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ADDITIVES, FILLERS AND 
REINFORCEMENTS 

Arthur H. Landrock 

INTRODUCTION 

Additives are substances added to other substances. In the 
plastics industry the term is most often employed for materials added in 
relatively small amounts to basic resins or compounds to alter their 
properties (1). According to this definition, blowing agents (foaming 
agents) would not be additives, since there would be no plastic foam 
without them (except in the case of syntactic foams). Blowing agents are, 
however, covered in this chapter. They are of particular interest currently 
because of their serious effects on the environment. 

The discussion in this chapter does not cover all types of 
additives used in plastic foams. The following terms not discussed in any 
detail are defined as follows: 

Accelerator (promoter) - a substance used in small proportion to 
increase the reaction rate of a chemical system (reactants plus other 
additives) (2). 

Activator - a substance used in small proportion to increase the 
effectiveness of an accelerator (2). A material that speeds up a reaction 
in unison with a catalyst; an activator often starts the action of a blowing 
agent; used almost synonymously with accelerator or initiator (3). 
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Antioxidant - a substance used to retard deterioration caused by 
oxidation (2). 

Processing aids - additives such as viscosity depressants, mold- 
release agents, emulsifiers, lubricants, and anti-blocking agents (3). 

The topics to be covered in some detail in this chapter are: 
antistats, blowing agents, catalysts, fire retardants, mold-release agents, 
nucleating agents, reinforcements, stabilizers, and surfactants. These 
topics are presently in alphabetical order as a matter of convenience. The 
reader should be aware that there are a number of additives used in 
plastic foams that serve dual functions. These will be noted in the 
following text. 

ANTISTATS (ANTISTATIC AGENTS) 

Antistats are chemicals which impart a slight to moderate degree 
of electrical conductivity to normally insulative plastics compounds, 
thereby preventing the build-up of electrostatic charges on finished items. 
Antistats may be incorporated in the materials before molding. These 
materials function either by being inherently conductive, or by absorbing 
moisture from the atmosphere. Examples of antistatic additives include 
the following (1) (4): 

long-chain aliphatic amines and amides 
phosphate esters 
quatemary ammonium salts 
polyethylene glycols 
polyethylene glycol esters 
ethoxylated long-chain aliphatic amines 
glycerine 
polyols 

Plastics compounders are generally more interested in using internal 
antistats rather than external applications. There are two types of internal 
antistats - conductive fillers (carbon black, carbon fibers, metals) 
compounded into the resins to form a conductive path, and the other type 
which is a material that, with limited compatibility in the resin matrix, 
migrates to the surface. There its hydrophilic group attracts ambient 
moisture, providing a path for dissipating the electrostatic charge. In a 
few instances cutionic surfactunts function as antistats by providing ions 
at the surface, rather than by exercising hygroscopicity. Some antistats 
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may also function as lubricants, reducing the surface friction that builds 
up the electrostatic charge (5). 

A material used as antistat for urethane foams is reported to also 
reduce corrosion risk, and neoalkoxy titunates and zircon&es have been 
found to be effective antistats for polyolefins, polystyrene, and polyesters 

(6). 
In September 1991 Statikil, Inc., Akron, OH announced the 

reformulation of its Statikil antistatic agents, which no longer contain the 
ozone-depleting l,l,l-trichloroethane (6). 

BLOWING AGENTS (FOAMING AGENTS) 

General 

Blowing agents are the particular agent which cause plastics to 
foam. There are two types in common use: 

1. gases introduced into the molten or liquid plastic material. 

2. chemicals incorporated in the plastic which, at a given 
temperature, decompose to liberate gas. 

In either case, the gas, if evenly dispersed, expands to form the 
cells in the plastic. There are a number of different ways to bring about 
the formation of cells, depending on the gas being used, the chemical 
blowing agent (CBA) the type of plastic resin, and/or the particular 
process being used (7). 

One of the desirable attributes of foam blowing agents is a low 
K-factor, referring to the thermal-insulating properties of the plastic 
foam. The K-factor indicates the thermal conductivity of the foam in 
BTUs per hour, per square foot, per inch of thickness, under a thermal 
difference of 1°F. In general, plastic foams have K-factors ranging from 
0.15 to 0.35 (0.02 to 0.05 W/m-K) at room temperature. As the 
temperature increases the K-factor increases. When test temperatures are 
not stated it is assumed the K-factor refers to room-temperature 
conditions. Foams with lower K-factors have superior thermal-insulating 
properties. Another method of classifying foams is in accordance with 
the R-factor, widely used in the refrigerator industry today. R indicates 
the resistance of the material to the transmission of heat. R is the 
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reciprocal of K (R=l/K). Thus, the higher the R-factor the better the 
insulating properties of the plastic foam (7). 

General Production Methods for Blowing Foams 

Plastic foams are generally made using any of seven different 
blowing methods (7): 

l Incorporating a chemical blowing agent (CBA) into the 
polymer to form a gas by decomposition at an elevated 
temperature. These CBAs are usually in the form of fine 
powders that can be evenly dispersed in either a liquid 
resin, or mixed with molding pellets. The blowing gas 
evolved is usually nitrogen liberated from organic 
materials called azo compounds. A typical CBA is 

azodicarbonamide, also called azobisformamide (ABFA). 
CBAs are available which decompose at temperatures 
from 100°C (230°F) to as high as 280°C (537°F). A 
CBA is available to match any polymer melting point or 
processing temperature desired. 

0 Injecting a gas, usually nitrogen, into a molten or 
partially cured resin. The gas may be injected into the 
resin, either in the barrel of an extruder or injection 
press, or into a large mass in an autoclave. In either 
case, when the pressure is decreased, the gas expands and 
forms the cellular structure. 

l A bifunctional material, such as an isocyanate, may be 
combined with a polyester or other liquid polymer. 
During the polymerization reaction to form a solid 
polymer the isocyanate also reacts to liberate a gas which 
forms the cells. This is the basis of somepolyur-ethane 
foam techniques. 

l Volatilization of a low-boiling liquid, either by the heat 
liberated by an exothermic reaction, or by externally 
applied heat. Commonly used liquids are chlorofluoro- 
carbons (CFCs). This is the most widely used technique 
in the production of rigidpolyurethane foams. However, 
due to the ozone depletion problem in the stratosphere, 
they must be phased out and industry is presently 
searching for alternative blowing agents. 
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l Whipping air into a colloidal-resin suspension and then 
gelling the porous mass. This is how foamed latex 
rubber is made. 

l Incorporating a nonchemical, gas-liberating agent into 
the resin mix. When heated, the mix then releases a gas. 
This material might be a gas adsorbed onto the surface 
of finely divided carbons. 

l Expansion of small beads of a thermoplastic resin by 
heating an internally controlled blowing agent, such as 
pentane. This technique is used to expand polystyrene 
beads used in making plastic cups, packaging, and 
mannequin heads. 

Chemical Blowing Agents (CBAs) 

These agents are solid compounds (usually powders), but occasionally 
liquids, that decompose at processing temperatures to evolve the gas that 
forms the cellular structure. The most important selection criterion is the 
decomposition-temperature range, which must be matched to the 
processing temperature of the polymer being used. The decomposition 
reaction of the CBA must take place when the polymer is at the proper 
melt viscosity or degree of cure. Activators that can lower the blowing 
agent’s decomposition temperature are available, thus affording greater 
flexibility to the formulator. It is also necessary to consider the amount 
of gas being liberated and the type of gas (and how it can affect the end 
product). 

CBAs can be used in almost any thermoplastic and can be either 
inorganic or organic. The most common CBA is sodium bicarbonate, but 
its use is limited in plastics because its decomposition cannot be 
controlled as can the organic CBAs. The following are the most popular 
organic CBAs for plastics usage (8): 

l ABFA, azodicarbonamide, or l,l-azobisformamide. 
Widely used for foaming HDPE, PP, HIPS, PVC, EVA, 
acetal, acrylic, and PPO-based plastics. Decomposes at 
400”-415°F (204”-213°C). Non-plateout grades are 
available to eliminate formation of cyanuric acid, which 
can attack molds. 

l OBSH, p,p’-oxybis(benzenesulfony1 hydrazide). Rela- 
tively low-temperature decomposition at 315”-320°F 
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(157”-160°C). Commonly used in LDPE, EVA and 
PVC. 

TSSC, p-toluene sulfonyl semicarbazide. Intermediate 
high-temperature decomposition at 442”-456°F (228”- 
236°C). Used with HDPE, PP, ADS, HIPS, rigid PVC, 
nylon, and modified PPO. 

THT, trihydrazine triazine. Can be used at high process- 
ing temperatures, (527°F or 275°C). High exothermic 
decomposition results in fine, uniform cell structure and 
good surface appearance, like ADFA. Ammonia-gener- 
ating, which may present problems. 

5-PT, 5-phenyltetrazole. Efficient, decomposes at 460”- 
480°F (238”-249°C). Decomposition gases are almost 
all nitrogen. Used with ADS, nylon, PC, thermoplastic 
polyester, and other high-temperature resistant plastics. 

A high-temperature cyclic peroxyketal peroxide cross- 
linking agent for polyethylene has been found to function 
as a blowing agent as well. This is another example of 
dual-function additives. Activated by thiodipropionate 
antioxidants, it evolves CO, and should be useful in 
making crosslinked polyethylene foams. 

Physical Blowing Agents 

This group changes from one form to another during processing 
(from liquid to gas, for example) (8): 

Compressed gases-Most common gases used are 
nitrogen, air and carbon dioxide. These gases are 
dissolved under pressure in the resin and produce foam 
upon release of the pressure. The use of nitrogen in 
injection-molded foam products is typical. The nitrogen 
is injected under high pressure. When the pressure is 
relieved the gas becomes less soluble in the polymer and 
forms cells. 

Volatile liquids-These foam the resin as they change 
from a liquid state to a gaseous state at the high temper- 
ature of processing. The most important materials in this 
category are fluorinated aliphatic hydrocarbons (chloro- 
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fluorocarbons or chlorofluoromethanes). These blowing 
agents have been used extensively in both rigid and 
flexible polyurethane foams. They can also be used in 
polystyrene, PVC and phenolic foams. 

Flexible polyurethane foams are blown with water, methylene 
chloride, and chlorofluorocarbons (CFCs). Carbon dioxide from the 
water/isocyanate reaction functions as the blowing agent. The methylene 
chloride and CFCs assist in the blowing and contribute properties such as 
added softness and resilience. The CFCs also contribute to the insulation 
properties of rigid urethane foams. 

Chlorofluorocarbon Liquids (CFCs) 

The major advantage of these agents is that they become gaseous 
at well-defined temperatures and controlled rates, providing product 
quality and contributing to some improved performance characteristics. 
However, the effect of CFCs on the environment is under debate. These 
liquids, odorless and innocuous as they are, are linked to the ozone hole 
in the stratosphere. The industry is searching for feasible, environmen- 
tally and economically acceptable alternatives. Production levels of CFCs 
have been frozen and gradual phase-out is underway (8). 

The earliest polyurethane foams were water (COJ blown. In the 
late 1950s CFC-11 was discovered to be an excellent blowing agent for 
polyurethane foams, especially low-density foams. The development of 
the Ozone Depletion Theory in the late 1970s and its further refinement 
in the 1980s linked CFCs to a reduction of ozone in the upper atmo- 
sphere. As a result of the concern of such ozone reduction causing an 
increase in ultraviolet (UV) radiation at ground level the world communi- 
ty produced the “Montreal Protocol on Substances that Deplete the Ozone 
Layer” in late 1987 (9). 

Up to the present time, many communities and nations are 
accelerating the phase-out of CFCs by shortening the original timetable 
of the Montreal Protocol and taxing the use of CFCs. Currently the use 
of CFCs is limited to 1986-usage levels. It is hoped that two of the 
major candidates to replace CFC-11, HCFC-141b and HCFC-123, will 
be fully commercialized by 1993 (9). 

At the Polyurethanes World Congress in Nice, France in 1991 it 
was reported that the Montreal Protocol was approved by 93 nations in 
June 1990, and that suppliers have been scrambling to meet its mandate 
of complete phase-out of CFCs by the year 2000. It was brought out at 
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this Congress that HCFCs appear to be the most promising replacement 
for CFCs in rigid polyurethane foams. The most promising HCFCs were 
thought to be HCFC-141b (dichlorofluoroethane), HCFC-123 (dichloro- 
trifluoroethane), and HCFC-134a (tetrafluoroethane). However, these 
compounds are only stopgaps because of their chlorine content. For this 
reason a number of different agents are being tested as alternatives to 
chlorine-based blowing agents (10). 

It was brought out at the Nice congress that there is a problem of 
compatibility of blowing agents with refrigerator-liner materials, 
commonly ABS and high-impact polystyrene (HIPS). Certain blowing 
agents cannot be used without causing stress cracking of the liners. So 
far HCFC-141b and HCFC-123 are the best of the CFCs from the point 
of view of refrigerator-liner compatibility. Many foam suppliers feel that 
carbon dioxide (CO,) is the alternative blowing agent that will ultimately 
be most widely used in rigid polyurethane foams. However, some 
attendees felt that CO, is not suitable for refrigerator liners because of its 
detrimental effect on the foam’s K-factor. But HCFC-123 and HCFC- 
141b also have a negative effect on K-factor (10). 

It was reported by the New York Times in October 1991 (11) that 
the ozone layer in the Antarctic stratosphere was measured as 110 
Dobson units, compared with the normal value of about 500 Dobson 
units. Dobson units measure the atmosphere’s ability to absorb and block 
certain wavelengths of light coming from the Sun, notably ultraviolet 
(UV) radiation. The low value of 110 Dobson units was the lowest ever 
recorded in 13 years of data collection by the TOMS instrument. 
Seasonal ozone holes are signs of a worldwide depletion of stratospheric 
ozone. Public health experts fear that the increasing intensity of UV 
radiation that now penetrates the atmosphere may greatly increase the 
incidence of skin cancer and cataracts, and could significantly diminish 
the output of global crops and the marine food chain (11). 

Evidence has been rapidly accumulating since the late 1980s that 
the main cause of stratospheric ozone depletion has been the presence of 
chlorofluorocarbon (CFC) chemicals released into the air by human 
activity. These substances are widely used as refrigerants, solvents and 
foaming agents in plastics insulation. Because they are highly resistant 
to chemical attack, CFCs remain in the earth’s atmosphere for many 
years, eventually drifting up into the stratosphere where they are broken 
down by W radiation. The chlorine and oxygen compounds formed by 
this chemical breakdown then destroy the natural stratospheric ozone (11). 



Table 7.1: CFC and HCFC Blowing Agents 
for Plastic Foams in Use in 1991 (12) 

Chemical Formula 

Chemical Name 

Molecular Weight 

Main Uses in Plastic Foams 

CFC-11 CFC-12 

CQF CQF, 

TliChlorO- DiCilhOdi- 

fluomnethane flu-ethane 

137.4 120.9 

CFC-14lb 

CCl,FCH, 

Dichlorofluoro- 

e&me 

116.95 

HCFC-123 

CHCl,CF, 

Dichlorotri- 

fluoroethane 

152.91 

HCFC-134a 

CF,CH,F 

Tetrafluom- 
ethaue 

102.03 

(Main CFC blowing Rigid foams by frothiig Rigid and flexible Rigid Foams All-purpose foam (rigid 
agent used to date) Rigid process because of low foams and flexible) 
foams BP.. (021.6”F) 
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Although the world’s major users and producers of CFCs have 
agreed to phase out their use by the end of the century, some scientists 
and conservationists agree that ozone depletion has reached a crisis and 
that a more urgent global ban on these chemicals is essential (11). 

Table 7-l will provide some useful information on CFC and 
HCFC blowing agents that have been used in the past and on those 
blowing agents that are suggested to replace them (12). 

Carbon Dioxide (CO& Until 1958 when halocarbons were first 
used as blowing agents for urethane foams carbon dioxide (CO& was the 
blowing agent used. The CO, was liberated by the isocyanate-water 
reaction shown below (13). 

0 

II 
2R-NC0 + H,O --+ R-NH<-NH-R + CO,t 

isocyanate water disubstituted urea 

The CO,-blown rigid urethane foams had the following 
disadvantages over the CFC-11 blowing agent (14): 

K-factor of about 0.25 compared to 0.11 for CFC-11, 
requiring about twice as much insulation as CFC-11. 

The induction period before foaming is smaller with 
CO, because of the latent heat of vaporization of the 
CFC-11. 

The gelation rate of the expanding foam is decreased, 
thereby preventing thermal pressure cracks and charring 
of the foam in large applications. 

The compressive strength of the CFC-11-blown foam 
is increased by about 30 percent over the CO,-blown 
foam. 

The moisture vapor transmission (MVT) of the CFC- 
11 blown foam is reduced (3.5 perms vs. 5.5 perms for 
the CO,-blown foam). 

The CFC-11 blown foam has better adhesion to metal. 

The edge of CFC-11 blown foam is not friable. 
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l The CFC-11-blown foam has a higher proportion of 
closed cells (about 90% vs. 85% for CO,-blown 
foam). 

0 The cost of the foam is reduced. 

In 1991 Vandichel and Appleyard (15) described a new 
promising approach for the production of “soft” flexible slabstock 
urethane foam blown exclusively by CO, generated by the water- 
isocyanate reaction. These workers found that by the addition to the 
formulation of certain hy&qMic materials a substantial hardness 
reduction is obtainable, thereby permitting a considerable reduction, or 
even total elimination, of CFC-11 from some “conventional” foam 
formulations. The hydrophilic additive is called CARAPOR” 2001. An 
example is a foam produced with an ILD value of 80N at a density of 
21.5 kg/m3 (1.34 lb/ft3) (15). 

Flexible Foams: CO, obtained in situ by the reaction of water 
with isocyanate has been the chief blowing agent for all commercially 
produced flexible urethane foams. The amount of water and tolylene 
diisocyanate (TDI) used determines foam density, providing most of the 
gas formed is used to expand the urethane polymer. Because water 
participates in the polymerization reactions leading to the expanded 
cellular urethane polymer, it has a very pronounced influence on the 
properties of foams. For better control of the foaming process most foam 
manufacturers employ distilled or deionized water (16). 

In addition to water, auxiliary blowing agents may be included 
in the foam formulation to further reduce the foam density (16) (17). 
These agents can be used in addition to, or as part replacement for the 
water in developing special foam properties. An example is the use of 
methylene chloride or CFC-11 in either polyether- or polyester-based 
systems for softening the resulting foam. A number of other volatile 
solvents are known to have been used also. 

See also the discussion of the work of Vandichel and Appleyard 
above (15). 

The amount of water used in flexible urethane foam formula- 
tions, together with the corresponding amount of TDI, largely determines 
the foam density. As the amount of water increases, with a correspond- 
ing increase in TDI, the density decreases. If water content is increased 
without increasing the TDI, foams may be obtained with coarse cells and 
harsh textures. Lower tensile and tear strengths and compression moduli 
result, while the compression set tends to increase. Another important 
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effect of too much water is poor aging characteristics. Too little water, 
on the other hand, will result not only in higher densities than desired, 
but also in slower curing and may cause shrinkage in the foam (17). 

Rigid foams: Tables 7-2 and 7-3 provide interesting informa- 
tion on blowing agents used in rigid urethane foams. Table 7-2 (13) 
shows the advantage of CO, over air and the advantages of the CFC 
blowing agents over both air and CO,. Note that the CFCs have about 
half the thermal conductivities of CO,. It can also be seen that the 
thermal conductivities of the CFCs do not increase in the same proportion 
as air or CO, as the temperature rises (13). The effect of aging on the 
K-factors of rigid urethane foams blown with different blowing agents 
is shown in Table 7-3 (18). The high density (high molecular weight) 
of the fluorocarbon gas (CCI,F or CFC-11 as it is now called) causes it 
to be a poor conductor of heat. Fortunately the permeability of the 
fluorocarbon through the cell walls of common polyurethane foams is 
extremely slow so that the fluorocarbon gas and its excellent insulating 
properties are retained almost indefinitely (19). 

Another factor of critical importance in foam processing is the 
viscosity of the reactants. Most polyether polyols have high viscosities, 
and it is difficult to carry out high-speed mixing with these components 
with low-viscosity polyisocyanates. When halocarbon blowing agents are 
added to the polyether polyol component the viscosity is reduced to that 
of a thin liquid, thereby facilitating pumping, mixing and metering. The 
halocarbons also have a high degree of hydrolytic stability and hydropho- 
bicity (19). 

Most rigid polyurethane foams are produced in the 2 lb/ft3 (32 
kg/m3) range. CO,-blown foams cannot be made with reliably low 
densities. The lowest practical limit is about 4 ibEt (64 kg/m3). Halo- 
carbon-blown foams also provide better physical properties than CO,- 
blown foams. The greater uniformity of the halocarbon-blown foams is, 
in part, responsible for their superior physical properties. In addition, the 
polyisocyanate residue from reaction with water is deleterious in several 
respects. Foaming conditions are less critical with halocarbons because 
of the absorption of the heat of reaction by the halocarbons (13). 

CFC-12 halocarbon (CCI,FJ is especially useful in the frothing 
process (see Chapter 8). Since its boiling point at 1 atm. (-21.62”F) 
(29.6”C) is very low it immediately vaporizes when the foam ingredients 
are discharged from the mixing head. This vaporization produces a foam 
of low density to overcome the pressures exerted by the liquid ingredients 
which must expand 30-fold to reach densities of about 2 lb/ft3 (32 
kg/m3). CFC-11 blowing agent is also included in froth formulations to 
obtain the final density (13). 



Table 7.2: Comparison of Thermal Conductivities 
of Blowing Agents Compared with Air (13) 

Blowing Agent 

Air 

CO* 

CC&F (CFC-11) 

CHCl,F, (CFC-12) 

Ccl,-CC&F, (CFC-113) 

32°F 

0.168* 

0.101 

0.054 

0.068 

0.046 

Temperature 

68°F 

0.180* 

0.117 

0.057 

0.064 

0.051 

86°F 

___ 

___ 

o.oL%* 

0.067 

0.054 

* BTU/OF ft’ hr in. (To obtain SI units of W/m-K muItiply by 0.144) 



Table 7.3: Thermal Conductivities of Rigid Polyurethane Foams 
Containing Different Blowing Agents (18) 

Blowing Agent 

FREON-l 1 (CFC-11) (CCLF) I 137 

Methylene Chloride”) I 85 

n-Pentane 72 

CO, 44 

Wt % to give 
2 Ib/ftc3’ 

Initial 
K-factor”) 

Final 
K-factor’4’ 

16 I 0.11 __I 0.14 

___ I 0.24 I 0.24 

(I) Properties extrapolated from blends with FREON-11 (foams with 100% methylene chloride 
cannot be made) 

(2) As water 
(3) Estimated 
(4) BTU*in/hr”F ft2 (to obtain SI units of W/m-K multiply by 0.144) 
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Fluorocarbon blowing agents act as moderating agents and do 
not produce additional crosslinking in rigid foams. These blowing agents 
are inert and are retained in the polymeric structure of the foam. They 
are also non-flammable and have a very low order of toxicity (20). 

Structural Foams (Thermoplastic): The design of some 
structural-foam molding equipment permits the direct addition of nitrogen 
gas blowing agent to the polymer melt. The gas is forced into a solution 
and remains there until the external pressure on the melt is relieved as it 
enters the mold cavity. When the pressure is removed from the melt the 
gas immediately expands, driving the melt to the extremities of the mold. 
Although nitrogen is low in cost and clean in terms of chemical residue, 
many commercial operators are phasing it out because of poor cell 
structure, as well as the fact that most modem equipment is not modified 
to accept direct nitrogen gas addition (12). 

On the other hand, the use’of chemical blowing agents (CBAs) 
has increased. These agents generate the gas necessary for structural 
foam by either decomposition or chemical reaction in the melt. Factors 
to consider when selecting a blowing agent for a particular thermoplastic 
structural foam are (21): 

0 chemical compatibility 
0 cost 
0 convenience 
0 safety 
0 the exothermic or endothermic nature of the reaction 
0 the nature and quantity of gas released 
0 cell structure 

The time that must elapse before a molded part is painted is 
called the “degas time,” and the type of gas generated by the CBA plays 
an important role in determining the degas times. If a part is painted 
before it is completely degassed the paint will blister. Blisters result from 
the blowing-agent gas, which is under greater than atmospheric pressure 
in the core of the part, and migrates through the foam structure to reach 
equilibrium with the surrounding atmosphere. Nitrogen is very sluggish 
in its permeability characteristics. All other factors being equal (level of 
internal gas pressure, part thickness, and type of paint systems), both 
carbon dioxide- and hydrogen-generating blowing agent can more 
quickly reach equilibrium with the surrounding atmosphere than can 
nitrogen-generating blowing agents (21). 



Additives, Fillers and Reinforcements 293 

The endothermic or exothermic nature of a blowing agent affects 
processing economics. One of the factors that frequently controls the 
cycle time of structural-foam parts, and therefore the number of parts that 
can be produced in an hour, is the post blow. Post blow results when a 
part is removed from a mold before the core is sufficiently cooled, 
causing swelling in areas with the greatest thickness. This swelling is 
caused by the presence of pressurized gas in the core of the part (21). 

If a blowing agent is exofhermic it increases the temperature in 
the core of the part, which, in turn, softens the thermoplastic material and 
increases the gas pressure from the blowing agent. Endothermic blowing 
agents, on the other hand, draw heat from the core during gas generation, 
helping to solidify the cell wall and decrease internal gas pressure. The 
combination of lower core pressure and higher-modulus structure allows 
the parts to be removed from the mold after a shorter time period. The 
economic advantage is obvious (21). 

With respect to chemical compatibility, it is essential to select a 
blowing agent and polymer combination that will not produce undesirable 
side reactions affecting properties or appearance (21). 

Depending on the conditions of foaming and mainly on the 
amount and type of blowing agent used, structural foams can range from 
almost solid resin to a material with a density approximately 75 percent 
of the solid resin. As a rule, thin-walled parts require a higher percent- 
age of blowing agent to obtain the same density as a thicker part. This 
is because of the cooling effect of the metal mold walls on the resin 
which inhibits, to some extent, bubble formation in material contacting 
the metal surfaces (7). 

CATALYSTS 

General 

Catalysts are substances which cause or accelerate a chemical 
reaction when added to the reactants in minor amounts, without being 
permanently affected by the reaction. A negative catalyst (inhibitor, 
retarder) decreases the rate of reaction (1). 

Accelerators (promoters) are substances which hasten a reaction, 
usually by acting in conjunction with a catalyst or a curing agent. 
Accelerators are sometimes used in the polymerization of thermoplastics, 
but are used most widely in curing systems for thermosets and natural 
and synthetic rubbers. Accelerators are sometimes called cocatalysts (1). 
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Catalyst types used with urethane foams are as follows (22): 

Tertiary amines 
N-ethylmorpholine (least active) 
N-methylmorpholine increasing 
N-methylpiperazine activity 
Trimethylene diazine (most active) 

The prime function of tertiary amines is to catalyze the reaction 
of isocyanate with water to form CO, gas for blowing the polymer. 

Metal salts 
Stannous octoate (esp. for flexible foams) 
dibutyltin dilaurate (DBTDL) (esp. for rigid foams) 
tin mercaptides, such as dioctyltin mercaptides 

Hybrids 
amine/tin (cocatalysts) 

Isocyanurate fwms require such catalysts as potassium com- 
pounds-for example, potassium octoates, and amines such as 2, 4, 6- 
tris-(N, N-dimethylaminomethyl) phenol (22). 

Reaction-injection-molded (RIM) urethane foams are using 
various tin/amine catalysts, with some special variations developed 
expressly for this processing technique. Amine/amine and tin/tin 
combinations are also under development (22). 

Because of environmental concerns about using chlorofluorocar- 
bon (CFC) blowing agents, methylene chloride is being used as a blowing 
agent. A number of catalysts have been developed that are particularly 
compatible with methylene chloride. Several of these new catalysts work 
on the delayed-action principle to avoid splitting of the foams (22). 

The reaction between an isocyanate and the hydroxyl group in a 
polyol will take place without a catalyst, but at too slow a rate to be 
practical. Without a catalyst a foam may expand, but it may not cure 
adequately to give good physical properties. The urethane reaction can 
be catalyzed by basic materials such as the tertiary amines (20). 

Rigid Urethane Foams 

In rigid urethane foaming systems using the CO, formed by the 
water-isocyanate reaction a balance of the relative rates between the urea 
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and urethane reactions is necessary. If the urethane reaction is not fast 
enough the gas will not be trapped and no foam will be formed. On the 
other hand, if the urethane reaction is too fast the polymer will set up 

before the gas is formed and a high-density foam will result. This 
reaction is much less controllable by catalytic action than the urethane 
reaction (20). 

Tertiary amines alone can be used as catalysts, but for some 
applications, such as spraying, more speed is desirable. Metal salts, 
particularly tin salts, accelerate the foaming reactions, and can be used 
alone or in combination with the tertiary amine-type catalysts. Tin 
catalysts of importance for rigid urethane foams are stannous octoate and 
dibutyltin dilaurate. Stannous octoate will hydrolyze rapidly in the 
presence of a basic catalyst with loss of activity. Masterbatches 
containing stannous octoate and moisture are stable for only a few hours 
at room temperature. Resin masterbatches containing dibutyltin dilaurate 
may stay stable for months. For this reason this catalyst is preferred for 
foaming systems packaged for use at other locations or plants where the 
resin masterbatch is not used immediately (20). 

Delayed-action catalysts have been made successfully. Buffered 
amine catalysts, where the activity of the amine has been reduced by the 
presence of an acid, have also been used. Acidic materials can be used 
to retard the urethane reaction. Hydrogen chloride and benzoyl chloride 
have been used in combination with amine-type catalysts to control 
reaction rates. A small percentage of acid can increase foaming time 
from 2.2 to 6 minutes (20). 

Temperature can also be used to control the urethane foaming 
reactions. Some delayed-action rigid urethane foaming systems have 
been made by premixing all of the foaming ingredients at temperatures 
down to -3OO”F(-184°C). When these systems are heated, foaming of 
the mass takes place (20). 

The vapors of tertiary amine catalysts are irritating and contact 
with the skin can cause dermatitis. The catalyst can produce severe 
irritation by contact with the skin. Their vapors are also irritating. Care 
must be taken to ensure that these materials in solid, liquid or vapor form 
do not come in contact with the human body (20). 
For CO,-blown foams tertiary amines are adequate. For solvent-blown 
foams, however, a more reactive catalyst is necessary because of the 
cooling effect of the solvent (such as CFC-11). A synergistic action 
exists between the catalysts and tertiary amines (23)(24). 

Rigid urethane foam systems, because of their greater degree of 
crosslinking, build gel strength so rapidly that tertiary amines are 
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adequate for one-shot or prepolymer systems using polyethers or 
polyesters. The structure of the tertiary amine has a considerable 
influence on the catalytic effect and also on its usefulness for foam 
production. The catalytic strength generally increases as the basic@ of 
the amine increases and as steric shielding of the amino nitrogen 
decreases. The tertiary amine catalysts provide satisfactory foaming with 
either the one-shot polyester or the polyether prepolymer systems, both 
of which are relatively high in initial viscosity (17). 

The density and moldability of urethane foam is greatly influenced 
by the choice of the catalyst system and concentration, due to the effect 
of catalysts on the foaming rate (25)(26). 

An increase in catalyst concentration generally produces an 
increase in tensile, shear and compressive strength, as well as a reduction 
in cure time. There is an upper limit to catalyst concentration, however, 
above which the urethane foam tends to fissure and crack. An increase 
in catalyst concentration usually produces a decrease in K-factor when 
fluorohydrocarbon blowing agents are used. This is because a low K- 
factor (better thermal insulation) results from a good retention of 
fluorohydrocarbon by the foam, which implies a negligible permeation of 
fluorohydrocarbon through the foam cell walls. An increase in catalyst 
concentration would be expected to produce a more tightly crosslinked 
polymer structure and thereby reduce the diffusion constant and possibly 
the solubility of the fluorohydrocarbon (27). 

Flexible Urethane Foams 

According to Woods (28), the rapid growth of high-resilience 
(HR), cold-cure, microcellular (and rigid) foam manufacture, all of which 
require higher levels of catalysis than conventional slabstock flexible 
foams, has caused a rapid growth of the catalyst market and an increased 
rate of new-product development. Most polyether slabstock foam 
manufacturers use stunnous octoate as the main polymerization catalyst, 
together with a tertiary amine to control the rate of blowing and foam 
rise. Medium-density foams, i.e., from ca 20-30 kg/m3 (1.25-1.88 
lb/ft3), depending on the type of machine and process, made with 
predominantly water blowing, are commonly made using the low-cost 

N,N-dimethylaminoethanol. Soft high-density foams and those made 
with a high level of auxiliary blowing agents, CFC-11 or methylene 
chloride, will require the addition of more active tertiary amine catalysts. 
A proportion of DABCO, a bis-dialkylaminoalkylether or an aliphatic 
tertiary polyamine is used, often at a low level (28). 
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The residual odor of terfiary amines is objectionable in many 
applications, such as bedding, upholstery, and bottle wadding. This odor 
may be minimized by using volatile catalysts such as N-methyl 
morpholine, the structure of which is shown as follows: 

/ 

CH,CH, 

\ 
CH,N 0 

\ 
CHQ-4 

/ 

Woods suggests a list of 36 tertiary amine catalysts (28). 

FIRE RETARDANTS (FLAME RETARDANTS) 

General 

Fire retardants or flame retardants, as used here, are materials that 
reduce the tendency of plastics to burn. They are usually incorporated as 
additives during compounding, but sometimes are applied to surfaces of 
finished articles (1). 

Fire-retardant chemicals available commercially for plastics can 
be divided into two general classes, unreactive additives and reactive 
monomers or crosslinking agents. The unreactive additives are generally 
added to the polymer during processing, but do not react chemically with 
the other constituents of the composition. The reactive types, on the 
other hand, are generally reacted with the polymer structure at some 
processing stage. The ideal fire-retardant additive should be inexpensive, 
colorless, easily incorporated into the polymer composition, compatible, 
stable to heat and light, efficient in its fire-retardant properties, nonmi- 
grating, and have no adverse effect on the physical properties of the 

polymer. It shda also be non-toxic. Unfcxhmate~y , most presently 
available additives seldom meet all these requirements (29). 

Additive Fire Retardants 

These systems are generally composed of both organic and 
inorganic materials acting synergistically to provide an optimum balance 
of flame retardance, physical properties, and cost. Additive fire retardants 
are generally incorporated by compounding and are useful in a variety of 
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polymer systems. These materials are generally used for thermoplastic 
resins, although there are exceptions. With few exceptions additive 
retardants are used to fire retard flexible polyurethane foams (30). 

Hulogenated polymers, both brominated and chlorinated, have 
been developed to yield better polymer compatibility, improve physical 
properties, and long-term-aging characteristics in many thermoplastic 
resins, particularly the high-performance engineering thermoplastics, such 
as nylon, polybutylene terephthalate (PBT) and polyethylene terephthalate 
(PET’). These materials still use antimony oxide as a synergist to achieve 
the desired flame resistance (31). 

Antimony oxide by itself is essentially useless as a fire-retardant 
additive. However, in combination with other materials, it is by far the 
most widely used antimony-containing flame retardant additive. It is 
generally used with bromine- or chlorine-containing compounds (32). 

Chlorine compounds used as fire retardants include the following 
(32)(33): 

polychloroprene 
polyvinyl chloride (PVC) 
chlorinated polyethylene 
chlorosulfonated polyethylene 
tris (chloroethyl) phosphate 
tris (dichloropropyl) phosphate 
methyl pentachlorostearate 
cycloaliphatic chlorine-containing flame retardants 
chlorendic anhydride 

Bromine compounds are also used as fire retardants. These 
compounds are about twice as effective as chlorine compounds on a 
weight basis, so that significantly lower concentrations are needed. 
However, bromine compounds are higher in cost than chlorinated 
compounds and are generally less stable under exposure to heat and light 
(29). Those compounds containing aromatic bromine are significantly 
more stable to heat and hydrolysis than the aliphatic type. Examples are 
decabromodiphenyl oxide (DBDPO), tetrabromobisphenol and 
tetrabromobisphenol A. A pentabromodiphenyl oxide blend is available 
for urethane foams and polyesters (34). Ahphatic bromine-type additives 
are used as flame retardants in plastic foams (polyurethane and polysty- 
rene (33). 

Halogenated organophosphorus compounds are used widely in 
flame-retarding polyurethane foams (31). Flame retardance by phospho- 
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rus compounds is believed to be due to thermal degradation to nonvolatile 
acids that promote char formation in the plastic, especially those plastics 
that contain hydroxyl or oxygen groups (35). 

Alumina trihydrate (ATH), also known as hydrated alumina, is 
unique among low-cost fillers and extenders due to its high proportion 
(34.6%) of chemically bound water. This water of hydration is stable 
and unreactive at the processing temperatures of many plastics. When 
heated to approximately 220°C (428°F) or higher by exposure to a flame 
front, the hydrate decomposes into its constituents with the absorption of 
a considerable amount of heat (36). Alumina trihydrate is an extremely 
important fire retardant for use in plastics. Its usage is close to 50% of 
all the additive fire retardants used for plastics (37). Applications include 
carpet backing for SBR latex and polyurethane foam. In most applica- 
tions loadings are high (over 40 parts per hundred of basic resin) (32). 
ATH is a dry light powder that functions by absorbing heat, by evolving 
steam to dilute the combustible gases being generated, and by providing 
a nonflammable char barrier between the heat source and the material. 
It also acts as a smoke suppressant (33). 

Reactive Fire Retardants 

These systems contain functional groups allowing them to be 
incorporated directly into the polymer structure through chemical 
reactions. The main advantage of this type of fire retardant is .the 
permanence of the fire retardancy imparted. In most cases chemically 
reacting the fire retardant into the polymer essentially eliminates long- 
term migration of the fire retardant. Reactive fire retardants are primarily 
used in unsaturated polyesters, epoxy resins andpolyurethane foams. Two 
of the most popular reactive retardants are tetrabromobisphenol A and 
dibromomononeopentyl and tetrabromophthalic glycol. Others include 
chlorendic acid and anhydride, tetrabromophthalic and tetrachlorophthalic 
anhydride, and diallyl chlorendate (29). 

Reactive polyols which contain halogen groups, phosphorus, or 
both, are offered by a number of suppliers for flame-netardant urethane- 
foam applications. These materials can be used alone, or with other 
flame retardants as synergists. Although reactive flame retardants may 
appear to be more costly initially, in the long run they may be found to 
be less expensive than the additive types (31). 
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Uses of Fire Retardants in Specific Foam Types 

Rigid Polyurethane Foams. In general, fire retardance is 
imparted to polyurethane foams by the chemical incorporation of halogen 
and/or phosphorus compounds into the material. Chemical modification 
of the polyol with phosphorus or a phosphorus-chlorine composition is 
currently employed in the commercial preparation of fire-retardant foams. 
Halogen alone is not satisfactory because the high viscosity of the polyols 
containing sufficient halogen (typically 25-30% by wt. of chlorine) for 
effective fire retardance significantly impairs the processing properties 

(38). 
The use of phosphorus in fire-retardant polyurethane foams leads 

to a high char formation, combined with easy processing, because of the 
relatively low density of most phosphorus compounds. This combination 
of desirable properties has made phosphorus compounds, with or without 
halogen, the most widely used fire retardants for polyurethanes. Reactive 
phosphorus compounds such as FYROL 6@, are used extensively. 
FYROL 60, supplied by Stauffer Chemical Co., is widely used for 
polyurethane foams (38). 

Buszard and De&r in the UK compared three polyurethane foams 
using the BS4735 horizontal bum test and the DIN 4102-B2 vertical bum 
test covering a wide range of polyol types. The flame retardants used 
were as follows (39): 

trismonochloropropyl phosphate (TMCPP), containing 9.5 % 
phosphorus and 32.5 % chlorine by weight. 

dimethyl methylphosphonate (DMMP). Although relatively 
expensive, it has a phosphorus content of 25% and was 
found to be the most effective of the additive flame retardants 
studied. 

REOFLAM@ 306 (Ciba-Geigy). This is a proprietary flame 
retardant containing 15.2% phosphorus and no halogen. It 
combines a good level of flame retardance with good 
processing and anti-scorch properties, and has excellent 
compatibility with aromatic polyester and halogenated polyols 
and halocarbon blowing agents. 

Nonreactive additive fire retardants that act as fillers or plastici- 
zers may also be used for polyurethane foams. The most commonly used 
example is tris (2,3-dibromopropyl) phosphate. Nonreactive additives 
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have not been used extensively because of their fugitive nature and their 
tendency to migrate from the cellular plastic under many conditions of 
extended use (38). Alumina trihydrate is also used as a fire retardant for 
polyurethane foams, especially in conjunction with the synergist SbZO, 

(3% 
The reader interested in fire retarding rigid urethane foams for 

building construction should refer to the Society of the Plastics Industry 
(SPI) in Washington, DC for specific recommendations and warnings as 
to the use of polyurethane foam in such applications. It must be noted 
that spray-applied polyurethane foam must beprotected by a nonburning 
barrier approved by the appropriate building codes. Without such 
barriers polyurethane foam will spread fire rapidly once ignited, even if 
it is fire retarded. With a few exceptions, all model codes require that 
foam plastic insulation be covered by a thermal barrier equal in fire 
resistance to l/2-inch gypsum board, or be used only in sprinklered 
buildings. 

Flexible Polyurethane Foams. Methods for retarding flexible 
polyurethane foams are essentially the same as for rigid foams. Flexible 
urethane foams, however, burn readily even when fire retarded (38). 
Creyf and Fishbein have discussed advances in flexible polyurethane 
foam technology from a fire-resistance viewpoint. These UK workers 
reported that the most recent development in flexible urethane foam fire 
retardants remain the so-called aluminum hydrate (plus other synergists) 
impregnated foams. These foams have been found to be really resistant 
to large ignition sources, e.g., 180 grams (0.40 pounds) of burning 
newspaper. The aluminum hydrate is added either by post treatment, or 
in a one-shot operation (40). 

Polystyrene Foams. The blue-colored fire-retarded polystyrene 
foam used for construction applications is reported to contain acetylene 
tetrabromide and copper phthalocyanine (38). Polystyrene foam is highly 
flammable, with a limiting oxygen index (LOI) of 19.5, and the same 
flame-retardant treatments are applied as for solid plastics. Free-radical 
initiators are especially useful since they promote depolymerization and 
hence melting and dripping. Most flame retardants for foamed polysty- 
rene have this effect - the foam melts away faster than the flame front 
can follow it. The most frequently used fire retardants in general are 
brominated cycloalkanes or brominated aromatics with aliphatic side 
chains. These retardants are used without antimony oxide. With foamed 

polystyrene, as opposed to the solid form, abundant use is made of 
inorganic fillers such as calcium carbonate, silicates, and glass fiber, 
which may, however, have adverse effects on properties such as density 
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or toughness. On the other hand, phosphorus compounds are much less 
widely added to foams then to solid plastics. One of the most common 
individual additives is tris (2,3-dibromopropyl) phosphate (38a). 

Polyolefln Foams. Antimony oxide/chlorowax combinations or 
other aliphatic chlorine sources are generally used to fire retard polyolefin 
foams. Because of the higher processing temperatures required (up to 
280°C or 536”F), when using azo blowing agents, the antimony ox- 
ide/chlorine system is inadequate, and in these cases phosphorus- 
containing fire-retardant systems are preferred (38). 

Polyvinyl Chloride (PVC) Foams. Rigid PVCfoum is inherently 
fire retardant because of the high chlorine content (56.7%). Flexible 
PVC foams present increased fire hazards because of the plasticizers they 
contain. Flammable plasticizers used include alkyl phthalates, as dioctyl 
phthalate. Non-burning types include alkyl aryl phosphates (phosphate 
esters). The latter types should improve resistance to ignition and reduce 
flame spread when compared to the usual phthalate plasticizers (38) (41). 

Phenolic Foams. Cured phenolic resins have good thermal 
stability and high tendency to char in an intensive fire. Even after the 
removal of the ignition source the foams often smolder and char until 
they are almost completely consumed. This phenomenon, calledpunking, 
is claimed to be overcome by the addition of boric acid/oxalic acid and 
ferric/aluminum chloride as the foaming catalysts. The addition of 
antimony compounds is also reported to decrease punking (38). 

The Naval Ammunition Depot (NAD) at Crane, Indiana has 
developed improved fire-retardant phenolic foams containing blends of 
boric/oxalic acids as catalysts, as described above. The resultant foams 
were found to be extremely efficient fire barriers due to their high heat 
absorptivity, the amount of carbon and/or coke produced during pyrolysis, 
and the adhesion of the char to the burned materials. Other advantages 
of the foam during flaming and nonflaming pyrolysis are its low smoke 
emissions and lack of toxic fumes other than carbon monoxide. It takes 
one hour to reach 230°F (IlOT) when a 13 lb/ft3 (208 kg/m3) phenolic 
foam specimen 2.9 inches (7.4 cm) is exposed to a fully developed fire 

(41). 
Urea-formaldehyde Foams. While urea-formaldehyde (UF) 

foams can be rated as difficult to bum, blending of UF with another 
polymer can decrease the resistance of the foam to burning. Fire 
retardants, including phosphorus and boron compounds, have been added 
to decrease the flammability of UF foams (42). According to Frisch (42) 
phosphonates, fur-fury1 alcohol and ethylene glycol have been used as fire 
retardants. 
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MOLD-RELEASE AGENTS (PARTING AGENTS) 

General 
A mold-release agent is a lubricant, often wax, silicon or 

fluorocarbon fluid, used to coat a mold cavity to prevent the molded part 
from sticking to it, and thus to facilitate its removal from the mold. 
Mold-release agents are often packaged in aerosol cans for convenience 
in application (1). 

Mold-release agents create a barrier between the resin and the 
metal mold, preventing adhesion to the mold. The same additives that 
promote mold release are sometimes used to reduce viscosity and ease 
flow, thereby improving surface detail and ensuring more complete filling 
of small complex cavities. Mold-release agents may also have an 
antistatic function (43). 

External Mold Releases 

Legislation restricting the use of chlorofluorocarbons (CFCs) and 
volatile hydrocarbons in mold releases is accelerating the trend toward 
water-base and chlorine-free emulsions. An unusual new development 
is a PTFE release film designed to replace conventional spray-on and 
wipe-on methods. This new technology provided by Chemfab/Chemical 
Fabrics Corp, Merrimack, NH provides chemical inertness and the non- 
stick properties of PTFE polymers with intrinsic heat resistance up to 
400°F (204°C). The film is applied by hand into the mold. Once the 
part is formed the mold-release film can be easily peeled off for disposal. 
Costs range from the high teens to $2O/lb. This system offers many 
advantages-no residue left on the mold or part, no sprays to contend 
with, and no ventilation problems. It is also cost effective and offers 
reduced variability and improved consistency (43). 

Mold-release additives are available in several forms: powder, 
flake, liquid, or paste. High-bulk-density powders and pills have been 
introduced, and non-dusting grades are available. They may be added at 
the reactor stage of processing, or later by the compounder using melt- 
compounding extruders or mills. Powders may also be dusted on pellets 

(43). 
Paraffins, Hydrocarbon Waxes. These low-melting (65”-75°C) 

(149”-167°F) waxes function as external lubricants. They range from 
short to long carbon chains, with some branching. Straight-chain 
products are harder; branched-chain materials are softer. With branching 
these high-molecular-weight paraffins lose some crystallinity character- 
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istics. Because of the remaining microcrystals they are referred to as 
microcrystalline waxes or microwaxes (43). 

Polyethylene Waxes. These are low-molecular-weight (2,000- 
10,000) long-chain hydrocarbons, slightly branched, with melting points 
from 100” to 130°C (212”-266°F). High molecular weight makes them 
more effective than paraffins at high processing temperatures. These 
waxes find application in a wide range of thermosets and thermoplastics 
because of their compatibility and good flow properties (43). 

Water-Base Mold Releases. Water-base release agents are 
being used more widely. Solvent-base agents evaporate too quickly in 
warm areas. One example is a hydro-alcoholic solution of saponified 
fatty acids claimed to produce a dry-film coating. Axe1 Plastics Research 
Laboratories in Woodside, NY has a new product, Mold Wiz H40-3U, 
for flexible polyurethane foam. This material is heated to evaporate the 
water and is then applied with high-pressure spray equipment (44). 

Semi-Permanent Mold Releases. Considerable research and 
development is currently underway with this type of release agent. Percy 
Harms Corp. in Wheeling, IL has a Slide Dura Kote for thermosets and 
thermoplastics. Dura Kote is a solvent dispersion of air-drying release 
resin claimed not to transfer from mold to molded part, nor to discolor. 
By baking the release agent onto the mold a harder, more durable film 
coating is produced. Dexter Frekote Mold Release Products, Seabrook, 
NH has introduced a CFC-free line of semi-permanent products called 
Frekote NC. The solvent carrier has been modified by replacing 
trichlorotrifluoroethane with aliphatic hydrocarbons. This product is 
claimed to have improved wetting, film formation, and drying. Stoner, 
Inc., Quarryville, PA has a new release agent, K464, for urethane foams 

(44). 
Chapter 8 on Methods of Manufacture discusses the use of mold- 

release agents in molding polyurethane foam parts. 

NUCLEATING AGENTS (NUCLEATORS) 

Nucleating agents are chemical substances which, when incorpo- 
rated in polymers, form nuclei for the growth of crystals. In foams, 
nucleating agents act by forming many small bubbles, rather than fewer 
larger bubbles (45). Colloidal silicas and micro-expanded silicas are 
commonly used nucleating agents, as are dry air and nitrogen (28). 

The action of nucleating agents in forming small bubbles in foam 
formation may be likened to the use of “boiling chips” added to 
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distillations to insure a steady, even flow of small gas bubbles during 
distillation. Materials such as “dust,” some finely dispersed silicone oils, 
silica, and other finely divided solids may serve as nucleating agents in 
foam formation. Gases also serving as nucleating agents for foams 
include carbon dioxide, air, nitrogen and butane, Inert nucleating agents 
such as silicon dioxide (SiO& diatomaceous earth, calcium silicate, 
carbon black, boron nitride, clay, and titanium dioxide (TiOJ are usually 
only moderately effective, or even ineffective as nucleating agents in 
foam formation. Many reactive materials which decompose or rearrange 
exothermally have been found to be highly effective nucleating agents in 
producing foams of densities greater than 20 lb/@ (320 kg/m3). These 
materials are less effective in producing foams of lower densities. These 
nucleators have one common feature: by their exothermic reactions they 
provide many localized hot spots, and are therefore termed “dynamic 
nucleators.” An excellent example is azodicarbonamide, which evolves 
mainly nitrogen during its decomposition, and is probably more exother- 
mal in decomposition than any other chemical blowing agent. This brief 
discussion is from an excellent, although not recent, presentation by 
Saunders and Hansen (46). 

Effective nucleating agents for extruding polystyrene foam sheet 
include the following (47): 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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mixture of sodium bicarbonate and citric acid 
nitrogen gas 
aluminum silicate 
water from hydrated salts 
amino acids 
ammonium citrate 
acid phosphate baking powders 
potassium metasilicate 
mixtures of nitrogen-releasing blowing agents and calcium 
oxide 
mixtures of magnesium silicate and silica 
fluorocarbon polymers 
carbon dioxide 

Kumar and Weller (48) have very recently produced microcellular 
polycarbonates using carbon dioxide as the nucleating gas. 
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REINFORCEMENTS 

Urethane Foams 

The development of reinforced foam materials has been underway 
since about 1961, although most of the progress in this area has been 
made since 1976. In early applications continuous-filament glass mats 
were incorporated into molds, particularly with polyurethane. Since 1965 
the reaction injection molding (RIM) process has been used, especially n 
the automotive industry. In this process the reacting materials, usually 
polyurethanes, are transferred into a mold where they usually react to 
form crosslinked polymers. Molding pressures are very low, of the order 
of 150 psi (1 MPa) compared to injection molding (ca 3000 psi or 21 
MPa), or compression molding (ca 100-1000 psi or 0.69-6.9 MPa), and 
tooling costs are, for this reason, very low. In reinforced reaction 
injection molding (RRIM) the reinforcements may range from particulate 
fillers to fibrous materials such as glass, carbon, or KEVLARB aramid 
fibers (49). 

Thermoplastic Structural Foams 

Thermoplastic structural foams (lSFs) have been commercially 
available for a number of years and are widely used in the machine- 
housing and automotive markets. These foams are discussed in Chapter 
3 on Thermoplastic Foams. That chapter mentions the use of glass 
reinforcements to some degree. Incorporation of reinforcements into 
structural foams follows the practice generally used for thermoplastics, 
namely the use of a masterbatch of reinforced polymer usually prepared 
by a compounding extruder or a crosshead extender. The reinforcement 
used in these foams is usually 3- to 6-mm chopped-glass fibers treated 
with an appropriate coupling agent suitable for the particular polymer 
matrix being reinforced. In general, the properties of reinforced 
thermoplastic structural foams reflect the attributes required of RRIM. 
The advantages are as follows (49): 

l Thermal-expansion coefficients are reduced 
l Deflection temperature under load (DTUL) is increased 
l Creep is reduced 
l Modulus (stiffness) is increased 
l Impact properties are improved 
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Applications for reinforced structural foams are growing, but 
currently they are used mostly for very large moldings, or for molding 
operations at high temperatures. One example is a washing-machine tub. 
Reinforced thermoplastic structural foam was used in this application to 
provide stiffness with good high-temperature-creep resistance (49). 

In reinforced thermoplastic foams, where glass fiber contents 
usually range from lo-30% by weight for the same voids content, the 
inclusion of high-density glass reinforcement (2.5-2.6 sp. gr.) somewhat 
increases the overall foam densities in comparison with unfilled structural 
foams. The stiffness and strength (flexural and tensile) of structural 
foams reinforced with even a comparatively low percentage of glass fiber 
can equal, or even exceed, these properties of the solid unreinforced 
parent polymers, such as nylon or polypropylene, despite the fact that the 
foam may contain up to about 30% voids. The heat deflection under 
load (DTUL) and the extensibility of reinforced structural foam are also 
closely comparable to those of the reinforced parent polymer. For this 
reason, reinforced structural foams can be greatly superior to the solid, 
unreinforced polymers in these respects (50). 

In structural foams the reinforcing effect of the fibrous filler 
comes about essentially as it does in unfoamed moldings. The reinforce- 
ment improves, to a great extent, the strength and stiffness, as well as 
other properties of the solid material (the cell walls) of the foam. The 
effects are further enhanced by the tendency of the reinforcing fibers to 
become oriented in the course of cell formation and solidification of the 
cell-wall material. Finally, superimposed on these local effects is the 
overall strengthening effect of the reinforced structural skin in which the 
reinforcing fibers are likely to be oriented. In the mold the glass fibers 
tend to align themselves within and along the cell walls when the cells 
are being formed. This local anisotropic effect increases the strength and 
stiffness of the cell walls (50). 

In a properly foamed molding the foam cells are roughly spherical 
and the cell walls have no particular directional alignment. They are 
essentially randomly oriented. The local orientation and anisotropic 
reinforcement effect of the fibers around individual cell walls are 
integrated into, and become additional factors in, a general enhanced 
reinforcing effect that is isotropic in the molding considered as a whole 
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STABILIZERS 

Stabilizers are agents used in compounding some plastics to assist 
in maintaining the physical and chemical properties of the compounded 
materials at satisfactory values throughout the processing and service life 
of the material and the parts made from the material. Some additives that 
function as stabilizers include the following (l)(U): 

0 emulsion stabilizers 
0 viscosity stabilizers 
0 antioxidants 
0 W stabilizers 
0 light stabilizers 
0 antiozonants 
0 biocides 
0 fungicides 
0 heat stabilizers 
0 surfactants 

The term “stabilizer” is obviously a general term covering a wide 
range of additives intended to maintain certain properties at desired 
levels. 

SURFACTANTS 

General 

The word “surfactant” is a widely used contraction of “surface- 
active agent,” a compound that alters the surface tension of a liquid in 
which it is dissolved (1). Surfactants impart stability to polymers during 
the foaming process. They help control cell structure by regulating the 
size, and to a large degree, the uniformity of the cells. In urethane foams 
the choice of surfactant is governed by factors such as polyol type and 
method of foam preparation (13). 

Flexible Foam Surfactants 

Many different types of surfactants have been employed for 
flexible foams, but usually nonionic and anionic surfactants and silicones 
are used. The choice of surfactant depends upon the method of foam 
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preparations and the desired end use (e.g., fine, regular-celled cushions 
vs. large, irregular sponges). The most widely used surfactants for 

polyether-based urethane foams are silicones, such as the polyalkylsilox- 
ane-polyoxyalkylene copolymers. Conventional polydimethylsiloxanes 
of relatively low viscosity, 10 to 100 cps at 25°C (77”F), have been used 
forpozyefher urethane systems prepared and foamed as prepolymers. The 
silicones perform differently in polyester urethane foam systems, causing 
an unstable foaming situation. Silicone oils can be used in very small 
amounts to enlarge the cell size of polyester foams. Stabilizers used for 
polyesters are ionic, such as sulfonated castor oil and other natural oils, 
amine esters of fatty acids, and long-chain fatty acid partial esters of 
hexatol anhydrides. In polyester systems non-ionic surfactants are used 
to help modify the viscosity of the polymer during foaming and to 
provide control of reaction rates (16). 

In the prepolymer method for one-shot polyether flexible urethane 
foams the primary role of the silicone surfactant is to lower surface 
tension and to provide film (cell-wall) resilience. Resilient films prevent 
the collapse of the foam during foam rise and continue to stabilize it until 
the foam is self-supporting. A secondary, but nevertheless important role 
of the silicone surfactant is cell-size control. The silicones can be added 
to the formulation in any of the 2 to 6 streams usually fed to the mixing 
head in the one-shot process. Usually, however, the silicone is metered 
separately, in combination with the polyol, or added as a wa- 
ter/amine/silicone mixture. It can also be added in the fluorocarbon 
blowing agent (52). 

Rigid Foam Surfactants 

Polyester- and polyether-based rigid urethane foams generally 
require a surfactant, whether expanded with CO, from the water- 
isocyanate reaction, or with an inert blowing agent such as fluorocarbon. 
Without surfactant the foam may collapse or have a coarse cell structure. 
Castor-oil-based systems generally do not require surfactants, but better 
results will be obtained if they are used (20). 

Surfactants used in rigid foams range from ionic to non-ionic 
types to the silicones. Anionic surfactants (those which contain active 
hydroxyl groups) should not be added to an isocyanate-containing foam 
component (20). 

The most widely used surfactants are copolymers based on 
dimethyl polysiloxane and polysiloxanes. Some of these silicones are 
prepared with ethylene and propylene oxides. Some silicones contain Si- 
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O-C linkages and are hydrolytically unstable; others do not contain a 
silicone-carbon bond and are stable. In general, higher-viscosity silicone 
copolymers are more efficient and will provide foams with finer cell 
structures. Surfactants are used at the 0.5% to 1% level in rigid urethane 
foams. With too little silicone foam, cell structure is large. Too much 
silicone does not affect the foam properties, but is wasteful. There is no 
known health hazard with the use of silicones (20). 

Surfactants other than silicones used in one-shot rigid urethane 
foams include Spans (long-chain fatty acid partial esters of hexatol 
anhydrides), Tweens (polyoxyalkylene derivatives of hexatol anhydride 
partial long-chain fatty acid esters) and Emulphors. These act in a 
manner similar to the polydimethylsiloxanes. The choice of surfactant to 
give optimum results may vary with the foam system used, e.g., as the 
polyol or isocyanate is changed (52). The use of these non-silicone 
surfactants usually imparts a higher proportion of open cells. In addition 
to a high content of closed cells the use of silicone copolymers in rigid 
polyether foams also leads to higher-strength properties than when other 
surfactants are used (18). 
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