the cycle for the stirrer is completed, an air cylinder
pushes the shaft disc down, opening the seal and causing the disc to come in
contact with the rotating friction pad. This causes the disc to rotate as it
opens. This has two advantages. First, the foam is distributed in the mold.
The second advantage is that the surface of the seal at this point is kept clean
by the spinning action of the disc. In this period, the speed and shape of the
mixer head have considerable influence on a cell strlgcture, and a variable
speed drive is essential. This factor caused Viking to look into the power
requirements,

Fig. 2 shows a power/speed curve for a Viking "hold-up" head. The
curve goes from 1,000 up to 2,500 rpm. The maximum power is 4 HP. For
this particular experiment, 450 grams (one pound) of polyol and a helical
stirrer was used. We tried to find the best stirrer shape for operation at
the lowest possible speed to give the best possible cell structure.

The "hold-up" stirrer does have certain advantages. If there is any
surge, the error is distributed throughout the whole mass. However, it does
have a limitation in distribution. If you imagine the bottom disc opening,
there is a limited amount of distribution which can be effected by this method.

In making a topper pad, one, of course, likes to distribute the foam
down the center of the mold. Therefore, we found it desirable, in addition
to the "hold-up' head, to also have the use of an "intermittent" stirrer for
distribution over large thin moldings.

Mark V Gun

The third subject is a mixing head for rigid foams which does not use
a mechanical stirrer. Air is used to promote mixing. The actual output
from the gun depends upon viscosity and the formulation of the chemicals
used. This is a two components mixing head. Using M.D.1. and low viscosity
polyols, we have been able to mix 70 pounds a minute, and with the same gun,
spray down to half a pound a minute. 1t has quite a wide range of application.

155




2.5
- -
2.0 VIKING 7
1 4
w 1.5 o
= .
o
o -4
Wl
n .
x -
o
Tio —
0.5 -
1 1 1 1 1 1 1 1 1 1 1 ) 1 i | S 1 1 i
500 1000 1500 2000 2500
SPEED, R.P. M.

Fig. 2. Horsepower curve with 450 grms. of polyol only
in hold-up cup helical stirrer.

The gun is composed of four parts:

1 the body,

2 a handle which has a trigger,

3. a dispensing tube, and

4 a special type of non-return valve,

This type of non-return valve is based on a bicycle valve principle.
At the back of the gun there are three inlets, Two of the inlets are for the
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chemicals. The third is for compressed air at 80 pounds per square inch,
The air is channelled across to each of the raw material streams, and closely
controlled quantities of the air is admitted to the raw material streams. The
control of this air is by means of a needle valve on the top of the gun. The
liquids and air then pass from the back of the gun into a small mixing chamber
which is about five eighths of an inch cube. The mixture leaves by means of
its own speed of liquid flow, the compressed air moving with it. The high
turbulence created by the liquids gives a good cell structure. It is important
to control the quantity of mixing air. This can be done by inspection, and for
normal in situ work this is quite sufficient, but for refrigerator production
work, we have had to go to the reflinement of flow meters and fine control
needle valves.

There is one other device on this mixing head which is worthy of note:
the self cleaning device. A cam action valve by-passes the needle valve mix-
ing air and feeds scavenging air from the back to the front of the gun, forcing
out any residual material.

The trigger on the handle is for starting the metering unit., When the
trigger of the gun is pulled, the pumps start and the liquids are delivered to
the mixing head. The delivery of liquids will stop if the gun trigger is released
or the timer on the metering unit finishes the pre-set dispense period. For
safety purposes, the electrical lead from the mixing head is at 12 volts potential.

Over 400 metering units and guns of this type are now in commercial
operation on ships, building and transport insulation. The guns are also
especially set for use with different metering units for the production of
insulation for domestic refrigerator cabinets and doors.
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ARMY INTERESTS IN FOAMED PLASTICS

Bruce Fisher

The Army has a continuing and growing need to increase the efficiency
and decrease the weight of items of combat and supply equipment. In satis-
fying this need, substantial quantities of foamed plastic materials are already
being utilized. For example, foams have been introduced into such items as
refrigerators and insulated food carriers, landing crafts, aerial delivery
platforms, prefabricated structural panels, mattresses, and packaging.

The introduction of foams in such items has resulted in improved per-
formance. Such utilization of foams will continue. However, present uses
have incorporated the foam into the end items while they were being manu-
factured under controlled plant conditions. There are many uses for foams,
however, in areas where it is logistically or tactically unsatisfactory or even
impossible to use foams manufactured in a base area and shipped to the point
of use. Thus, the ability to produce foamed plastics under field conditions is
of paramount importance.

It is easily apparent that field requirements can vary widely: from
conditions of large foam-volume needs requiring specialized van-mounted
equipment and trained personnel; through conditions of moderate foam-volume
needs requiring a few drums of materials, simple hand-operated equipment,
and semi-skilled operations; to conditions of small foam-volume needs re-
quiring only a small amount of materials and unskilled personnel. Further-
more, climatic conditions can range from tropical to arctic.

Since field use requires a minimum of equipment, attention has been
devoted to exothermic liquid systems with the greatest effort to date being
devoted to the urethanes. Other foaming systems are also being investigated
now.

One of the early interests in foams was their use as energy dissipators
for aerial delivery. For this use, a high strength, rigid, non-resilient foam
that could be produced in the field with the minimum of equipment was re-
quired. Urethane formulations based on castor oil and Quadrol and modified
by copolymerization of vinyl monomers that had excellent energy dissipation
properties were developed. In connection with field production of such foams,
a simple hand-operated peristaltic action pump and mixing unit fed from fifty-
five gallon drums by gravity was developed.
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Another early interest has been the use of foams as a structural,
insulative material for shelters. There are two general lines of approach in
this area. One concerns the construction of sizable, rather permanent shel-
ters which require considerable amounts of materials and considerable quan-
tities of equipment and personnel. The Corps of Engineers (Fort Belvoir)
have been quite interested in this approach and have been investigating van-
mounted equipment for casting foam pieces in molds that can be assembled
subsequently to form a shelter (Camp Century). A spray equipment could be
used to spray-foam over air-supported shelters (the mold) under favorable
climatic conditions. With this type of equipment, commercial urethane formu-
lations can be used quite satisfactorily.

The second approach to foamed shelters has been the production of
small, temporary shelters under rigorous field conditions, with little equip-
ment and by untrained personnel. This area has been of primary interest to
the Natick Laboratories a2s early as 1958. To learn the problems and tech-
niques as well as obtain shelters whose properties could be investigated,
commercial spray equipment and formulations were used at first. A number
of small and large shelters were made by spraying over air-supported shelters
over a time period ranging from April to December. A stress analysis of
hemispherical and Quonset type shelters has been carried out, and a nomo-
graph relating foam strength, density, and wall thickness has been developed.
An aerosol foam kit was developed which would deliver fifteen pounds of a
two lb/cu ft density when using commercial formulations. This kit could be
used by unskilled ‘personnel.

All experience indicated that at low field temperatures the normal
urethane foam formulations would not be suitable because of viscosity in-
crease with temperature, crystallization of toluene diisocyanate, and lack
of sufficient exotherm. It has also become obvious that the equipment or
method for applying foams must be made quite simple and that, in fact,
formulation and equipment development are interrelated and must be carried
out simultaneously.

Present research and development effort is centered largely in two
areas: low temperature liquid foaming systems and solid foaming systems.

In the liquid foaming systems, work is being devoted to the urethane
system that will be operable down to around 20°F. By selection of low vis-
cosity urethane precursors, vinyl monomers, solvents, crude diisocyanates,
etc., suitable formulations are expected to be developed in this area. To
reach still lower temperatures (-65°F), research is being conducted on ionic
catalyzed vinyl monomers which previous investigations have shown to be a
feasible approach. Simultaneously, equipment for utilizing these formula-
tions under field conditions is being developed. Propulsion by gas pressure
developed by low boiling materials, from burning propellants, or by mechani-
cal hand pumps are under consideration.




The other area of investigation is solid foaming systems. Here again
two major lines of investigation are in progress. One of the most interesting
is the development of a sheet of material that when treated by some simple
method will initiate a self-propagating foaming reaction. Such a sheet would
be the ultimate in simplicity of use by the individual but offers the greatest
technical difficulty in development. This work is being sponsored by the
Canadian Government under the U.S./Canadian Development Sharing Program
and is being conducted by the Ontario Research Foundation. A paper on this
work was given earlier in the program of this Conference.

The other approach to a solid foaming system is the use of a "heat gun,"
a simple unit that will produce a blast of hot air that can be confined and used
to foam solid compositions. This approach has certain advantages over the
liquid systems in that the use of solids obviates the problem encountered with
liquids: large viscosity increases with temperature decrease. Furthermore,
it widens the choice of foamable systems since highly exothermic reactions
will not be required. Thus, materials such as foamable styrene beads, epoxy
resins with heat decomposable foaming agents, blocked isocyanate systems,
and many other solid systems could be used. Successful development of this
area will, of course, be largely dependent on the development of suitable
equipment.

There are many uses for foams. Among the easily forecastable appli-
cations are: small shelters, flotation rafts for equipment or personnel, insu-
lation for shelters, camouflage, packaging of materials for cushioning, use
of higher density foams for a landing area in boggy conditions. Besides what
might be described as the normal, expected uses of foams, there are a number
of other, farther out, suggestions for uses of foams. These uses are gener-
ally referred to, for more than one reason, as '"Project Bubbles.'" One of the
ideas in this area is the use of an aerosol of foam particles to act as radio-
active scavengers—the idea being that the combination of the light foam par-
ticles with the heavy fallout particles would yield a lighter and hence slower
falling particle so that the radiation would decrease before reaching ground
and would also be spread over a wider area. Another idea is the production
of a low density, very sticky foam which might be useful by adhering to enemy
equipment causing malfunctioning.

There also exists the possibility of making foams out of polymeric
materials that are capable of reacting with and destroying or neutralizing
biological warfare and chemical warfare agents. Such foam could be of use
in construction of self-decontaminating shelters and packaging to protect
personnel and material.

Before such objectives can be obtained, there lies a long road of
research and development. New basic polymers capable of the proper re-
actions must be developed. A deeper understanding of the foaming processes
and the relation between polymer composition and foam structure with foam
properties must be acquired.
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APPLICATION OF RIGID FOAM TO LIGHTWEIGHT STRUCTURES

C. Herbert Wheeler

No new material has captured the imagination of architects and
structures designers more than rigid plastic foam. In this age of new
materials and new building techniques, which serve people living a new way
of life, it seems uncanny that rigid foam appears on the horizon.

Architects have been searching for lightweight, easy-to-handle, mass
produceable, structural components to shelter our work and living environ-
ments. Aerospace designers are even more diligently searching for light-
weight structure materials for space capsules and space shelters.

Instead of listing applications and charting properties, I am taking the
pictorial approach to point out 'design criteria' and show you an architect's
view of the applications of rigid foam to lightweight structures. I am grateful
to my friends at Dow Chemical, Monsanto, Mobay, Thiokol, and Nopco for
permitting me to show their work and some of their forward looking ideas.

In showing photographs of a broad spectrum of structures applications,
I hope to stretch your imagination. I hope you will use your "Jules Verne
vision' to imagine the possibilities of better lightweight structures, lighter
mobile structures, and even more graceful configurations to shelter man.
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The science of thermally isolat-
ing the inside and outside faces of a
weather-resisting wall achieved new
proportions with the advent of a struc-
tural non-conductive core material.
An early example of the rigid foam sand-
wich panel exists in this experimental
house built in Midland, Michigan, in
18955. Redwood plywood (1/4'") on the
exterior and 1/4 inch gum plywood on
the interior are separated and sup- (DOW)
ported by a 2 inch thick core of rigid
foam. Soon afterwards a new dimen-
sion for th¢ sandwich panel (the trans-
lucent panel) appeared in a Saginaw,
Michigan house. The translucent roof
panels, made with clear reinforced
polyester sheets and foam cores, are
interspersed among opaque panels
faced with pigmental polyester sheets.

This skylight is made of a new
highly transparent foam core material
called Styrocel.

(DOW)

Color pigments are added to the
translucent panels in this small office
building.

i il

B -_'-___

(DOW)
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Glare of direct sunlight and
bright skies, a critical factor in class-
room design, is minimized through the
use of translucent panels in the upper
portion of these windows. The panel
offers the combination of good light
transmission and good thermal insula-
tion and also eliminates the cost and
nuisance of adjustable blinds and window
cleaning.

Thermal leaks are thwarted by
the use of wood edge strips in this
section through a typical sandwich
panel. Good design requires that the
through structural members and rein-
forcements of a panel be isolated to
stop heat loss and lessen structure-
borne sound transmission.

Multicurved panels, a natural for
rigid foam sandwich type construction,
are shown in Monsanto's House-of-the-
Future. This beautiful shell sandwich
structure was conceived in an Applica-
tions Research program at MIT, spon-
Section Through Aluminum Skin sored by Monsanto, for the purpose of
Foam Core Panel (DOW) showing ''the application of plastics to
structures.'’ The house was designed
and subsequently built in Disneyland.
The design utilizes the formability and
high strength-to-weight ratio of plastic
materials to achieve lightweight and
adequate rigidity. The boat-hull beauty
of the exterior adapts itself to pleasing
living space on the inside. The 16-foot
long and 8-foot wide curved bents are
turned perpendicular 4 feet for the side-
wall and join at the halfway level. Note
the field made joint from inside. The
joined cantilevered "U'" sections from
the floor, wall, and roof of each wing,

(Monsanto) jutting away from the center utility

core. The resulting structure is a

"cross,'' spanning 48 feet, having a

pair of sections cantilevered outwards in all four directions. The finished
structure demonstrates the potential of large insulated structural components.
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(Monsanto)
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The Golf Starter House at Purdue
University is a new type of lightweight
configuration—the hyperbolic paraboloid,
an inspiring roof structure. This struc-
ture resulted from a Dow Chemical re-
search grant to Purdue to build a shelter
using the offset wire concept of construc-
tion, a design technique which could
lower the cost of lightweight construction.
The inside complements the outside,
especially note how the top of the glass
wall panels accentuate the lines of the
structure.

(DOW)

The sequence of erection of this
type of construction is shown in these
photographs of a Midland, Michigan
structure. This hyperbolic paraboloid
covers an area 64-foot square and rests
on four piers. Light steel ridge and
edge beams are erected and wires strung
from side to side, showing the natural
parabolic trace generated by the shell.
Three inch thick rigid foam slabs, 2 feet
by 8 feet are laid on the wire system.
Top wires are then strung over the in-
sulation slabs in the opposite direction
holding the foam securely in place. The
wires are adjusted to 600 pounds of ten-
sion and the slab joints are sealed with
a 1/4 inch layer of grout. A thin con-
crete top is poured on the shell. After
curing, the shell is covered with a
plastic waterproofing membrane and
the undersurface is stuccoed.

(DOW)

168




(DOWY

The use of rigid foam as
"forming" in addition to thermal
insulation is exemplified by this
hyperbolic paraboloid, 60 feet
on a side, which will end up as
a Tucson, Arizona Church-—
think of this as a great cost
saver.

Zion Evangelical and Reformed Church (DOW)
Preforming on the ground and mass forming are the techniques for

fabricating six HP's which are then lifted into position to form this church in

Milwaukee. This technique for large or small panels bears study.
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Reuseable forms and the triple use of rigid foam slabs as insulation,
vapor barrier, and base for interior surface finishing provides economy to
the fabrication of a cluster of twelve inverted umbrella type HP's. Its grace-
ful, attractive lines symbolizes the lightweight character of structures made
possible by the creative use of structural foams.

Office Building, Eden, Indiana (DOW)

This scallop dome test panel made by Dow for a 100-foot diameter dome
portrays the strength of double-curved shells. Rigid foam boards are arched
between lateral supports then covered with chicken wire mesh and sprayed
with a l-inch layer of concrete. After curing, the supports were removed.

The panel bearing on three corners was loaded to an equivalent loading of 300
pounds per square foot before the shell buckled—ten times the normal snow load.

(DOW)
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The folded plate principle ex-
presses another form of the thin panel,
lightweight structure as shown in this
Caro, Michigan Church designed to use
tapered folded plates.

Thin barrel vault shells are readily formed in rigid foam,
lightness of character on the interior as well as exterior.
for low cost forming of lightweight structures.

expressing
Another technique

Wayne Federal Savings & L.oan, Detroit (DOW)

Another Church School of folded : >
plate design using rigid foam forming. A ] o

St. George Church, Houston, Texas (DOW)
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Warner Auditorium (DOW)
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Earth mounding and rigid foam
boards, combined with ingenuity, make
possible a 250 foot clear span dome in
Anderson, Indiana. Earth from a
gravel pit is mounded to the desired
cross section and then covered with
foam board. The boards are covered
with reinforcing steel and then con-
crete. The dome is completed, in-
cluding waterproofing membrane and
exhaust system canopy. Note the
hydraulic jacks. The dome is lifted
20 feet up the columns and the building
finished. Cost of structural portion
including foundation, columns, and
dome is $3 per square foot—the entire
building housing 7000 seats cost $6. 50
per square foot, less than half the cost
of a conventional auditorium.




Lightweightness, transparency, better insulation, easier-to-handle, less
costly, thinness, attractiveness—these characteristics insure a place for rigid
foam as a building material. Architect designed structures, which I have shown,
radiate character and portray the enthusiasm which architects are showing for
rigid foam. The engineered structures using rigid foam which will be shown

next portray imagination also.

A happy Eskimo on Baffin Island,
Canada, has an igloo which he con-
structed himself by whittling blocks of
foam and joining the blocks with asphal-
tic adhesive. The foam was so effec-
tive an insulator that, in sub-freezing
temperature, the small lamp normally
used to heat an igloo made the igloo so
hot within 3 hours that its inhabitants

had to leave. Isn't this a do-it-yourself n

material?

The inherent strength and natu-
ral beauty of the igloo, shell, or
geodesic appears to have captured the
heart of today's designers. Buck-
minister Fuller leads in the penetrat-
ing search for globelike structures
with his many variations to the geo-
desic. Hexagonal and pentagonal
panels in this geodesic may be assem-
bled in 20 minutes by two men using
only wrenches to provide portable
housing for any climate. These panels
are shipped in a package 6 feet x 7
feet x 1 feet and form this geodesic
dome developed by Tool Research &
Engineering Corporation in California.

Withstanding high winds and an
extreme climate, these preformed
sections of rigid foam form the three-
quarter sphere structures used on the
Dew Line radar installations. Ure-
thane foam was selected because of its
high permeability to radar waves, as
well as excellent insulation and high
structural strength.
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(DOW)

Radome, Distant Early Warning
Radar Installations (Mobay)




(Mobay)

(Mobay)
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Rigidity, dimensional stability,
and low weight characterize this giant
radio antenna which has a 30 foot re-
flector developed by Boeing. To elim-
inate sheet metal, heavy supports, and
stretching under sunlight, severe cold,
and high wind, the bowl is formed of
double wall fiberglass shells cured on
a mandrel. The cavity between the
shells is filled with rigid foam.

This balloon house consists of a
vinyl-covered nylon air-supported
structure which is spray coated with

flame resistant rigid foam on the inner.

surface. The foam having a density
of 2. 3 pounds cubic foot is applied
about 6 inches thick and then foam-
ribbed or foam-thickened for extra
strength as desired.

Sprayed-~in-place foam adheres
to the inner side of this 80 foot diam-
eter geodesic dome. Effective as in-
sulation on the lightweight molded
fiberglass panels, rigid foam makes
it possible to heat or cool this struc-
ture for one-fourth the cost of con-
ventional buildings of equal size.




In contrast, geodesics can be
small and inexpensive. Geospace
Gardenettes made of ""fomecor,' a
rigid foam paper-faced material, are
de-mountable, movable polyhedra
having no end of possibilities for use
as storehouses, farm shelter, pool-
honses, second homes, and so on.

(Monsanto)

Another prototype house demon-
strates the possibilities of Ribcore,
a rigid foam slab material with reirn-
forced paper ribs.

(Monsanto)

Where does the shelter industry stop and the container industry start?
This well-designed cuse for a Ilawk Missile shows weatherable seals, hinges,
shock-mounts, cushioning, and ribbing for lightweightness. Rigid foam makes
possible this lightweight shipping container for a Polaris guidance system.
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Bell Laboratories (Mobay)

Minesweeper Floats (Nopco)

Lightweight structures using
rigid foam can have great strength.
The high load-bearing capacity of rigid
urethane foam is dramatically demon-
strated by the use of 200 pounds of
rigid foam which replaces a 6800 pound
hand-~built hardwood skid formerly
needed to support this 120 ton turbine
generator during shipment.

Urethane foam protects the
electronic heart of "Telstar" against
the rigors of space travel. Over two
thousand transistors and diodes are
€éncapsulated in foam forming a sup-
porting structure which helps to resist
shock, vibration, and temperature
changes.

Buoyancy is another character-
istic of rigid urethane foam. This
foamed plastic cable float for a mine-
Sweeper is made of high impact styrene
filled with foamed plastic.
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The Welin fiberglass and foam
lifeboat uses rigid foam to great ad-
vantage. Foam fills the void between
double fiberglass hulls rendering it un-
sinkable, virtually maintenance-free,
structure-reinforcing, and hull-sealed.
The boat survives a drop of 10 feet into
the water with a 10 ton load aboard.

(Nopco)

(Mobay)

Lightweight and mobility go hand
in hand. The new ''reefer"” vans by
Fruehauf provide land transportation
for perishable cargoes. Lightweight

(Nopco)
foam insulation fills every minute
space between trailer shell and lining This buoyant foam-filled drome,
to block air, weather and heat pene- a missile target, is held together in
tration, and improves the strength-to- flight and kept 4float in the sea indefi-
weight ratio of the trailer. nitely by foam.
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Avian 2-180, Gyroplane (Mobay)

Craig Systems, Inc.

A whole new approach to the use
friends at Thiokol who have developed

The suburban air-car of the fu-
ture utilized urethane foam to fill the
void in the rear annular duct to reduce
resonance and metal fatigue.

Designed for helicopter mobility
is the foam core sandwich panel
"helicop-hut''—lightweight and strong
to meet all types of military tests for
both air and land mobility.

(Thiokol)

of field-made foam comes from my
a portable foam generator. They

visualize on-site construction of building panels. They visualize a non-

deflatable foam-inflated life raft.
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(Thiokol)

Floating corner-type radar reflectors add to the survival system by
permitting rafts to be spotted by radar from search planes, increasing the
survival target area by 400 to 1 ratio. A unique approach is the extruding
equipment which will foam within a tubular formed plastic film making a rope
having flotation provisions for floundering survivors.

Another new approach for space
travelers is a urethane package which,
when heated by solar energy, triggers
a foaming action which results in an

(Thiokel) igloo type shelter and an armchair.
Why not a rigid foam rescue Powdered urethane chemicals are
island which can be carried in barrels cemented to a deflated 7 foot balloon
as a safety device on a troop trans- and a crude wire chair frame. These
port, aircraft carrier, or intercon- models were formed in a simulated
tinental plane. Here is the new mate- space environment at Wright Patter-
rial rigid foam performing like no son Air Force Base by Hughes Air-
other material. craft.
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Curtiss~-Wright has recently
completed the study of a mobile army
hospital for the Medical R&D Command
which consists of an integrated shelter
container system of plastic and foam

secured to the center floor skid and
housed in a panelized rigid foam core
container.

Three years ago, we developed
a lightweight componentized building
consisting of floor, wall and roof
panels, beams, and footings all of
rigid foam. The light weight founda-
tion has great bearing strength.
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This is a solar heat collector panel. The experiment showed the possi-
bilities of using rigid foam as a fully integrated structure. Corner details
shows a frame, a back panel, back insulation, a potting material (for the water
jacket)—locking the components together to heat the hot water for house and

swimming pools in the future.

(Curtiss-Wright Corp)

As you have seen, rigid foam plays an important part in almost all types

of lightweight structures now.

Without stretching our imagination, this "young-

in-years" building material should have a great future.
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URETHANE FOAM PACKAGING AT THE AIR FORCE
PACKAGING LABORATORY

Bernard A. Domning

In addition to test equipment normal to packaging laboratories, the Air
Force Packaging Laboratory has several unique instruments designed for
research and testing that should be mentioned.

Our El Fam (Force Analyzer) has the ability to record and analyze any
force or condition (such as impact, stress and strain, pressure, temperature,
humidity, and so forth) that can be converted into an electrical signal. This
feature allows us to record high frequency signals, such as impact, at a fast
speed and play them back at a slow speed for read-out on graphic recorders
or a memoscope for analysis. Slow changing data, such as pressure or
temperature changes, are recorded at a very slow speed and played back at
high speed, thus condensing uours of data into a few minutes. The test data
may be picked up from within sealed packages in conditioning rooms, vacuum
chambers, ovens, or from the impact head of the drop tester. The equip-
ment was designed for maximum flexibility and to cover the wide range of
application required by our laboratory.

An Analog Computer has given us the capability of reducing the moun-
tainous problems associated with material or cushion selection in package
design. Virtually any packaging engineering problem that can be reduced to
a mathematical formula can be resolved by this computer. Its limitation is
basically the imagination, ability, and skill of the engineers operating it.

A high vacuum chamber is presently being installed. It has a volume
of approximately 12 ft3, a vacuum capacity of 10-9 mm of Hg, and a tem-
perature variation capability of 260° to -1950C.

We at the Air Force Packaging Laboratory believe urethane foam
packaging to be one of the more promising packaging concepts today. This
cellular material may be easily sprayed or poured into a container and
around an item to be packaged. Either method gives satisfactory results.
In theory, this material offers many advantages:

l. It insures firm support and restraint for the item by adapting itself

to the item's complex contours. This greatly reduces damage risks that
exist in conventional packaging materials (Fig. 1).
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Fig. 1

2. Simple equipment at low cost can produce foams at atmospheric
pressures and temperatures. ‘

3. Its high impact energy absorbing properties provide excellent shock
protection.

4. It is extremely stable dimensionally if good quality control is
exercised in its preparation.

5. It is fungus resistant and will neither support mold growth nor be
degraded by mold growth originating from some other substratum.

6. After repeated compression within its load limits, it is free from
.compressive set.

The Air Force Packaging Laboratory has conducted rough handling and

cyclic exposure tests on two J-69 engines encapsulated in 2 1b rigid poly-
urethane foam.
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The first was tested in the fall of 1961. The engine was prepared for
foaming by first wrapping in MIL-B-121 paper. After the first wrap, a tear
wire was wrapped horizontally around the largest periphery of the engine to
facilitate opening of the foamed package. The engine was then wrapped in
kraft paper, making sure that only paper tape was placed in the path of the
tear wire.

To prevent adhesion between the foam and fiberboard box, the inside
was coated with paste wax. A layer of foam was then sprayed in the fiber-
board box and allowed to expand until it was firm enough to support the engine
(approximately 180 seconds).

The engine was then positioned on the foam, and ends of the tear wire
exposed to facilitate opening. The engine was surrounded with sufficient
layers of foam to fill the container. The maximum thickness of each layer
after expanding was approximately eight inches. The foam is not tacky after
approximately 240 seconds; therefore, each successive layer was sprayed
within this time to prevent seams in the foam. The results of the tests
conducted on this package are as follows:

1. When subjected to edgewise drop test in accordance with MIL-P-116
using a 24-inch drop height, there were no visible signs of damage. The
maximum "G'" force recorded was 41 ""G's."

2. When subjected to cornerwise drop tests in accordance with
MIL-P-116 using a 24-inch drop height, there were no visible signs of
damage. The maximum "G" force recorded was 42 "G's."

3. When fibrated at 260 rpm, with a l-inch amplitude, synchronous
motion for one hour with the largest dimension parallel to the motion of the
table, there were no visible signs of damage.

The second container was tested by us in September 1962. The engine
was prepared and foamed-in-place the same way as the first one with the
following exceptions:

1. Engine was sealed in MIL-B-131C, class 1, material in an attempt
to provide Method II protection. Method II protection is described in
MIL-P-116 as "waterproof barrier with desiccant. "

2. Engine was set on two prefoamed blocks prior to foaming to insure
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