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PREFACE

The Engineering Design Handbook Series of the US Army Materiel Development and Readiness
Command is a coordinated group of handbooks containing basic information and fundamental data
useful in the design and development of Army materiel and systems. The handbooks are prepared for
the special use of the design engineers and scientific personnel in the Government and industry
engaged in the design, development, and upgrading of Army equipment, matericl, components, and
techniques.

This handbook is concerned with the use of epoxies, polyurethanes, and silicones as insulating em-
bedding agents for clectrical and eclectronic components. These three families of resins are the
materials which currently find the widest use in high performance component protection. Another
material, the polyxylylenes, which are vacuum deposited on substrates as very thin dielectrics, is also
discussed. The processes of embedding which are discussed include encapsulation, potting, casting,
conformal coating, surface coating, impregnation, and transfer molding. It is the purpose of this
handbook to acquaint Army personnel with the most important characteristics of the mentioned types
of embedding agents and the typical processes of applying these insulating polymers to the circuit
components. Both modified and somewhat improved products are introduced continually by various
suppliers; once the basic type is selected by the user, the industrial literature provides the best up-to-
date guide for the final selection of the embedding material. Confirmation with industry and Govern-
ment experts for up-to-date information is strongly recommended since the technology is far from
static and new-product development is very active.

The handbook was prepared by Mr. Arthur Readdy, Plastics Technical Evaluation Center
(PLASTEC), the Defense Department’s specialized information center on plastics located at the US
Army Armament Research and Development Command, Dover, NJ.

The US Army DARCOM policy is to release these Engineering Design Handbooks in accordance
with DOD Directive 7230.7, 18 September 1973. Procedures for acquiring Handbooks follow:

a. All Department of Army (DA) activities that have a need for Handbooks should submit their
request on an official requisition form (DA Form 17, 17 January 1970) directly to:
Commander
Letterkenny Army Depot
ATTN: DRXLE— ATD
Chambersburg, PA 17201.

“Need to know™ justification must accompany requests for classified Handbooks. DA activities will
not requisition Handbooks for further free distribution.

b. DOD, Navy, Air Force, Marine Corps, non-military Government agencies, contractors,
private industry, individuals, and others —who are registered with the Defense Documentation Center
(DDC) and have a National Technical Information Service (NTIS) deposit account—may obtain
Handbooks from:

Defense Documentation Center
Cameron Station
Alexandria, VA 22314,

X1
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¢. Requestors, not part of DA nor registered with the DDC, may purchase unclassified
Handbooks from:
National Technical Information Center
Department of Commerce
Springfield, VA 22161.
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CHAPTER 1
INTRODUCTION

Thepurpose of using synthetic polymersfor the embedding of electrical [electronic components — together with the ad-
vantages/disadvantages of embedding — is discussed. Primary processes for embedding are presented.

1-1 PURPOSE OF DIELECTRIC
EMBEDDING

1-1.1 GENERAL

To isolate circuit components from generally
degrading environmental and operational effects
(of oxygen, moisture, heat and cold, clectrical
flashover, current leakage, and mechanical shock
and vibration), the components have been
coated, buried or encased in dielectric materials.
The earliest substances used for such purpose
were materials such as waxes and asphaltic
materials. These now may be used to a limited
extent; however, synthetic polymers are current-
ly most widely used for embedding®?®.

The materials most employed are the epoxy
resins, which account for three-fourths or more of
the applications. Other currently used agents
finding substantial use are the polyurethanes and
the silicones. Fairly new types finding special
uses are the vapor-deposited polyxylylenes.
There has been a decrease in the use of materials
such as thermosetting hydrocarbons, thermoset-
ting acrylics, polyesters, and polysulfide resins
especially in high performance applications
which are required for military items®*.

1-1.2 ADVANTAGES AND
DISADVANTAGES OF
EMBEDDING

Embedding does not provide hermetic sea ing;
however, it increases the reliability of any ¢ iven
assembly by sealing it against moisture, dirt, fun-
gi, and other-contaminants. Also, components
are fixed in position; mechanical strength of the
embedded assembly is greatly enhanced against

vibration and shock. Embedding allows the use
of unitized construction in miniaturization and
provides for use of modular units. Generally, em-
bedding allows economies to the fabricator and
user of the end item®®.

There are some limitations in the use of em-
bedded electrical and electronic assemblies.
Many are hard to repair. Although flexible and
rubberlike polymers can be repaired, any repair
can present difficulties. Additionally, the weight
of an assembly is increased by embedding since
in most cases the amount of additional
mechanical structure for protection without em-
bedding can be designed to be relatively light.
Embedding resins have higher dielectric con-
stants and loss tangents than air; this is a limita-
tion where very low electrical loss is a desirable
factor.” Offset by this shortcoming is the fact that
voltage breakdown between two potential points
is improved. The potential values as well as
shortcomings of embedding are shown in Table
1-1.

1-2 METHODS OF EMBEDDING

The primary embedding processes include
casting, potting, impregnating, encapsulating,
and transfer molding. Coating is, in a sense, a
form of embedding and includes conformal coat-
ing and other surface coatings.

1-2.1 CASTING

Casting refers to the complete burial of a cir-
cuit in surrounding material. (The term also is
used when the dielectric is made of granules,
powders, foams, or ceramics.) The embedment

1-1
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TABLE 1-1
ADVANTAGES AND DISADVANTAGES OF
EMBEDDING ELECTRONIC/ELECTRICAL COMPONENTS

1. Advantages:

a. Use Reliability

(1) Sealing (not fully hermetic) against fungi, water vapor, and gross moisture, dirt, gases; assemblies are fixed in
resin of known mechanical and dielectric characteristics.
(2) Packaging strength (shockproofing, antivibration response) increased.

b. Improved Design:

(1) Air spaces are eliminated.

(2) Components are held in compact three-dimensional form.

(3) Wider application of module construction, miniaturization, and plug-in units is permitted.

(4) Selection of resins allows upgrading of electrical performance (e.g., low-loss response of high frequencies, in-
creased thermal resistance, and/or heat dissipation).

(5) Colored resins may be used for identification of circuit components.

(6) Electrical noise in high-gain amplifier devices is reduced.

c. Economy

(1) Most or all mounting hardware which may add up to 25-30% weight to an assembly is eliminated.

(2) Need for auxiliary protection for the components is reduced or removed since the resin matrix now serves this pur-
pose.

(3) Less skilled personnel can remove and replace embedded units.

(4) Circuit assembly is more rapid since use of point-to-point wiring can be made (e.g., in place of circuit boards).

2. Disadvantages:

a. Difficult Repairs:

(1) Embedded assemblies are not easily accessible for making minor repairs.

(2) Solvent soaking procedures are difficult.

(3) Hole-drilling (with transparent matrices) is expensive and time-consuming.

(4) Embedded circuit must be treated as an expendable unit (though costly, embedding canbe shown to increase re-
liability and prevent tampering).

b. Lowered Heat Dissipation:

(1) Thermal dissipation in resins is lower than in air — temperature derating may be required.
(2) Heat-sink and other sophisticated design variants may be required to control heat buildup.

¢. Thermal Limits:

(1) Most resin stability is limited above 200°C (certain silicones can surpass this temperature).

(2) Certain high-temperature rated components are required in various systems and require special packaging (but
in many uses moderate temperature limits are satisfactory).

(3) With low temperatures, sharp and irregular parts of components can possibly cause resin cracking. Filled or flexi-
ble resins improve low temperature performance but at the general sacrifice of electrical properties (however, sili-
cone elastomeric resins can be used with sharp-edge assemblies).

d. Weight Increase:

(1) Certain applications can add excess weight to an assembly.

(2) Design techniques may be required in certain instances (e.g., air-borne or space components) to reduce weight;
(c.g., use of conformal coating rather than potting or casting).

(3) Certain foamed resins and low density (hollow bead) compounds can be used to reduce weight.

e. Adverse Dielectric Properties :

(1Y Components can increase circuit capacitance by having dielectric constants close to that of the embedding resin.
(2) With high frequency output, electrical losses can be increased; however, design methods can be used to com-
pensate for known dielectric properties, uniform for given conditions, in the circuit.

f. Variable Stresses in Cured Matrix:

(1) Shrinkage occurs during resin curing.

(2) Difference in coefficients of thermal expansion (resin/metal/glasses/other materials) is a source of problems —
i.e., breakage, crushing, other component damage but effects are lessencd with use of flexibilized resin. or
clastomer coatings, e g., silicones.

1-2



DARCOM-P 706-315

process generally is performed by housing the as-
sembly or component in a mold or case (which
allows for complete surrounding of the part by
polymer). The mold contains the diclectric poly-
mer during its change from liquid to solid state.
The mold is removed subsequently; the final
item takes the shape of the mold; and a smooth
uniform surface results.

1-2.2 POTTING

Potting is similar to the casting method, ex-
cept that the electronic component is placed in a
can, shell, or similar container. The use of such a
container is the difference between casting and
potting. The container will not be removed from
the finished part; thus, no release agent is used in
the method.

If the container is metal, a sheet of insulating
material may be placed between the clectronic
component and the can. This prevents shorting
out of the electrical circuit if some of the con-
ductors were to touch the inside surface of the
metal can. The use of an insulation sheet is most
important where the operating voltage is very
high.

In potting, a clear plastic shell may be used
and any internal defects which exist can be seen.
However, an opaque shell or container may also
serve to hide any minor surface blemishes which
are operationally unimportant but not desirable
as far as appearance is concerned. Many of the
surface defects are meaningless in that they do
not affect the function of the component.

Where adhesion to the can is defective (e.g.,
certain plastics such as polyesters with high
shrinkage) a high strength package does not re-
sult; the can may separate from the rest of the
item. The plastic shell must be selected carefully
so that it bonds well with the potting resin. At
times, the inside surface of the plastic can must
be roughened or abraded to insure proper
bonding with the resin. Another problem with a
potted unit is that spillage, overflow, and drop-
ping of the resin onto the outside surface of the
plastic container may occur. Cleanup is messy. If

the resin cures on the surface of the can, the end-
item looks shoddy. Solvent cleaning generally
cannot be used because the solvents may dis-
solve or soften the shell and potting resin; scrap-
ing is generally not satisfactory because ob-
jectionable scratches and defects may be left on
the surface of the part.

1-2.3 IMPREGNATION

Impregnation is the process by which all ex-
ternal air spaces in a component (e.g., coil or
stator) are filled with a resin. This generally is
performed by immersing the component in the li-
quid resin and applying a vacuum, pressure, or
both modes to better enable filling of spaces.

In impregnation, the component or assembly
is surrounded completely by the liquid resin
which is forced into all o the existing spaces of
the item. This resin is then cured or hardened.
Impregnation may be used alone or in combina-
tion with other embedding processes such as en-
capsulating, casting, or potting. Impregnation
results in resin penetration of the assembly,
whereas encapsulation yields only a coating with
minimal penetration into the component. Resin
penetration is highly desirable for certain elec-
trical parts, e.g., electronic transformers.

The assembly or component is submerged in
the catalyzed resin; either internal vacuum or ex-
ternal pressure (or a combination) is applied.
The time of this cycle is varied depending on the
extent of impregnation desired, lack of air bub-
bles required, resin viscosity, etc. Impregnation
may also be performed by centrifugal casting;
the part is placed in a mold, the mold is filled
with resin, and the entire set-up is spun at high
speed to force the resins into the interstices of the
assembly.

In certain applications, e.g., transformer ap-
plications, both encapsulation and impreg-
nation are desired. The dip-coating can be ap-
plied first. A hole is left in this coating so that low
viscosity resin can be forced into this hole after
the “dipped shell” has hardened. Thus, a con-
tainer for the impregnant is provided; drainoff of
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the latter material prior to hardening is pre-
vented.

1-2.4 ENCAPSULATION

Encapsulation defines any process that com-
pletely encloses a circuit or component (except
for leads) in a monolithic dielectric. Its definition
has been expanded (by some sources) to include
a relatively thick coating applied to an assembly;
this can involve dipping of the part in a high-vis-
cosity or thixotropic material to obtain a con-
formal coating on the surface with a thickness of
10to 50 mils or more. Problems which can be ex-
wetting,
nonuniform resin runoff, and variations in coat-

perienced include wvariable surface

ing thickness and surface uniformity.

1-2.5 TRANSFER MOLDING

Transfer molding is the process of forming
parts in a closed mold from a thermosetting
plastic conveyed under pressure (100 to 500 psi),
in a hot plastic state, from a transfer cylinder'. It
is a combination of injection and compression
molding designed to produce thermosetting com-
ponents. Encapsulation of electronic com-
ponents and complete electronic modules by
transfer molding is replacing liquid potting tech-
capacitors,
ductor, and glass diodes can be encapsulated

niques. Coils, resistors, semicon-
with epoxy molding powders under low pressure
(50 to 200 psi) and relatively low temperatures
(250° to 300°F). The following are advantages/
disadvantages of transfer molding compared with
potting :

Advantage Disadvantage

1. High initial cost of
equipment and

1. High speed output
of large volume
molds

Limitation of sensi-
tive components or
assemblies to pres-

sure and/or tem-

2. Short cure cycle 2.
3. Lower cost

4. Cleaner operation perature.

Transfer molding approximates compression
molding since the thermoset plastic is cured un-
der heat and pressure; the difference from com-
pression molding is that the plastic is heated to a
liquid or semiliquid state before molding and is
hydraulically forced into the closed mold via
sprues and runners. Intricate parts, with deep
holes and inserts, can be processed. A dry com-
pressed molding compound could damage metal
inserts and pins for holes; the semiliquid ma-
terials used in transfer molding flow around deli-
cate parts without damaging them. In transfer
molding, a definite amount of material is heated
at cach cycle to fill the mold cavity; in injection
molding, the plastic is kept in the heated cy-
linder with a part of it used at each plunger
stroke.

Transfer molding may be compared with com-
pression molding:

Advantage Disadvantage
1. Intricate sections 1. More waste ma-
(thin walls) can be terials (in runners,
used sprues)
2. Shorterloading 2. Degassing of parts
time is required (toeli-

minate voids)

3. Closer sections
and tolerances 3. More expensive
equipment and
4. More pieces mold- molds.

ed in one plunge

5. Less wear on molds
(from decreased
pressures)

For purposes of clectronic encapsulation,
epoxies and silicones (to a lesser extent for
special purposes) find wide use. Although other
plastic materials can be transfer molded, higher
working pressures or other restrictions obviate
their use with delicate components. These rela-
tively unsatisfactory resins include phenolics,
alkyds, diallyl phthalates, and ureas.
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The development of plastic compounds which
can be processed at low pressures makes pos-
sible the embedment of electronic packages by
transfer molding; such resins are made to have
very fast cure times (of the order of seconds to
several minutes). Low pressure allows em-
bedding of the delicate electronic assemblies with
no damage to the components nor distortion of
the assembly in the mold cavity during the trans-
fer process. The most widely used materials (for
up to 100" to 150°C service) generally are the
epoxies; these are excellent because they can be
made in the B-stage or partly cured state. In this
condition, the compound is a solid, dry material
which quickly becomes fluid or plastic under
heat and low pressure.

Typical transfer-molding compounds contain
powdered fillers; materials with fibers as fillers
do not usually flow well. Despite a fairly high
level of fragility, some work has been done with
compounds filled with hollow microspheres.
Transfer-molding resins are designed to flow at
low pressures, but some force will be imposed
upon the circuitry which must be strong enough
to resist damage. In embedding a module, care
must be taken to ensure a uniform, complete fill-
ing of the cavity with low resin turbulence.

Advantages of transfer molding as compared
to casting include increased production rates and
cleanliness of the work area. In most cases, trans-
fer molding when used to embed modules gives a
higher quality embedment than casting.

Multiple die cavities are used to produce large
numbers of embedded items per cycle. The
molds are of two- or three-piece steel which may
be plated, €.g., with chromium, for wear re-
sistance. Some molds can be evacuated prior to
entry of the resin; most are just vented. For em-
bedment of electronic modules and components,
molds are light and small and thus readily put
into or removed from the molding machine by
one operator; these molds are generally equipped
with insulated handles to prevent personal in-
jury from burns. In electronic embedment opera-
tions there is a problem of mold inventory. This

has been overcome to an extent by special mold
designs which have removable metal inserts to
adjust the size and shape of the cavity to one of
several sizes.

1-2.6 COATINGS (CONFORMAL AND
SURFACE TYPES)

Conformal coating is a term used to include
any dielectric application (of more or less con-
stant thickness) that follows the contour of the
circuit assembly. It can be applied by dipping,
spraying, or even brushing. The agent is high in
viscosity or thixotropic; coating thickness can
range from 10 to 100 mil. Though the coating
may impart some mechanical strength, its main
function is electrical insulation and protection a-
gainst contaminants from the surrounding at-
mosphere.

Surface coating is a term applied to a coating
that is brushed, sprayed, or vapor-deposited onto
a circuit.

1-3 CONSIDERATIONS FOR
CHOICE OF PROCESSES,
MOLDS, ETC.

A summary of the advantages, limitations, em-
bedding agent requirements, and typical appli-
cations is shown in Table 1-2 The five primary
embedding techniques are considered. These are
casting, potting, impregnation, encapsulation,
and transfer molding. Table 1-3 gives some re-
marks concerning the choice of either a casting or
potting procedure as related to item or process
characteristics such as skin thickness, surface ap-
pearance, repairability, item handling, as-
sembly, manufacturing cycle efficiency, tool
preparation, and maintenance.

Table 1-4 gives information on the selection of
molds when the casting procedure is used. The
advantages and disadvantages of mold material
and its fabrication are noted. 'Table 1-5 gives in-
formation on the shell or housing container when
the potting process is used®.
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TABLE 1-2.

BASIC CONSIDERATIONS FOR THE VARIOUS EMBEDDING PROCESSES

METHOD

Casting consists of pouring a
catalyzed or hardenable liquid
into a mold. The hardened
cast part takes the shape of
the mold, and the mold is re-
moved for reuse.

Potting is similar to casting ex-
cept that the catalyzed or hard-
enable liquid is poured into a
shell or housing which remains
as an integral part of the unit.

Impregnation consists of com-
pletely immersing a part in a
liquid so that the interstices are
thoroughly soaked and wetted;
usually accomplished by
vacuum and/or pressure.

Encapsulation consists of coating
(usually by dipping) a part
with a curable or hardenable
coating; coatings are relatively
thick compared with varnish
‘coatings.

Transfer molding is the process
of transferring a catalyzed or
hardenable material, under
pressure, from a pot or con-
tainer into the mold which con-
tains the part to be embedded.

ADVANTAGES

Requires a minimum of equip-
ment and facilities; is ideal for
short runs.

Excellent for large volume
runs; tooling is minimal. Pres-
ence of a shell or housing as-
sures no exposed components,
as can occur in casting.

The most positive method for
obtaining total embedding in
deep or dense assembly sec-
tions such as transformer coils.

Requires a minimum of equip-
ment and facilities.

Fconomica for large volume
operations.

LIMITATIONS

MATERIAL REQUIREMENTS

APPLICATIONS

For large volume runs, molds,
mold handling, and main-
tenance canbe expensive; as-
semblies must be positioned so
they do not touch the mold
during casting; patching of sur-
face defects can be difficult.

Some materials do not adhere
to shell or housing; electrical
short-circuiting to the housing
canoccur if the housing is
metal.

Requires vacuum or pressure
equipment which can be costly
In curing, the impregnating
material tends to run out of the
assembly creating internal
voids unless anencapsulating
coating has first been applied
to the outside of the assembly.

Obtaining a uniform, drip-free
coating is difficult; specialized
equipment for applying encap-
sulating coatings by spray
techniques overcomes this
problem, however.

Initial facility and mold costs
are high. Requires care so that
parts of assemblies are not ex-
posed. Some pressure is re-
quired, and processing tem-
peratures are often higher than
for other embedding opera-
tions.

Viscosity must be controlled so

that the embedding material com-

pletely flows around all parts in
the assembly at the processing
temperature and pressure.

Same material requirements as for

casting except that materials
which will bond to the shells or
housings are required.

Low viscosity materials are re-
quired for the most efficient and
most thorough impregnation.

Must be both high viscosity and

thixotropic; i.e., material must not

run off the part during the cure.

Should be moldable at the lowest

possible pressure and tempera-
ture, and should cure in the
shortest possible time for lowest
processing cost.

Most mechanical or electro-
mechanical assemblies within
certain size limitations canbe
cast.

Most mechanical or electro-
mechanical assemblics, subject
to certain size limitations and
housing complexity limitations.

Densec assemblies which must
be thoroughly soaked; clectric
coils are primary examples.

Parts requiring a thick outer
coating, such as transformers

For embedding small electronic
assemblies in large volume
operations.
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TABLE 1-3.

CONSIDERATIONS IN SELECTION OF CASTING OR

POTTING PROCESSES

CHARACTERISTIC
Skin Thickness

Surface Appearance

Repairability

Handling

Assembly

Manufacturing Cycle
Efficiency

Tool Preparation and
Maintenance

CASTING

Difficult to control; components can become
exposed in high component density packages.

Cavities and surface blemishes often require
reworking.

Resin exposed for easy access.

Handling and transfer of unhoused assembly
can reduce yield.

If molds are not well maintained, or if unit
fits tightly into mold, handling can cause
breakage of components.

Production rate usually limited by quantity of
molds.

Relatively expensive

POTTING

Controlled minimum wall or skin thickness, due
to thickness of shell or housing.

Established by surface appearance of shell or
housing, though problems can arise if resin spill-
age not controlled.

Shell or housing must be removed and re-
placed.

Most handling of unembedded unit can be in
housing.

Assembly is simplified since new shells or
housings are always used, and wall thickness is
controlled.

Output not limited by tools.

Costs are minimal.

G1€-90L d-NOJHVA
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TABLE 1-4.

CONSIDERATIONS FOR SELECTION OF MOLDS FOR
CASTING PROCESS

MOLD MATERIAL
AND FABRICATION

Machined Steel

Machined Aluminum

Cast Aluminum

Sprayed Metal*

Dip Molded*
(slush casting)

Cast Epoxy

Cast Plastisols

Cast RTV Silicone
Rubber

Machined TFE
Fluorocarbon

Machined polyethyl-
ene and polypro-
pylene

Molded polyethylene
and polypropylene

ADVANTAGES

Good dimensional control; can be made for
complex shapes and insert patterns. Good heat
transfer; surfaces can be polished.

Same as machined steel except more easily
machined.

None over machined aluminum, except lower
mold costs for high volume operations.

None over machined metal. Good surface pos-
sible.

Same as sprayed-metal molds.

Good dimensional control; surface can be
polished. Can be made for inserts and multiple
part molds. Long life and low maintenance.

Parts easily removed from molds. Molds are
easy to make.

Same as for plastisols. Better life than plastisols.

No mold release required. Convenient to make
for short runs and simple shapes. Withstands
high-temperature cures.

Same as listed for TFE fluorocarbon except
temperature capability and lower cost.

Same as listed for TFE fluorocarbon except
temperature capability and lower cost.

DISADVANTAGES

Assembly sometimes difficult. Can corrode.
Usually requires mold release.

Same as machined steel, except for corrosion.
Easily damaged, because of softness of metal.

Same as machined aluminum. Surface finish
and tolerances usually not as good as for ma-
chined aluminum. Complex molds not as ac-
curate as for machined metal.

Use usually limited to simple forms. Not always
casy to control mold quality. Number of quality
parts per mold limited. Requires mold release.

Same as sprayed-metal molds.

Dimensional control not quite as good as in
machined metal molds. Requires mold release
and cleaning. Low thermal conductivity com-
pared with that of metals.

Short useful life. Poor dimensional control.
Poor dimensional control, though better than
plastisols.

Poor dimensional control.

Poor dimensional control.

Poor dimensional control.

*Although sprayed metal molds and dip-molded iuolds are similar, differences in methods of making these two types may
give one an advantage over the other in specific instances.
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TABLE 1-5.

CONSIDERATIONS FOR SELECTION OF SHELL OR HOUSING
FOR POTTING PROCESS

HOUSING OR
CONTAINER

Steel

Aluminum

Molded thermosets
(epoxy, alkyd,
phenolic, diallyl
phthalate, etc.)

Molded thermoplastics
(nylon, polyethylene,
polystyrene etc.)

ADVANTAGES

Many standard sizes available. Easily plated
for solderability. Good thermal conductivity.
Easily cleaned by vapor degreasing. Good ad-
hesive bond formed with most resins. Easily
painted. Flame-resistant.

Same as for steel except plating ease. Light-
weight and corrosion resistant.

Many standard sizes available. Good insulator.
Corrosion-resistant. Color or identification can
be molded in. Terminals can sometimes be
molded in. Cutoff of resin-filled shell easier
than for metal cans. Same type of material can
be used for shell and filling resin, resulting in
good compatibility.

Same as listed for thermosets except last two
items. Often less prone to cracking than
thermosetting shells although this depends on
resiliency of material.

DISADVANTAGES

Can corrode in salt spray and humidity. Fit-
ting of lids sometimes a problem. Cutoff of
resin-filled can is sometimes difficult. Possibili-
ty of electric short-circuiting.

Same as for steel except aluminum is more
corrosion-resistant. Not easily soldered.

Does not always adhere to resin, especially if
silicone mold releases used to make shell. Seal-
ing of leakagejoints can be difficult. Physically
weaker than steel, especially in thin sections.
Molding flash can cause fitting problems.
Cleaning of resin spillage can break shells.

Same as first three items listed in thermosets.
Adhesion can be poor, owing to excellent re-
lease characteristics of most thermoplastics.
Shell can distort from heat. Cutoff canbe a
problem due to melting or softening of thermo-
plastics under mechanically generated heat.
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CHAPTER 2

GENERAL INFORMATION ON EMBEDDING RESINS,
AND PROCEDURES FOR USE

General information on the most widely used classes of polymers— epoxy resins, urethanes, anti silicones— and poly-
xylylenes are presented together with their advantages/disadvantages. General procedures for poiting, encapsulation,
and casting are discussed. Applications  the various polymers to specific components o electricallelectronic equipment

are outlined.

AGENTS USED FOR PRIMARY
EMBEDMENT OF ELECTRONIC
CIRCUITS

2-1

The upper-operating temperature limit of
semiconductors and other active electronic com-
ponents is about 85° C; thus, the service capa-
bilities of commonly used organic resins are ade-
quate for use at this temperature.

For most practical reliable cost-performance
purposes, the greater portion of embedding of
clectronic modules is done with one of three
classes of polymers—epoxy resins, urethanes, or
silicones. (The epoxies are used most frequen-
tly.) Where performance requirements of the
electronic system can be somewhat lowered,
other resins which can be used (but which have
been rapidly falling out of favor) include the
polyesters, thermosetting hydrocarbon resins,
thermosetting acrylic resins, and polysulfide
polymers’.

Another family of polymers, the polyxylylenes,
are finding special use as thin hole-free dielectric
coatings which are vapor-deposited on the sub-
strate assembly®. These are called Parylenes, a
Union Carbide development. These find use as
coatings for circuit boards, hybrid circuits, and
ferrites, among other components. The thinness
of the deposition gives protection without change
in dimensions, shape, or magnetic properties.
The Parylenes are discussed further in Chapter
6.

ADVANTAGES AND
DISADVANTAGES OF EPOXY,
URETHANE, AND SILICONE
EMBEDDING AGENTS

Those epoxies, urethanes, and silicones used

2-1.1

for module embedding have certain character-
istics which are important for successful appli-
cation. These polymers (with the exception of
polyurethane foams) are addition-curing rather
than condensation-curing—i.e., while curing
they do not give off water or an electrolyte (e.g.,
acid) that might harm the electronic compo-
nents®*. In addition, these polymers do not con-
tain volatile solvents; they are “100% solids”.
Solvent containing materials shrink greatly dur-
ing curing. The solvents also can cause swelling
or dissolve organic materials in the module sys-
tem. The epoxies, urethanes, or silicones can be
prepared as either uniform solids, or open or
closed cell foams. Since they are thermosetting,
or infusible when cured, they may soften slightly
with the application of heat; however, they de-
grade by charring before they will melt.

Table 2-1 shows the pros and cons pertinent to
the use of the three kinds of polymers in casting,
encapsulation, and potting processes.

2-1.2 POTTING AND ENCAPSULATION
WITH TWO-PART RESINS

This procedure can be used with most two-
part resin systems such as epoxies, urcthanes,
and silicones.

2-1
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TABLE 2-1. COMPARATIVE ADVANTAGES /DISADVANTAGES OF
CASTING. ENCAPSULATION, AND POTTING AGENTS

MATERIAL

Epoxy

Silicones

ADVANTAGES

Wide range of agents
available

Low shrinkage
Excellent adhesion

Good resistance to
environments, chemicals

Low exotherm

Wide temperature use
(—100° to +500°F)

DISADVANTAGES

Toxicity (dermatitis)

Per se, poor physicals/
mechanicals (i.e., brittleness;
low temperature reduction
in impact strength)

High cost

Poor adhesion to many
substrates

Flexibility

Urethanes

Abrasion resistance

Poor mechanical
properties

Toxicity (cyanate —
systemic poison)

Toughness; high impact

strength

Flexibility

Limited termperature
range (200°F max)

Some resing sensitive to
heat/moisture (i.e., reversion)

Molds are cleaned after cach use before reap-
plying mold release agent. The tool for cleaning a
mold is softer than the mold surface. Molds are
solvent washed with each cycle to prevent un-
wanted buildup of release agents. The most effi-
cient release agents are approximately 2% sol-
vent solutions of fluorocarbons or silicones; these
are spread or sprayed on the warm mold with the
carrier solvent evaporating to leave a thin release
film. The use of clean, fresh release agent solu-
tion is recommended.

To prevent improper bonding or inhibition of
resin cure, the electronic component must be
clean. Where possible, this is done by vapor de-
greasing (with a chlorinated solvent such as tri-
chloroethylene or perchloroethylene). Compo-
nents liable to injury by these solvents may be
treated with toluene, xylene, or aliphatic or
alcoholic-type solvents. The component is rinsed
with clean solvent and air-dried®.

2-2

The cleaned parts are positioned in the mold
cavity and kept from contact with the mold re-
lease agent. The mold must be assembled cor-
rectly; all retaining screws must be tight; and
mold faces must be aligned. As assembled, the
mold and part are heated (to the tolerance of the
electronic component). These procedures drive
off moisture and residual cleaning solvent which
insure maximum retention of electrical proper-
ties and full resin cure. At increased tempera-
tures, the embedment resins are more fluid and
flow into the mold easily. This tends to elimin-
ate voids and fosters better impregnation. Pro-
cessing under such conditions is easier; the mold
and part are at a somewhat higher temperature
than the introduced resin.

The resin and activator are used as follows. All
ingredients (less hardener) are added to a clean
nonreactive container. This is hand-mixed with
kneading for 2-3 min, followed with a 2-min mix
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with a power stirrer. The hardener is added and
followed by a power mix for 2-3 min. Degas, at
once, at 2 mm of Hg maximum (for at least 3
min). Improper weighing or mixing of the resin
components will probably degrade the physical,
chemical, and electrical properties of the pro-
duct; and failure in function may occur rapidly.

2-1.3 TYPICAL CASTING PROCEDURE
FOR EPOXIES, URETHANES, AND
SILICONES

Resin typically is introduced into the heated
mold (with its contents) by pouring from the
mixing container. In certain production sys-
tems, air-pressure power guns are used. The
filled mold is placed in a heated vacuum cham-
ber; pressure is reduced and held for about 5
min; and pressure is returned to atmospheric
gradually. The part is removed from the vacuum
chamber and placed in an oven set at the proper
initial cure temperature. Without proper oven
processing, the following problems may ap-
pear®’:

1. With too high an initial temperature —
occurrence of high stresses and cracking

2. With too short a precure time—occurrence
of deformation, reduced physical, mechanical
and chemical properties

3. With too short a postcure time — occurrence
of dimensional stability defects and degraded
chemical or eclectrical properties.

Where the viscosity of the resin exceeds 50,000
centipoise (cP), potting under vacuum is re-
quired. Mixing, degassing, and pouring arc done
under reduced pressure. For practical purposes,
all of the air and interfering gases are removed by
this method.

For resins with a viscosity of about 10,000 to
40,000 ¢P, complete handling under vacuum is
not required. A degasser fixture can be used with
a power mixer; the stirred resin is prepared un-
der vacuum. The material is poured into the
mold under normal pressure; the mold must be
open-faced to allow release of air at the top part
of the mold.

For resins with viscosities lower than 10,000
cP, a standard medium-vacuum chamber can be
used to degas the resin prior to pouring. Open-
faced molds are not entirely necessary. With the
mold at a slightly higher temperature than the
resin, removal of gases is faster.

The basic difference in design of molds for em-
bedment is that the pressure requirements are
much less than that required for plastic molding
(i.e., perhaps a few 1000 psi). The embedment
process requires a pressure range of 1 atmos-
phere to perhaps less than 500 psi. Thin metal or
flexible rubbery plastic molds can be used.

The pros and cons of several widely used mold
materials are given in Table 2-2.

2-2 USE OF AGENTS IN COATING
PROCESSES

The epoxies, polyurethanes, and silicones can
be used in coating form to provide protection and
insulation for electronic components®. These
materials find use with circuit boards, transfor-
mers, motors, connectors, modules, resistors,
diodes, etc. Circuit boards and items such as
welded electronic modules are coated as the last
step in fabrication. Without such protection,
these products would fail from moisture effects —
i.e., decrease in electrical insulation, electric
shorting, and corrosion. A conformal coating im-
parts rigidity of leads, solderjoints, and compo-
nents to prevent breakage or separations. Use of
conformal coatings allows the use of narrow con-
ductive paths and closer spacing of components.

Resin choice depends upon operating condi-
tions, storage requirements, cost considerations,
and repairability needs. Generally, these are
guidelines:

For Resin(s) Suggested

High temperature
application

Epoxies, silicones

Resolder capability Polyurethanes

*the polyxylylenes will be discussed in Chapter 6.
2-3
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TABLE 2-2. CHARACTERISTICS OF MOLD MATERIALS

MATERIALS

Steel
Takes abuse.

Aluminum or Brass

Cast Plastic (silicones, Low cost.
vinyl plastisols,

teflon)

Injected Plastic

ADVANTAGES

Retains dimensions.
Lasts a long time.

Fast heat dissipation.
Less costly to machine.

Mold release not needed.

Mold release not needed.

DISADVANTAGES

High machining cost.
Can corrode.
Mold release needed.

Damaged readily.
Mold release needed.

Poor dimensional control.
Limited use life—subject to
deterioration.

Limited temperature use to

(polyethylene, Low cost after first cost for 200°F or less.
polypropylene) injection molding Lack of dimensional
equipments. control.
For Resin(s) Suggested result from shrinkage and differential thermal ex-
pansion.
. - Especially with very costl rinted circuit
Repair capability Polyurethanes, b YoV v y P .
silicones board assemblies that must function with long-
. ) term reliability, defective components or solder-
Application ease Epoxies . . .
] ) ing must be replaced or repaired. In such in-
Adhesive strength Epoxies, stances, ease of removal of the dielectric resin is
polyurethanes . -
] ] ] required. Polyurethanes and silicones are com-
Moisture resistance Epoxies, paratively simple to remove and have found wide
polyurethanes.

Coating thickness can be from 0.5 to 20 mils.
Some conformal coatings may be as thick as 50 or
more mils. A typical use thickness might be in
the order of 1to 5 mils. Very thick coatings (e.g.,
with rigid coatings) can lead to cracking of com-
ponents (i.e., glass diodes and resistors). Stresses

use in conformal coatings. The clastomeric sili-
cones are readily removed by cutting but they are
soft and show poor adhesion. Polyurethanes pre-
sent more difficulty; they are removed by treat-
ing with solvents, chemical strippers, or by use of
a hot soldering iron. Replacement of the cut-out
or burn-out generally is performed by using the
original unreacted resin for filling.
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CHAPTER 3
EPOXY EMBEDDING RESINS

The chemical, physical, and electrical Properties of the basic types of epoxies are given together with the alteration of

these properties by curing agent and the addition of fillers.

3-1 GENERAL CHARACTERISTICS

OF EPOXIES

Epoxies are the most important resins for elec-
tronic embedding. Reasons for this include ease
of handling, broad use range in the majority of
extreme environments, low shrinkage on cure,
and good bonding to many materials. A very
large overwhelming number of epoxies and their
variants exist; variants in processing and end-
product properties are marketed; and cured
epoxies are extant in rigid and flexible forms.
Flame retardant properties are now available 2

Epoxy resins have an important function in the
encapsulation of relatively complex, fragile com-
ponents (such as synchro-motors or synchro-
transformers). Such assemblies require a com-
pound to seal, bond, and locate the coils, printed
circuit board, and magnetic core components. A
rigid (generally highly filled) epoxy retains the
positioning and dimensional stability of the
assembly. Protection from environmental effects,
contaminants, etc., is established.

A potentially great source of unreliability in
motors is the stator windings. Tape winding
and/or varnish impregnation of the coil wires
have been a common practice; this method is be-
ing replaced by the use of rigid epoxy encap-
sulants. The results are that such stators are
cleaner, show more dimensional stability, and
have enhanced insulation propertics and more
mechanical or environmental protection.

Common basic types of epoxies include the
bisphenolics, the epoxy novolacs, and the
cycloaliphatic diepoxides. Principal curing
agents include the amine types, acid anhydrides,
piperidine, and boron trifluoride ethylamine.

Flexibilizers have been developed to reduce
the inherent cured hardness and uncured liquid
viscosity of epoxy systems. Viscosity lowering
allows easier working with the resins; hardness
decrease makes the cured epoxy more resistant to
thermal and impact shock, allows dampening,
etc. Agents which may be used include
polyamides, polysulfides, polycarboxylic acids,
and polyurethanes. Viscosity diluents may be
either reactive or unreactive. Additionally, fillers
can be used as modifiers.

Epoxies are stable up to 300°F (reasonably
long term); some anhydride- and aromatic
amine-cured types can be used to 400°F (limited
time). Beyond this, decomposition (with signifi-
cant changes in electrical properties) occurs. The
stability of epoxies is higher than that of
polvurethanes (275°F) and lower than that of
silicones (500° to 600°F).

3-1.1 ELECTRICAL PROPERTIES OF

EPOXIES

The clectrical properties of epoxies are good;
they have been found suitable under conditions
requiring high performance (e.g., to 300°F with
relative humidities of 95 to 100%). Volume
resistivities are temperature dependent and are
of the order of 102 to 10*® ohmecm (25") (see
Table 3-1). The low value of 10* ohmecm still
allows the epoxy to be suitable for many applica-
tions.

Diclectric constants and dissipation factors are
low for epoxies. These range respectively from
3to 6 and 0.003 to 0.03 (25°C at 60 to 10® Hz).
With higher frequencies, dielectric constants
drop somewhat (e.g., from 3.0at 10® Hz to 2.7 at
10% Hz).

3-1
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TABLE 3-1.

VOLUME RESISTIVITY VERSUS TEMPERATURE

FOR AN AMINE#*-CURED BISPHENOL-A EPOXY

Temperature, °C

Volume Resistivity, ohmecm

23
66
93
121
149

2.05 X 10"
1.97 X 10%®
9.3 X 10"
2.43 X 109
3.68 X 108

*Diethanolamine used as hardener

Diclectric strength values are high. Ranges are
300 to 450 V/mil for 125-mil thick samples;
values as high as 1500V may be found with 1-mil
thick specimens. Arc resistances of unfilled resins
may range from 80to 100s. With the incorpora-
tion of fillers, arc resistances of 125to 225 s can
be attained (e.g., as a function of the filler and
hardener). Fillers which have found to give
higher values include silica, mica, zirconium
silicate, and hydrated alumina. The use of 45 to
60% (by weight) of hydrous magnesium silicate
is shown to improve antitracking in epoxies. Sur-
face roughening or partial exposure of filler parti-
cles at the resin surface yields improvements in
arc resistance’.

3-1.2 RESIN VISCOSITY; EXOTHERM
DURING CURE

Two propertics of importance are resin
viscosity and the exotherm shown during cure.
Basic resin viscosity, which may be too thick for
embedding, is decreased by heating (Fig. 3-1);
the reaction-heat of an epoxy system is partly a
function of the curing agent, the cure tem-
perature, and the bulk mass of the resin. Mass
should be kept small when using certain epoxy
systems which give heat on curing.

Viscosity must be low enough to allow ade-
quate penetration and filling-in of the assembly
to be embedded; temperature from reaction-to-
cure should generally be kept below 150°F.

3-2 BASIC TYPES OF EPOXIES

The most common basic epoxy resin, derived
from the reaction of bisphenol A with epi-
chlorohydrin, is called the diglycidyl ether of

3-2

bisphenol A (DGEBA or epi-bis types). Some
American trademarks for this agent include
DER-332 (Dow), Epon 828 (Shell),and BK 2774
(Union Carbide “Bakelite”). The general struc-
ture of the epoxy oligomer is shown in Fig. 3-2.
Such epi-bis epoxies are liquid at room tem-
perature; others show increases in viscosity; and
some are solids which melt at approximately
150°C. The higher the melting point of the
epoxy, the less curing generally is needed. Cured
properties of these resins are similar; however,
toughness does increase as the melting point of
the unreacted epoxy is increased. Most of these
epi-bis resins are light yellow; transparent and
colorless epoxies are available for use in optical
devices.

Table 3-2 gives information on bisphenol A
type epoxies from various companies.

The cycloaliphatic epoxies contain a saturated
ring in their structure. They do not contain
chlorine which may be present in some epi-bis
epoxies (such chlorine, on hydrolysis, can
degrade electrical devices). Cycloaliphatics have
excellent arc-track resistance, good eclectrical
propertics under harsh environments, good
weathering resistance, high heat-deflection tem-
peratures, and good retention of color with ex-
posure or aging. Some of the cycloaliphatics
show low viscosity*®®.

The anhydrides are typically used as curing
agents for the cycloaliphatics; however, some are
reactive with amines. Table 3-3 shows how
blending of cycloaliphatics (flexible with a rigid
resin) gives a range of properties.

Novolac epoxies are made from the reaction of
phenolic or cresol novolacs with epichlorohydrin.
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Figure 3-1. Viscosity-Temperature Curve for a Standard Bisphenol Epoxy Resin
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Figure 3-2. General Structure of the Epoxy Oligomer
TABLE 3-2. EQUIVALENT BISPHENOL-A TYPE EPOXIES
Ave. Viscosity
Molecular at 25°C, Epoxy Shell Dow Ciba-Geigy | General Mills Union Carbide
Weight cP Equiv. Epon DER Araldite Gen Epoxy Bakelite ERL
340-350 4000-5500 (liq.) 173-179 — 332 — 175 —
6500-10000 178-193 826 X2633.11 6005 177 —
350-400 10000-16000 185-200 828 331 6010 190 ERL-2774
340-400 500-700 179-194 815 334 506 M180 ERL-2795
5000-15000 175-210 820 — 6005 — —
>90000 225-290 834 — 6010 —

3-3



DARCOM-P 706-315

TABLE 3-3. CAST-RESINDATA ON BLENDS OF CYCLOALIPHATIC EPOXY RESINS

Resin ERL-4221,* parts 100 75 50 25 0
Resin ERR-4090, * parts 0 25 50 75 100
Hardener, hexahydrophthalic

(HHPA), phrt 100 83 65 50 34
Catalyst (BDMA), phrt 1 1 1 1 1
Cure,h/"C 2/120 2/120 2/120 2/ 120 2/ 120
Postcure, h/ "C 4/160 47160 4/160  4/160  4/160
Pot Life,h/"C >8/25 >8/25 >8/25 >8/25 >8/25
HDT (AS'T'M D 648), °C 190 155 100 30 -25
Flexural Strength (D 790), Ib/in® 14,000 17,000 13,500 5,000 Too Soft
Compressive Strength (1) 695),

Ib/in? 20,000 23,000 20,900 Too soft  Too soft
Compressive Yield (D 695),

Ib/in® 18.800 17,000 12,300 Toosoft  Too soft
Tensile Strength (D 638), Ib/in? 8.000- 10,500 8,000 4,000 500

10,000

Tensile Elongation (D 638), % 2 6 27 70 115
Diclectric Constant (1) 150), 60 Hz:

25°C 2.8 2.7 2.9 37 5.6

50°C 3.0 3.1 3.4 4.5 6.0

100°C 2.7 2.8 3.2 4.9 Too high

150°C 2.4 2.6 3.3 4.6 Too high
Dissipation Factor, dimensionlcss:

25°C 0.008 0.009 0.010 0.020 0.090

100°C 0.007 0.008 0.030 0.30 Too high

150°C 0.003 0.010 0.080 0.80
Volume Resistivity (D 257),

ohm-cm 1 X 10¥ X102 1 x10% 1X10° 1 X 10°
Arc resistance (D495), s >150% >150 > 150 >150 >150

*Union Carbide Corp.
+Parts per 100 resin.

iSystems started to burn at 120s. All tcsts stopped at 150s.

These resins show high-vicosity or are
semisolids. They can be blended with other
epoxies to improve handling characteristics. The
novolac epoxies cure faster than epi-bis epoxies
and show higher exotherms. The cured resins
have higher heat deflection temperatures than
the epi-bis resins. This is shown in Table 3-4.

Table 3-5 compares the uncured properties of
an epoxy novolac and epi-bis epoxy.

Table 3-6 compares the electrical properties of
a cured novolac epoxy versus an epi-bis resin.

Table 3-7 compares the chemical resistances of
the novolac versus the epi-bis epoxies.

Table 3-8 shows additional epoxy novolac and
other types of epoxy resins.

3-3 CURING AGENTS FOR EPOXY
RESINS

On adding proper curing agents, epoxy resins
are polymerized to hardened cross-linked three-

3-4

dimensional solids. This occurs by an addition or
catalytic reaction’. In the addition reaction, the
curing agent (called a hardener) combines with
the epoxy polymer molecule and acts as a cross-
linking agent for binding epoxy molecules; this
type of reaction is called heteropolymerization.
With catalytic reactions, the self-polymerization
of the epoxy is enhanced; this is called homo-
polymerization.

Many types of hardeners and catalysts are
commercially available; additionally, many wvari-
ants of epoxy resins can be found'. The hardener
delineates the cure schedule—time and tem-
perature for maximum thermoset propertiecs —
and whether the system can be cured at room
temperature or requires the use of elevated
temperature.

3-3.1 AMINE CURING AGENTS

Amines find use as curing agents for epoxies.

These include aliphatic, aromatic, amine adduct,
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TABLE 3-4. HEAT-DISTORTION TEMPERATUES* OF BLENDS OF
NOVOLAC EPOXY AND EPI-BIS RESINS
Hardener D.E.N.438+ | 75/25 | 50750 | 25/75 | D.E.R.332%
TETA § § 133 126 127
MPDA 202 192 180 _ 165
MDA 205 193 190 186 168
5% BF,MEA 235 — — 204 160
HET 225 213 205 203 196

*Heat-distortion temperature, "C (stoichiometric amount of curing agent—

except BE;MEA—cured 15h at 180°C).
{ Novolac resin, Dow Chemical Co.
iEpi-bis resin, Dow Chemical Co.

§ The mixture reacts too quickly to permit proper mixing by hand.

TETA = triethylenetetramine
MPDA = m-phenylene diamine
MDA = methylenedianiline

BF;MEA = boron trifluoride monoethanolamine

HET = chlorendic anhydride

TABLE 3-5. COMPARISON OF UNCURED RESIN PROPERTIES FOR
AN EPOXY NOVOLAC AND A BISPHENOL-A EPOXY

D.E.N. 438 D.E.R. 331
Property (novolac) (bisphenol)*
Color, (Gardner-Holdt, 1953) 5 5
Epoxide Equivalent Weight (Dow Method AS-EPK-A) 175-182 187-193
Viscosity (77°F, 25°C, Dow Method AS-EPR-B),cP Semisolid 11,000-16,000

Viscosity (125°F, 52°C, Brookfield Model LVT,
no. 4 spindle at 6 rpm), cP

Viscosity ofelevated temperatures (conversionfrom

Gardner-Holdt tubes),cP:
50°C
60°C
75°C
90°C
Molecular Weight
Epoxy Functionality

30,000-90,000 —

45,000 —
11,000 —
2,600 —
900 —
600
3.3

*1).E.R. is the trademark of The Dow Chemical Co. for epoxy resins.
} Based on experimental method giving a lower molecular weight than the true value.

alicyclic, tertiary, and latent curing amines. The
characteristics of such hardeners are shown in
Table 3-9.

Amines are used very widely for curing epoxy
resins; rapid cures at room temperature in 1 or
2 h are possible. With slight increase in temper-
ature (100" to 120°F), cures on the order ot ap-
proximately 5 min are possible.

Polyamines are used in concentrations of 4 to
20 parts per hundred (phr) resin. The resultant

cured epoxies show excellent chemical and sol-
vent resistance, electrical properties, and both
thermal and vacuum stability. When the epoxy
system is postcured at somewhat elevated tem-
peratures, such mentioned characteristics are
improved.

The primary, secondary, or tertiary amines
can cause skin irritations, have an offensive odor,
and are corrosive in air. For such reasons they

are offered as modified materials under

3-5
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3-6

TABLE 3-6. COMPARISON OF ELECTRICAL
PROPERTIES FOR A CURED EPOXY NOVOLAC AND
A BISPHENOL-A EPOXY*

D.E.N.438 D E.R.331
Property Original After 24 Original After 24
Sample h in H,O Sample h in H;O
Dielectric constant +t,
dimensionless :
60 Hz 3.78 3.82 4.12 4.19
103 Hz 3.74 3.80 4.07 415
10® Hz 3.39 3.44 3.55 3.61
Dissipation factor f,
dimensionless :
60 Hz 0.0027 0.0021 0.0035 0.0043
103 Hz 0012 0012 0.015 0.016
10° Hz 0.024 0.025 0.032 0.032
Volume resistivity §,
ohm-cm 0.380x 10| 0.183 X 10| 0.181 X 10| 0.231 X 10*

*D.E.N. is novolac; D.E.R. is bisphcnol. D.E.R. 331 cured with MDA for 16h

at 25°C + 4.5h at 166°C; D.E.N. 438 cured for 1 h at 93°C +

16 h at 177°C.

+ASTM D 150-54T before and after 24-h water soak.
$ASTM D 669-42T before and after 24-h water soak.
§ASTM D 257-57T (1 min clcctrification at 500 V direct current, results in

ohm-centimeters.

TABLE 3-7. COMPARISON OF CHEMICAL
RESISTANCE FOR A CURED EPOXY
NOVOLAC AND A BISPHENOL-A EPOXY*

Weight Gain, + %

Chemical D.E.N.438 D.E.R.331
Acetone 1.9 12.4
Ethyl alcohol 1.0 1.5
Ethylene dichloride 2.6 6.5
Distilled water 1.6 1.5
Glacial acetic acid 0.3 1.0
30% sulfuric acid 1.9 2.1
3% sulfuric acid 1.6 1.2
10%sodium hydroxide 1.4 1.2
1% sodium hydroxide 1.6 1.3
10%ammonium hydroxidc 1.1 1.3

*One-year immersion at 25°C; cured with methylene dianiline:
gelled 15 h at 25°C, postcurcd 4.5 h at 166°C; D .E.N. 438 cured

additional 3.5 h at 204°C.

+Sample size 0.5 X 0.5 X 1in.
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TABLE 3-8. OTHER EPOXY TYPES AND PROPERTIES
Viscosity
Epoxy Specific at 20°-25°C,
Trade Name Chemical Type Equiv. Gravity cP
DowDEN 438 Epoxy Novolac 175-182 Semisolid
Ciba Araldite DP-419 Epoxy Novolac 182 4500
Ciba Araldite DP-412 Epoxy Novolac 208 e 11000
Union Carbide ERL-2255 Peracetic acid-bisphenol blend 160 1.16 2000
Union Carbide ERL-2256 Pcracetic acid-bisphenol blend 140 1.16 700
Dow X-2673.6 Aliphatic diglycidyl ether 195 1.15 50
Dow X-2673.2 Aliphatic diglycidyl ether 330 1.06 60
Ciba Araldite DP-437 Aliphatic diglycidyl ether 385 1.13 3500
Union Carbide UNOX Epoxidc 206 | Vinylcychlohexene dioxide 74-76 1.1 8
Union Carbide ERL-4221 3,4 epoxyl cyclohexymethyl 126-140 1.16-1.17 350-450
3,4 epoxy cyclohexane
carboxylate

numerous tradenames. They may be supplied as
eutectics, adducts with low molecular weight
epoxies, or complexes with boron trifluoride.
Such variants show reduced vapor pressures; ac-
tion as a skin irritant also may be reduced.
Another advantage of the modified amines is that
che pot life of a formulation can be controlled and
extended.

Information on specific types of amine curing
agents, their designation, and typical sources or
suppliers is shown in Table 3-10.

Other amine curing agents that can find use as
epoxy hardeners include tetraethylene penta-
mine {TEPA); iminobispropyl amine; xylylene
diamine; menthane diamine; benzyl dimethyla-
mine; dicyandiamide; iminobispropyl amine; «a-
2(dimethylaminomethyl)-
phenol; and 2,4,6-tris (dimethylaminomethyl)-
phenol. Table 3-11 shows properties of castings

methylbenzylamine;

hardened with typical aliphatic polyamines,
polvamides, and derivatives.

3-3.2 CATALYTIC AGENTS

Certain Lewis acid and base compounds in-
itiate epoxy curing to give high molecular weight
polyethers.

Typical Lewis base catalysts—which can
donate an electron pair in reactions— are
triethylamine; uenzyldimethylamine; cv-
methylbenzylamine; z-(dimethylaminomethyl)-

phenol®; and 2,4,6-tris (dimethylaminomethyl)-
phenol**. Lewis acid catalysts—which can ac-
cept an electron pair in reactions—are boron
trifluoride, boron trichloride, aluminum
chloride, zinc chloride, ferric chloride, and stan-
nic chloride.

Tertiary amines generally neced moderately
elevated temperatures to cure low molecular
weight glycidyl ether resins; room temperature
cures are feasible with high mnolecular weight
epoxies having large quantities of hydroxyl
groups.

Tertiary amine catalysts are used in amounts
of 5 to 15 phr; Lewis acids or acid-amine com-
plexes are used at 2 to 4 phr. Both the amine
bases or acids can be difficult in handling; they
are highly reactive and show very short pot lives.
They may be corrosive or irritating gases; and li-
quids can be noxious, toxic, or skin irritants.

Boron trifluoride (BF;) is very highly reactive
in the catalytic cure of epoxies; it is impractical
to handle for controlled reactions. Such a reac-
tive agent is supplied as latent catalysts or
modified to reduce vapor pressures, toxicity, and
to extend pot lives. Such complexes include:

1. Boron trifluoride — monoethylamine com-
plex (BF;-400)

* ** Respectively DMP-10 and DMP-30; supplied by
Rohm & Haas Co.

3-7
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TABLE 3-9. CHARACTERISTICS OF
AMINE CURING AGENTS FOR
EPOXY RESINS

—

. Aliphatic Amines :

a. Used to cure epoxy resins at room temperature

b. High exothermic reaction of the curing agent with the
epoxy

. Cure rapidly with rapid mold cycles

. Toxic, e.g., dermatitis

. Short 15-30 min pot life

. Moderately low heat distortion, 150° to 200°F

. Good wettability and adhesion

. Careful mixing/weighing required

. Some noxious odor

j. Liquid in form,

0% - 0 O

[\

. Aromatic Amines:

a. Used to cure at elavated temperature

b. Some solid forms

c. 4-6 hpot life

d. Heat distortion 250" to 320°F

¢. Electrical properties better than with aliphatic hard-
eners

f. Brittle, may crack.

3. Amine Adducts— from reaction of aliphatic amine with
~ nonstoichiometric fraction of butyl or
phenyl glycidyl ether:
a. Similar to aliphatic amines in characteristics
b. Adducts give convenient increase in ratio of hardener/
epoxy
¢. Cure time lengthened.

4. Alicyclic Amines:

a. Used for heat cures with epoxies

b. Long pot life—8 h

¢. Used with fillers/modifiers for potting, ctc.
d. Toxic

¢. Skin irritant

(3]

.Tertiary Amines:

a. No available hydrogen atom

b. Fast reactivity with heat

c. Short pot life

d. Used to catalyze anhydride curing agents
e. Toxic

f. Skin irritant

6. Latent Curing Agents (allow 1 part epoxy system; long
shelf life, e.g., 0.5 to 1 yr; cured
with heat in several hours; elec-
trical properties may be low-
ered

2. Boron trifluoride — aniline complex

3. Boron trifluoride— monoethanolamine
complex

4. Boron trifluoride —trimethylamine com-
plex.

3-8

A Lewis base catalyst such as DMP-30, a ter-
tiary amine (see Fig. 3-3) can be used as the ethyl
hexoate salt; pot life is extended from 30 min to 3
to 6 h. The complexes break up gradually at
room or higher temperature and liberate the ac-
tive catalyst form.

3-3.3 ACID ANHYDRIDE HARDENERS

Dicarboxylic acids, such as the anhydrides,
open up an epoxy ring and become part of the
cross-linked structure as an ester linkage'. Com-
pared with amine-cured systems, the anhydride-
cured resins show better thermal resistance,
higher distortion temperatures—300°F, about 75
deg to 100 deg F higher than amine-cured
resins—and improved clectrical propertiecs. Low
dielectric constants (2.8 to 3.0) can be attained.
Anhydrides are used from 30 to 140 phr. Accel-
erators or catalysts are usually needed. With 0.1
to 5 phr tertiary amine as catalyst, epoxy com-
positions can be formulated which are stable to
12h (RT), have a low viscosity, and can be cured
at 250°F. Where the epoxy contains more
hydroxy than epoxy groups, i.e., solid bisphenol
A types, the higher hydroxy content can initiate
the reaction without use of a tertiary amine
catalyst. These systems have a comparatively low
peak exotherm. Dermal initiation is minimized.
Liquid forms of anhydride containing epoxies are
extant which have a pot life of about 2 mo at 25°C.
Chlorinated (or brominated) anhydrides are
used for flame-retardant compounds. A com-
monly used agent is chlorendic anhydride; it is
highly reactive and does not need the use of an
accelerator.

Table 3-12 gives information on the types,
designations, and sources of commonly-used
anhydride curing agents.

3-4 FLEXIBILIZATION AND
MODIFICATION OF EPOXIES

Modified polyamides are common flexibilizers
for epoxy resins. Epoxy-curing polyamides are
condensation products of dimer or trimer vege-
table oils or of polyunsaturated fatty acids with
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TABLE 3-10. AMINE CURING AGENTS COMMONLY USED
WITH EPOXIES
TYPE DESIGNATION TYPICAL SOURCE:
Aliphatic Amines:
diethylenetriamine DTA or DETA Dow, Jefferson, Union Carbide
tricthylenctetramine TETA Jefferson, Union Carbide, Shell
hexamethylenediamine HMDA Du Pont, Celanese
silicone amine DC-XR-6-2114 Dow-Corning
Aromatic Amines:
m-phenylene diamine MPDA Du Pont, Allied
diamino diphenylsulfone DDS Polychemical Labs, RSA Corp.
met hylenedianiline MDA Allied, Dow
Amine Adducts:
diethylaminopropylamine DEAPA Shell, Union Carbide
oleﬁ_n ox1de-polyam1ne:s — Shell, Union Carbide, Ciba
glycidyl ether-polyamines — Shell, Union Carbide, Ciba
Alicvclic Amines:
piperidine — Bacon, Du Pont, Riley Tar
N-aminoethyl piperazine AEP Jefferson, Union Carbide
Tertiary Amines:
tricthylamine TEA Pennsalt, Union Carbide
Latent Catalysts/Curing Agents:
boron trifluoride monoethylamine
complex BF.-400 Union Carbide, Ciba, Harshaw
boron trifluoride monoethanolamine
complex — Harshaw
dicyandiamide “dicy” American Cyanamid

polyamines. The amino groups (primary and
secondary) are epoxyreactive (not the amide
groups). General Mills Versamid—i.e., 115, 125,
etc.—are quite often used; these are viscous
slightly colored fluids.

related modified
polymides act as flexibilizers; polyamide content
greater than the equivalent reactive quantity
adds flexibility to the epoxy resin (Table 3-13).
Epoxy-polyamides can be rigid, semirigid, or

These Versamids and

flexible. The resins are very good for potting and
casting. They bond to most metals, thermo-
plastics, and thermoset resins. Properties in-
clude high impact strength, good chemical and
solvent resistance, low shrinkage and exotherm,
low- to no-toxicity, and good handling proper-
ties. Pot life is 2 to 4 h; curing is at 25°C or
higher. A typical semirigid potting agent might

be 1 part polyamide with 1 part standard
bisphenol-A epoxy plus about 10-25% filler to
decrease shrinkage and reduce excess flow.
Organics that modify epoxies are reactive
diluents, polysulfide clastomers (Thiokols),
polyurethanes and certain plasticizers, poly-
gylcols, polyesters, trimeric acids, etc'®. Proper-

ties of these organics follow:

1. Reactive diluents react and become an in-
herent part of the cured epoxy. Some of these in-
clude phenyl glycidyl ether, allyl glycidyl ether,
and styrene oxide. These lower viscosity and ex-
otherm; pot life and flexibility are increased. Dis-
advantages include dermatitis, and physical and
clectrical characteristics of the thermoset resin
can be lowered —to partly prevent this only 10to
15 phr resin are typically used.

3-9
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TABLE

3-11

PROPERTIES OF CURED CASTINGS ACHIEVED WITH TYPICAL ALIPHATIC POLYAMINES,
POLYAMIDES, AND DERIVATIVES"

Glycidyl
Diethylene- Menthane- N-Aminoethyl Ether Poly-
Property triamine diamine Piperazine Polyamide' amine Adduct
Concentration of Curing Agent” 12 22 20 100 25
Gel Time®, min 30 480 20-30 180 20-30
Curing Cycle Gel at 25°C 2 hat 100°C Gelat 25°C Gel at 25°C 10days at
+2hat + 3hat +2hat +3hat 23°C
100°C 200°C 150°C 120°C
Heat-Distortion Temp., "C 122 151 110 58 102
Compressive Strength:
Ultimate, psi 16,700 19,500 13,800 7,200
Yield Stress, psi 9,800 10,500 8,700 15,000
Modulus, psi 520,000 390,000 280,000 205,000 590,000
Deformation at Yield, Yo 3.9 3.5
Deformation at Ultimate, % 8.0 10.5 13.0
Tensile Strength:
Ultimate, psi 10,900 9.000 9.600 5,500 7,500
Yield Stress, psi 5,300 6,000 5,000 2,200 10,500
Modulus, psi 410,000 440,000 400,000 245,000 510,000
Elongation at Yield, Yo 1.5 1.5 1.4 38 1.7
Elongation at Ultimate, % 6.3 2.9 8.8 9.0 2.4
Notched Izod Impact Test,
ftelb/in. width 0.59 0.70 0.85 1.2 0.6
Arc Resistance, ASTM D-495, s 85 102 78 80 92
Dielectric Strength,
ASTM D-149-35], §/S at 23°C.
V/mil 465 460 400 +70 450
Dielectric Constant at 23°C,
dimensionless :
60 Hz 4.1 5.3 3.0 3.2 43
103Hz 3.85 5.15 2.95 3.1 4.1
Dissipation Factor at 23°C,
dimensionless
60 Hz 0.015 0.005 0.018 0.035 0.0115
103Hz 0.020 0.018 0.025 0.033 0.0260
Chemical Resistance, % weight gain:
After 3 h inboiling acetone 0.63 1.70 Disintegrates Disintegrates 1.50
After 24 h in boiling 11,0 0.51 1.5 2.8 3.6 2.0

"Basis: diglycidyl ether of bisphenol A, epoxy equivalent 180-195.

'Amine value 215 (mg KOH equivalent to basg

"Concentration in parts per hundred, phr =

?Gel time at 23°C in 1-qtmass.

o
qu

nifro
v

epoxide equiv. of epoxide

i -
TORS amine 8 Sample).

X 100.

S1€-90L d-INODHVYQA
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(1,4,5,6,7,7-hexachlorobicyclo
[2.2.1]-5-heptene-2,3
dicarboxylic

Nadic

1,2,3,4-cyclopentane

tetracarboxylic acid

HET anhydride
NA

CPDA

OH H CHj —1
R -N < oR
H CH,
R
Figure 3-3. General Form of Lewis Based Catalyst DMP-30
TABLE 3-12. ANHYDRIDE CURING AGENTS USED
WITH EPOXIES
TYPE DESIGNATION TYPICAL SOURCE

Aliphatic

dodecenylsuccinic DDSA* Allied, Monsanto, Shell

polysebacic PSA Wallace and Tiernan. Inc
Aromatic:

phthalic PA Many suppliers

trimellitic TMA Amoco

nadic methyl™ NMA Allied

tetrahy drophthalic THP Allied, Petrotex

pyromellitic Aceto, Du Pont, Guardian

Chem

Alicyclic:

hexahydrophthalic * Allied, Petrotex

chlorendic CA (seebelow, HET)  Velsicol, Hooker

Hooker
Allied

UOP Chemical

*Very commonly used generally because of handling ease.

TABLE 2-13. PROPERTIES OF EPOXY-POLYAMIDE SYSTEMS

Epoxy-Polyamide

Weight Ratio 80:20 70:30 60:40 50:50 40:60
Heat-Distortion
Temperature, °F 220 215 136 100 65
Hardness, Shore D 98 95 90 80 60
Specific Resistivity, ohm-cm 10t 10% 10 1012 10
Moisture Absorption, % 0.15 - 0.20 — 0.50
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2. Polysulfides are basically low in toxicity.
High flexibility is attained with their use. A dis-
advantage is that they deteriorate somewhat over
200°F.

3. Fixed plasticizers are compatible with

epoxies; though nonreactive, they produce good
flexibility. These agents reduce viscosity and aid
low temperature impact resistance. Bleeding out

of the hardened resin is common.
4. Polyurethanes are used to increase crack

resistance, toughness, and flexibility of epoxies".
Table 3-14 shows the effects of epoxy-

polyurethane weight ratios.

3-5 EFFECTS OF FILLERS IN
EPOXIES

In epoxy systems fillers have these primary
etfects :

1. Reduce cost

2. Lower thermal expansion effects

3. Increase heat conduction
4. Increase viscosity

5. Slow reaction rates (greater pot life, less
peak exotherm).

The MOT€ Inportant fillers used include silica,
calcium carbonate, talc, aluminum oxide, iron

oxide, feldspar silicates, quartz, asbestos, ground
ceramics, and glass powders. Particle size is
critical; particles too large settle out rapidly, and

powders too fine may cause an undesirable
viscosity increase. The filler is introduced into

the fluid epoxy slowly to prevent trapping of air
and to insure proper dispersion. In many €ases
final mechanical mixing; of the compound is done
under nominal vacuum conditions.

Other effects that may be attributed to the use
of fillers are reduction in weight loss of the cured
epoxy under use-conditions and improvement in
fire retardance (i.e., burning rates can be de-
creased through the incorporation of antimony
oxide or phosphates)®.

Table 3-15 gives data on the effects of calcium
carbonate or mica filler on a general type epoxy.
Reductions in compressive and tensile strengths

TABLE 3-14. PROPERTIES OF EPOXY-POLYURETHANE

SYSTEMS
Epoxy-Polyuret hane
Weight Ratio 25:75 50:50 75:25 100:0
Ultimate Tensile Strength, psi 2050 6000 10,000 10,000
Ultimate Elongation, % 350 10 10 10
Hardness, Shore D 15 80 85 90

Heat-Distortion Temperature, °F

— 100 176 260

TABLE 3-15. EFFECTS OF FILLERS ON
EPOXY RESIN PROPERTIES

Calcium
Property Unfilled Carbonate Mica
Coefficient of Linear Expansion, 10-%/°C 7.2 57 43
Thermal Conductivity, W/in?+°Cein."! 0.008 0.014 0.012
Water Absorption, mg/g 24 20 22
Specific Gravity 1.16 1.6 1.7
Compressive Strength, psi 15,900 7540 5700
Tensile Strength, psi 9700 6000 5650
Dicelectric Strength, V/mil 320 370 420

3-12
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are significant but are not particularly dele-
terious to use in embedment processes.

Table 3-16 shows the nominal rise (at room
temperature) of viscosity of a bis-phenol A epoxy
with varying contents of lithium aluminum
silicate (feldspar-type) filler.

Table 3-17 shows the range of properties for
unfilled and silica-filled epoxy resins®.

3-6 EPOXY TRANSFER MOLDING
COMPOUNDS

An epoxy powder compound can be made as:*

1. Resin/filler /other
hardener) are mixed.

2. Fluid hardener is added.

3. Compound/hardener are blended and
poured into trays

4. Mix is cooled to 25°C.

additives (except the

This mix is aged at room temperature to a
predetermined reaction point which can be
measured by a flow test. Then the material is
granulated for use; the formulation can be
further treated by compacting into tablets or
preforms. This procedure removes the need for
weighing powder for each cycle and increases
production rates in high volume work.
Compounds made in this manner are called B-
stage epoxies; they show good stability at low
temperatures. Shelf life is limited from weeksto a
year, depending on the formula. Another type of
compound is called an A-stage epoxy. This is a
dry blend ot epoxy granules, hardener granules,

TABLE 3-16. NOMINAL EFFECT OF
LITHIUM ALUMINUM SILICATE ON
EPOXY SYSTEM VISCOSITY

Filler, Y, Viscosity, RT, ¢cP

0 700

10 800

20 1,000

30 2,000

40 4,000

50 7,000

60 10,000

70 50,000

80 "solid" in form

and filler. The hardener part is made so that no
reaction with the epoxy occurs except at higher
temperature. A-stage formulas usuallv have a
longer shelf life at room temperatures; refrig-
erated storage is not required. A- and B-stages
are hydroscopic and must be protected against
humidity since water absorption changes flow
properties and increases cure time's.

Epoxy compounds are marketed with a broad
range of properties— from soft mineral-filled to
high impact hard glass-filled compounds.
Variants exist in molding properties, hardening
time, and colors; cure time can range from 20-
30 s to 3-5 min; and molding temperatures are
250" to 300" F (some are as low as 200°F). All
the desired properties of a long-time cured epoxy
item also are exhibited by a cured transfer-molded
epoxy part. Table 3-18 gives information on four
typical compounds.

These properties are desirable in an epoxy
molding compound"'":

1. Sharp gel points; low molding pressure (for
limited leakage out of molds and less chance ot
damage or displacement of embedded compo-
nents).

2. Extended shelf life (with B-stage resins the
reaction can continue at room temperature; A-
stage resins can be stable up to several years at
25°C).

3. Complete cure in the transfer mold (for
minimum warpage and breaking of parts on ¢jec-
tion from the mold).

4. Built-in or inherent mold release character
(proper mold design is required for ease of re-
moving end item).

3-7 EPOXY FOAMS

Epoxy foams employ an additive blowing
agent. This agent decomposes on heating to
release a gas that expands the resin to the foamed
form. Close control of the processing is required
since the epoxy reaction and gas liberation must
be synchronized. These foams can have a wide
range of desirable properties—there are numer-
ous choices of activators, blowing agents, and

3-13
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TABLE 3-17. PROPERTY RANGE OF CURED EPOXY RESINS

(UNFILLED AND SILICA-FILLED)

Property Unfilled Resin Silica-Filled Resin

Mold Shrinkage, in./in. 0.001- 0.004 0.0005- 0.002
Specific Gravity 1.11-1.23 1.6-2.0
Specific Volume, in®/Ib 24.9-22.5 13.9-17.3
Tensile Strength, psi 4000 - 13,000 5000 - 8000
“Modulus of Elasticity in Tension, 10° psi 4.5
Compressive Strength, psi 15,000~ 18,000 17,000- 28,000
Flexural Strength, psi 14,000~ 21,000 8000 - 14,000
Impact Strength, [zod*, ftelb/in. notch 0.2-0.6 0.3-0.45
Hardness, Rockwell M80 - M 100 M85-M120
Thermal Conductivity, 10*cal/sscm?®»°Cecm ! 4-5 10-20
Specific Heat, cal/°Ceg 0.20-0.27
Thermal Expansion, 10~%/°C 4.5-6.5 2.0-4.0
Resistance to Heat (continuous), °F 250 - 600 250 - 600
Heat-Distortion Temperature (at 50% RH and 23°C), °F 115- 550 160- 550
Volume Resistivity, chmecm 1012.- 107 1010
Dielectric Strength, 1/8-in. thickness, V/mil:

Short-time 400 - 500 400 - 500

Step-by-step 380
Dielectric Constant, dimensionless:

60 Hz 3.5-5.0 32-45

108 Hz 3.5-4.5 3.2-40

10' Hz 3.3-4.0 3.0-3.8
Dissipation (power) Factor, dimensionless:

60 Hz 0.002-0.010 0.008-0.03

13 Hz 0.002-0.02 0.008 - 0.03

10°Hz 0.030-0.050 0.02-0.04
Arc Resistance, s 45-120 150- 300
Water Absorption (24 h, 1/8-in. thickness), % 0.08-0.13 0.04-0.10
Burning Rate Slow Self-extinguishing
Effect of Sunlight None None
Effect of Weak Acids None None
Effect of Strong Acids Attacked by some Attacked by some
Effect of Weak Alkalies None None
Effect of Strong Alkalies Slight Slight
Effect of Organic Solvents Generally resistant Generally resistant
Machining Qualities Good Poor
Clarity Translucent Opaque

*Izod test, 0.5 X 0.5 in. notched bar.

modifiers. Ease of handling is good. One compo-
nent dry powder or two component liquid
systems are available. Shrinkage upon hardening
is low; dimensional stability is good. As expect-
ed, adhesion to most surfaces is very good.
Chemical/solvent resistance and clectrical prop-
erties are very good.

As a finished product, the foam is rigid —either
in closed-cell or open-cell structures. The un-
reacted systems are available as either a pack-in-
place or foam-in-place material. The pack-in-
place materials are pushed into a cavity to be
filled. A closed-cell mass is formed on curing;

3-14

there is little waste »f material. The pack-in-
place compound finds use as an encapsulant.
Other applications for such materials are in mak-
ing microwave lenses, radome cores, antennas,
and various light-weight structures. The foam-
in-place epoxies (resin/blowing agent/surfac-
tant/etc.) are poured into the bottom of the
cavity and foamed (25°C or higher). Open- or
closed-cell forms are available. Such epoxy foams
find use where light-weight, high performance
encapsulation of clectronic assemblies is re-
quired.
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TABLE 3-18. TYPICAL DATA ON EPOXY TRANSFER-MOLDING COMPOUNDS

Hysol Hysol
Furane Furane XM G5F XM G5
403-S-3 8339 E582 E437
Test Method (Furane Plastics, Inc.)  (Hysol Div.. The Dexter Co.)
Dielectric Strength, V/mil MIL-1-16923* 417.7 329.1 302.5 304.7
Dielectric Constant at 1kHz, dimensionless ~ FTMS-4006° 6.73 5.43 5.18 5.12
Dissipation Factor at 1kHz, dimensionless FTMS-406 0.022 0.010 0.004 0.003
Volume Resistivity, chmecm MIL-1-16923 4.3 X 10" 7.19 X 102 7.9 X 10* 8.63 X 10"
Surface Resistivity, ohm ASTM D257 1.52X 10 1.,52Xx10® 1.37 X 10*® 132X 10%
Arc Resistance, s ASTM D495 182.8 132.3 71.9 99.9
Thermal Conductivity, Btu/he[t?°F-ft ! Comparative 50°C 0.229 0.196 0.144 0.210
Comparative 100°C  0.236 0.214 0.167 0.221
Fungous Resistance MIL-E-5272 No signs of fungous growth
Specific Gravity FTMS-406 1.67 1.60 2.06 1.79
Water Absorption, D ASTM D570 0.073 0.086 0.083 0.100
Thermal Shock Resistance MIL-1-16923 .
Tyoe B evel No failures
ype B cycle
Coefficient of Linear Thermal Expansion,
in./in.«°C ASTM D696 451 X107% 460X 10°% 595X 10°% 537X 10°°
Compressive Strength, psi ASTM D695 15,500 21,940 20,563 19,570
Flexural Strength, psi ASTM D790 9,759 11,780 10,000 10,450
Tensile Strength, psi ASTM D638 5,331 6,036 5,006 4,696
Volume Shrinkage, % 2.040 2.959 3.046 2.353
Hardness, Shore D FTMS-406 90 90 90 90
Flow, in. EMMI 1-66° 34 37 56 28
?Insulating Compound, Electrical, Embedding
"Federal Test Method Standard
“Epoxy Materials Manufacturing Institute
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CHAPTER 4
POLYURETHANE EMBEDDING AGENTS

The chemical, physical, and elecirical Properties of the polyurethanes are given. The chemisiry of the polyurethanes
and the products of the reactants are discussed. Brief comments on the toxicity of polyurethane reversion are presented.
Types of polyurethanes by ASTD designation are giuen together with suppliers and trade names. Casting systems are

also discussed.

4-1 GENERAL CHARACTERISTICS
OF POLYURETHANES

Polyurethanes are very versatile elastomers;
they have a unique combination of properties
and are amenable to various processing methods.
They show properties such as abrasion resis-
tance, oil and solvent resistance, tensile and tear
strength, and range of hardness or modulus not
readily available with other elastomers.

Most of the polyurethane elastomers commer-
cially available are based on low molecular
weight polyester or polyether polymers that are
terminated with hydroxyl groups. The other
starting materials or intermediates consist of di-
or polyfunctional isocyanates and (in generally
most formulations) low molecular weight poly-
functional alcohols or amines.

The liquid starting polymer is generally in the
range of 500 to 3000 molecular weight. Varia-
tions in the characteristics of this starting
polymer and the concentration, type, and ar-
rangement of the isocvanate and other small
molecules used for chain extension provide a
broad range of different polyurethane eclasto-
mers.

Polyurethanes show very good tensile
strengths and elongations. Table 4-1 shows ad-
ditional important characteristics.

Polyurethanes can be made to have very high
toughness — tear strength and cracking resis-
tance are high compared to most other flexible
materials. These resins find use at low tempera-
tures and show good eclectrical properties. With
polvurethanes, stresses on electrical components

under thermal or nominal mechanical stressing
are low. Adhesion is better than that of silicones
but falls short of the bonding strengths of
epoxies.

Polyurethanes react with moisture; under pro-
cessing all parts and materials must be dry. Re-
version may occur with some types of resins un-
der exposure to high heat and humidity. Such re-
version had been a problem in the failure of pot-
ted aircraft Publications on this
problem are continually available' ~°.

connectors.

TABLE 4-1. SALIENT PROPERTIES
OF POLYURETHANES

Heat Resistance — service to 150° to 200°F

Cold Temperature — service to about —60°F

Abrasion Resistance — elastomers have excel-
lent resistance to abrasion (typically three times
that of conventional rubbers)

Hardness/Resilience — high hardness plus re-
silience is primarily responsible for toughness (10
to 80 Durometer A is general hardness range; 70

Durometer A can show 250% plus elongation)

Chemical Resistance — fair resistance to many
reagents (aliphatics, alcohols, conventional
fuels/oils); may be attacked by hot water, highly
polar solvents, concentrated acids/bases); ox-

ygen/ozone/corona resistance very good.
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4-2 BASIC CHEMISTRY OF
POLYURETHANES

The term polyurethane refers to the product
that results from the reaction of an isocyanate
and an alcohol:

P
R-N=C=0 * R°OH - R-N-C-O-R’
isocyanate alcohol urethane

By this reaction, difunctional or polyfunctional
isocyanates and hydroxyl-terminated low mole-
cular weight polymers will give high molecular
weight polymers if the molar ratios are properly
controlled:

o WO
I
nOCN-R-NCO *+ #sHO-R'-OH — 4C-N-R-N-C-O-R'-Of,

T'his chemical reaction shows how the urethane
reaction is used to couple the segments desig-
nated R and R’. R and R’ segments of many dif-
ferent types are used in commercial polyure-
thane elastomers.

Another coupling reaction that is widely used
along with the isocyanate-hydroxyl reaction is
that between an isocyanate and an amine to give

a urca
H O H
| |
R-N=C=0 * R'NH, — RN-C-N-R’
isocyanate amine urea

These reactions are far from simple; there are
always competing reactions possible. Close at-
tention must be given to reaction rates, order of
addition of ingredients, and catalysis of certain
reactions in preference to others. The isocyanate
is capable of reacting with the active hydrogen on
a urethane or a urea group to give branching or
cross-linking :

RNCO * R'NHCOOR” - KNCOOR”
CONHR

isucyanate urethane allophanic ester
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RNCO t R'NHCONHR” — R’NCONHR”
CONHR
isocyanate urea a biuret

Control of the stoichiometry of the polymeric
polyol, isocyanate, and low molecular weight
polyol or amine, the temperature, the order of
addition, and sometimes the use of catalysts can
produce compositions with properties typical of a
cross-linking high-molecular weight elastomer.

Some of the structures typical of the liquid
polymers used in polyvurethane elastomers are
shown in Table 4-2.

The isocyanates used in polyurethane elasto-
mers also vary considerably in structure. Some of
the common isocyanate structures are shown in
Table 4-3. Other isocyanates used in special
cases such as for nondiscoloring polyurethane
clastomers are hexamethylene diisocyanate
(HDI) and hydrogenated MDI.

The low molecular weight diol, triol, or
diamine, one of the three principal starting ma-
terials, provides an additional means of regulat-
ing properties. These are usually called chain ex-
tenders. Cross-linking can be introduced with an

extender that is a triol, for example, or the
hardness can be increased by raising the level of
isocyanate and the extender which increases the
amount of rigid polar entities consisting of the
urethane and urea groups in the polymer. The

TABLE 4-2
HYDROXYL TERMINATED POLYMERS

0 0
HO-(C Hz)z—[o-c":— (CH, )4—<":—o— (CH,),; 1> OH

adipic acid-ethylene glycol polyester

HO-[CH; CH; CHy” CH,~O1;(CH, )4~ OH
poly(butylene glycol)

HO-{CH,-CH-O}5- CH,~CH-OH

poly(propylene glycol)

HO-{CH,~ CH=CH-CH, - OH

hydroxyl-terminated polybutadiene

TABLE 4-3. ISOCYANATES USED IN POLYURETHANE ELASTOMERS

H
OCNO(;‘,ONCO
H

MDI
diphenylmethane-4,4 “-diisocyanate

|
OCNQqONCO
CH, M
TODI

3,3’ -dimethyldiphenyl-
4,4’ -diisocyanate

OCN

NDI
naphthalene-1,5-diisocyanate

CHj
NCO
NCO

TDI

2,4-toluene diisccyanate
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chain extending agents commonly used in poly-
urethane clastomers are shown in Table 4-4
along with the abbreviations frequently used®
In addition to the given reactions, other mater-
ials—such as the aromatic diol N.N'-bis (2-
hydroxypropyl)-aniline, and even water— can be
used to couple the isocyanate terminated chains
to give useful products.

The reaction of isocyanates with water or with
an organic acid is generally undesirable for
clastomer formation unless a cellular product is
desired. Both of these reactions give CO, as a
gaseous by-product but also serve to couple one
polymer chain to another:*

RNCO T HOH — RNH, * co, RNCO, RNHCONHR

aurca

RNCO TR’COOH — RNHCOOCOR’ — RNHCOR’ tCO,

anamide

TABLE 4-4. CHAIN EXTENDING AGENTS

Cl

Cl

MOCA*
4,4’ -methylene bis
(orthochloroaniline)

HOCH,CH,CH,CH,0H

1,4-butanediol

*Found to be carcinogenic; banned by OSHA. Work is in
progress to find suitable replacements for this agent. As of

Cl

DCB
dichlorobenzidene

c
HOCH;-C -~CH,OH
CH,OH
T™MP

trimethylolpropane

1977, no definitive replacement material has been generally
accepted by all sectors involved in the technology.
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4-3 TYPES OF POLYURETHANES
BY ASTM DESIGNATIONS

By ASTM designation, polyurethanes are
divided into five types. Three of these are one-
component systems and two are two-component
systems. These are:

Type 1. One-component prereacted. These are

urethane-oil or uralkyd types in which polyiso-
cyanates are reacted with a polyhydric alcohol
ester of a vegetable fatty acid. These cure by oxi-
dation and ambient or slightly higher tempera-
tures (5 min to 1h). These are not widely used
for electrical applications (such as the blocked
polymers or two-component systems) because
overall performance characteristics are not high.

Type 2. One-component moisture-cured.
These have free reactive isocyanate groups which
cross-link with ambient moisture. (They cure
more slowly than Type 1,in 1to 12h.) The use of
these types
coatings) in electronics is limited because cure-

(even as thin moisture-reactive

time is a function of relative humidity and resin
thickness.

Type 3. One-component heat-cured. These are
nonreactive through blocking by phenolics; at
clevated temperatures the blocking agent is re-
leased and the isocyanate is available for reac-
tion. These find use particularly for wire coat-
ings; the temperature needed to break the phenol
adduct is approximately 320°F. Such tempera-
ture limits the use of Type 3 polymethanes; they
cannot be used with temperature-sensitive elec-
tronic components. They are suitable for wire/
coil insulation and other high-temperature re-
sistant substrates prior to attachment of the more
sensitive electronic components. Adducts with
somewhat lower block-release temperatures are
known (e.g., the malonic ester adduct, activated
at 266°F).

Type 4. Two-component catalyst-cured. These

are prepolymers or adducts having free reactive
isocvanate groups in one component and a
catalyst in the second component. The rate of

hardening is proportional to the catalyst concen-
tration; catalysts can be polyol monomers, ter-
tiary amines, or polyamines. Pot life after mixing
is generally short. Other catalysts or accelera-
tors used include triethylamine, dimethylethan-
olamine, N,N’-diethylcyclohexylamine, N-methyl-
morpholine, N-methyldicthanolamine, tributyltin
acectate, dibutyltin diacetate, tricthylenediamine,
and cobalt naphthenate.

Type 5. With these materials, one component

is a prepolymer or adduct having free isocyanate
groups; the other part has reactive hydrogen
atoms such as hydroxyl-terminated polyesters or
polyols, e.g., castor oil. These find wide use for
protective insulating embedments. The first com-
ponent is generally a tolylene diisocyanate or a
polyisocyanate prepolymer, i.e., an adduct. The
second component is a hydroxyl-containing ma-
terial such as hydroxyl-terminated polyesters,
polyethers, polyols, castor oil, and some epoxies
(with hydroxyl groups along the chain). The
polyethers are synthesized from propylene oxide
and are called polypropylene glycols.

4-4 SOMETRADENAMES AND
SUPPLIERS OF POLYURETHANE
EMBEDMENTS

Table 4-5 lists typical trade names and sup-
pliers of Types 4 and 5 polyurethanes which find
use in embedments.

"l'able 4-6 lists some basic and modified isocya-
nates.

Hydroxyl-terminated polyesters, polyethers,
and other polyols commonly used to produce
polyurethanes are shown in Table 4-7.

4-5 ENDPRODUCTS OF REACTANTS

As a function of the initial reactants and syn-

thesis conditions, the end products are elastom-
ers, foams, or coatings.

The elastomers are made from diisocyanates
and a linear polyester or polyether oligomer with

a low molecular-weight curing agent, e.g., glvcol
or diamine. In casting an isocyanare prepolymer

is used after mixing with the curing agent, and
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TABLE 4-5. SOME TRADENAMES/SUPPLIERS OF POLYURETHANE EMBEDMENTS
(TYPES 4 AND 5)

Type 4 (two-component cataly st-eured)

Chemglaze series with catalyst 9966 Hughson
Metex Conformal Coating with eatalyst XH-18 MacDermid
Spenkel DV-1078, DV-1088, DV-1079 with ecatalyst

C87-100, P93 Spencer Kellogg
HumiSeal IA27 with Drier No. 27 Columbia Technieal

Type 5 (two-component prepolymer polyol)

Conathane 1155 Conap
Spenkel P23-60CX, P49-60CX, DV-1531, DV-1699 Spencer Kellogg

HumiSeal 2A56, 2A60, 2A61

Eecocoat RTU, IC-2
Uralane 5712, 241
Scotcheast 221

PT 750-1

PR-1566, 1538

Columbia Technieal
Emerson & Cuming

Furane

Minnesota Mining and Manufacturing
Produet Techniques
Produets Research

Solithane systems Thiokol
Multrathane systems Mobay
PC26,XPC-A656 Hysol

TABLE 4-6. TYPICAL ISOCYANATES USEDIN POLYURETHANE FORMULATIONS

Trade Name Supplier Chemical Type Appearance »NCO

Mondur TDS Mobay 2,4-TDI Colorless to light yellow liquid

Mondur TD80 Mobay An 80/20 mixture of 2,4-and Water-clear liquid 48
2,6-TDI isomers

Nacconate 4040 National Aniline | An 80/20 mixture of 2,4-and Water-clear liquid 48
2,6-TDI isomers

Hylene TR Du Pont An 80/20 mixture of 2,4-and Water-clear liquid 48
2,6-TDI isomers

PAPI Carwin Polymethylene polyphenyl Dark amber liquid 31
isocyanate

Mondur S Mobay A phenol-blocked TDI adduect Light-colored solid 11.5-13.5

Mondur SH Mobay A phenol-blocked Colored solid 10.5-13.5
polyisocyanate adduet

E-268 Mobay Light-stable adduet Colored liquid 11.0-116

E-244 Mobay Light-stable monomer White liquid/solid 31.4-32

E-262 Mobay Light-stable monomer Off-white liquid 453

P93-100 Speneer Kellogg | Type 4 prepolymer, no solvent Clear liquid, Gardner eolor 2 7.7

XP-1152 Spencer Kellogg | Type S polyurethane Clear liquid, Gardner color 4 29.5
prepolymer, no solvent

XP-1662 Spencer Kellogg | Type 5polyurcthane Clear liquid, Gardner eolor 2 10.1
prepolymer, no solvent

ZP-1663 Spencer Kellogg | Typc 5polyurethane Clear liquid, Gardner color 2 149
prepolymer. no solvent

Vorite 63 Baker Castor Qil | Rieinoleate polyester Clearliquid
diisoeyanate prepolymer

poured into the mold. Mold time is 20 to 30 min;

post-heat curing may be required.
Flexible foams are made typically from poly-

water-isocyanate reaction, functions as the blow-
ing agent to yicld open-celled forms. Rigid foams

are similarly made except that a fluorocarbon re-

laces water. Monofluorochloromethane and di-
uorochloromethane are useful blowing agents.

cthers or polyesters, diisocyanates, and water
plus catalysts. Carbon dioxide, released from a
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TABLE 4-7. TYPICAL POLYOLS USED IN POLYURETHANE FORMULATIONS

Chemical Ave Equiv. Hydroxyl Coating
Trade Name Type Weight No. Applications
Mobay Multron R-2 Polyester 140 390-420 Surface coatings with Mondur
S and CB; solderable wire
cnamels when formulated
with Mondur S
Mobay Multron R-4 Highly branched 200 270-290 Hard, abrasion-resistant
polyester surface coatings with Mondurs
CBand S
Mobay Multron R-10 Polyester 265 205-221 Surface coatings
Mobay Multron R-12 Moderately 335 158-175 Surface coatings
branched
polyester
Mobay Multron R- 16 Polyester 1,275 41-47 Flexible film coatings when
combined with other
polyesters
Mobay Multron R-18 Polyester 935 57-63 Flexible coal ings
Mobay Multron R-22 Oil-modified 375 140-160 Surface coatings, mostly for
alkyd resin exterior exposure
Mobay Multrathane R-26 Hydroxyl- 57-63 Elastomers and elastomeric
terminaed coatings
polyester
Mobay Multron R-38 Polyester 415 120-150 Heat-stable nonsolderable wire
enamels when treated with
Mondur SH
Mobay Multron R-68 Polyester 1,155 45-52 Flexible coatings
Mobay Multron R-74 Polyester 1,120 47-53 Flexible coatings
Baker Castor Oil AA Refined castor 342-345 163 Electrical-grade coatings
oil
Spencer Kellogg OX-50 Blown castor 430 131 Electrical-grade coatings
oil
Baker Castor Oil Polycin 54 Blown castor 380 135-140 Designed primarily for use
oil as the curing polyol in
coatings of the polyiso-
cyanate type
Spencer Kellogg D-I Castor Oil | Specially 340 164 Used with Type 5 polysio-
processed cyanate adducts to produce
raw castor coatinps with moisture
oil resistance, high film build,
and low-temperature flexibility
Spencer Kellogg Castor 1066 A chemically 200 275-280 Same as D-I Castor Oil
modified
castor oil
Spencer Kellogg XP-1631 A chemically 170 328 Same as D-1 Castor Qil
modified
castor oil

The exotherm boils out the “Freon™ as gas and a
cell-foam structure results.

4-6 POLYURETHANE CASTING
SYSTEMS
Urethane polymers that are converted into end

items directly from a liquid or semiliquid state
are called casting systerr's Cornmercial svstems

in this class are available from all the base
polymers such as polyester, polyether, and also
hydrocarbons such as polybutadiene. Polyure-
thane casting systems generally consist of the
three starting materials described earlier—name-
ly, a liquid polymer with hydroxyl end groups, a
polyfunctional isocyanate, and a low molecular
weight poivol or polyamine”. In low hardness
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compositions, however, the formulation may in-
volve only a polymeric polyol and a polyfunc-
tional isocyanate. A general scheme of the steps
involved in the preparation of a polyurethane
casting system is shown:

HO~R~OH T 20CN—R’=NCO

Liquid Isocyanate
Polymer
(polyol)
OCN—-R’'-NHCOO~R~OCONHR'-NCO
Prepolymer
Low Mol. Wit.
Polyol or Polyamine
HO—-R"-OlI
or
HN; _R~-—NH,

£CONHR'NHCOO~R~OCONHR'NHCOOR"O },

or

{CONHR'NHCOO~R~OCONHR'NHRCONHR"NH ¥,

The production of castings from polyurethane
casting systems involves processing steps quite
different from those used in converitional pro-
duction of elastomers. The casting procedure
follows one of the two techniques known as the
prepolymer route or one-shot technique. The
prepolymer route involves the following princi-
pal steps:

1. Preparation of Prepolymer. The polyol and

diisocyanate are heated in an inert atmosphere to
form a liquid polymer terminated in isocyanate
groups as just shown. The reaction can be fol-

lowed by the exotherm and/or by the —NCO
number. If one of the commercial prepolymers is
used as a starting material, this step will be eli-

minated.

2. Prepolymer Degassing. The prepolymer is
heated to casting temperature or slightly higher
and subjected to a vacuum to remove dissolved
gases. Continuous degassing devices are avail-

able. This step is necessary if bubble-free cast-
ings are to be produced.

3. Addition of Curing Agents. A low molecular
weight polyol or polyamine is added at this stage
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with thorough mixing. The mixing may be ac-
complished in a batch process or by a continu-
ous mixing device. The temperature of the pre-
polymer and the curing agent is first adjusted to
provide low viscosity and a satisfactory reaction
rate.

4. Casting, Curing, Postcure. The completed
mix is poured or injected into a heated mold in a
manner designed to prevent the entrapment of
air bubbles. The object is cured in the mold for a
period that may range from a few minutes to an
hour or more. Temperatures of 200° to 300°F

usually are used. Longer time at lower tempera-
tures is used with delicate electrical/electronic
equipment. Common procedures for postcure
consist of placing the formed part in anoven fora
period of one to twenty-four hours at elevated
temperatures or, in some systems, storing for one
week at room temperature'?.

4-7 POLYURETHANE FOAM
SYSTEMS

Plastic foams can be used as low-density
potting materials for electrical or electronic
equipment; these foams find primary use in air-
craft and missile equipment. Modules for a mis-
sile may use such an encapsulant to give vibra-
tion and shock damping, decrease weight, and
add thermal insulation. The foams which find
use in embedding are the polyurcthanes, the
epoxies, and the silicones. Use of such foams in
electronic embedment results in reduced weight
and cost.

Polyurethane foams are used to protect elec-
tronic components and assemblics; a light-
weight package results. Though many resins can
be foamed with some choice of blowing agent, the
polvurethanes are used because of their relative-
ly low cost and ease of processing. For most non-
stringent conditions, such foams give adequate
protection for electronic components.

Urethane foams are made by reacting
hydroxyl-terminated polyols—castor oil, gly-
cols, polyesters, etc.—with a diisocyanate (and
water); catalysts and surface-active agents are

also used. (A popular reagent is toluene diisocy-
anate.) Two steps occur in producing the foam.
The diisocyanate reacts with the polyol hy-
droxyl group to lengthen the polyol chain; the
latter is terminated by the NCO group.

In the fabrication of polyurcthane foams,
cither the one-shor or prepolymer method is used.

In the one-shot method, all compound compo-
nents are mixed together immediately; the foam
is produced by reaction of the materials. There
are certain disadvantages to this technique: reac-
tion is fast and can produce handling and
processing problems; components may not be
properly dispersed; the diisocyanate is highly
toxic (e.g., irritation of eyes and respiratory
system) and consequently good ventilation is
needed; and the reaction is highly exothermic—
this may cause charring, particularly in the ten-
ter of the foam. Advantages of the method are: a
shorter cure cycle is obtained; a prepolymer does
not have to be made; and the mixture for foaming
has good flow characteristics.

In the prepolymer method, the polyol and iso-
cyanate are reacted to give a fluid low molecular
weight resin. Subsequently, the catalyst, water,
and emulsifier are added to cause foaming. The
prepolymer can be tailor-made for desired vis-
cosity and percent of free isocyanate. The ratio of
the catalyst/water/emulsifier to prepolymer is
typically about 5 to 100.

Polyols used in foams include polyesters (with
excess hydroxyl groups), dimer-acid polymers,
polyether glycols, and hydroxyl-bearing oils.
(Many other types find use.) Catalysts — i.e.,
tertiary amines, or methyl or ethyl morpholines
— are used to produce foams; these catalysts
control curing rates. The reaction is fast (order of
60 s or less); a balance is made between the
working life and cure time. Surfactants, e.g.
emulsifiers and wetting-agent, are used to give
finer and uniform cell structures. In addition or
as replacement of at least part of the water for the
blowing-agent function, other agents which have
found use for foaming (and are generally suit-
able for electrical end-use) include fluorinated
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hydrocarbons, (e.g., Freons), and decomposable
agents such as nitroso, azo, hydrazide, azide, and
borohydride compounds.

The exotherm step generates gas and yields
the expanded structure, and the isocyanate reacts
with water to form carbamic acid. This latter
acid breaks down to give a primary amine and
carbon dioxide gas (which acts as the blowing
agent). Cross-linking can occur through the
urethane linkages (to give what are called allo-
phanates.). Such linking determines the charac-
teristics of the foam —i.e., whether it is flexible,
semirigid, or rigid.

4-8 VARIOUS EMBEDMENT
MATERIAL — TYPICAL
PROPERTIES OF AVAILABLE
PRODUCTS

Tables 4-8 through 4-16 give properties of
typical polyurecthane products
bedding, encapsulation, coating, ctc.

used in em-

4-9 COMMENTS ON
POLYURETHANE REVERSION
AND TOXICITY PROBLEMS

In the late 1960’s, instances of polyurethane
agents changing to a liquid form, known as re-
version, were discovered on military electronic
and electrical end items. Such reversion has been
the result of hydrolytic attack during service.
Since this time, a number of Department of
Defense installations and laboratories have con-
tinued studies to evaluate and investigate this
problem''

The investigations were centered on the gen-
eral aspects of reversion; later studied were con-
cerned with effects in specific uses in particular
end items. Up to this time, investigations con-
tinue, particularly since newer types of urcthanes
are being developed and introduced to bypass
certain problems of toxicity in using old stand-
ard reagents such as MOCA.

It had been found, earlier in the studies, that a
number of common encapsulating compounds
were subject to hydrolytic attack and reverted or

4-10

depolymerized in humid environments. Testing
the materials for Shore A hardness periodically
as they were aged at 95% RH at temperatures
ranging from 50" to 97°C revealed that increas-
ing the temperature accelerated the rate of de-
gradation' r.

By using a Shore A hardness of less than one as
the failure criterion in these tests on polymeric
compounds, and plotting the failure times at dif-
ferent temperatures at 95% RH against the tem-
perature in degrees Celsius on a semilogarithmic
reciprocal temperature graph, it can be found
that the plots are straight lines according to the
Arrhenius model. Therefore, the failure times at
lower temperatures — such as those found in nor-
mal service—could be extrapolated with reason-
able confidence. Such a method is now described
as a Standard Recommended Practice for
Determining Hydrolytic Stability of Plastic Encap-
sulants for Electronic Devices, ASTM F 74-73.

It must be mentioned that under certain hot,
humid conditions certain epoxy resins can un-
dergo a reversion. It appears that the incidence of
costly failure with epoxies will not approach the
early catastrophic problems with the polyure-
thanes. Fairly recent work has been sponsored on
detecting and defining water-induced reversion
of epoxy and polyurethane embedding agents.
Initial work has shown that chemiluminescence,
infrared, and nuclear magnetic
methods can be used to delineate changes in

resonance

epoxy and urethane systems which soften when
subject to moisture and/or temperature. Mea-
surements from these procedures give data which
correlate with changes in the polymers as deter-
mined by weight gain/loss and hardness tests"’
By spectroscopic data, chemical changes in-
duced by moisture can be distinguished from
chemical changes caused by temperature. Any of
these changes can be differentiated from changes
induced by a combination of moisture and tem-
perature. The ability to relate the cause and type
of chemical change within the context of
hardness measurements indicates that specific
chemical changes appear to be directly related to
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TABLE 4-8. PROPERTIES OF URETHANE CASTING/ENCAPSULATING ELASTOMERS
(SOURCE: HEXCEL CORP., REZOLIN DIVISION)"

Property Test Method
Shore Hardness A/D ASTM D 2240-68
Viscosity, c¢P: ASTM D2393-71
Part A
Part B
Mixed

ASTM D 412-68
ASTM D 412-68
ASTM D 624-Die C
ASTM D 149-64

Tensile Strength, psi
Elongation, %
Tear Strength, pli®
Dicelectric Strength, step
at 25°C(77°F), V/mil
Dielectric Constant at
25°C(77°F), dimensionless:
103Hz
10° Hz
Volume Resistivity at 25" C
(77°F) 1000 V, ohmecm
Surface Resistivity at 25°C
(77°F) 1000V, ohm
Insulation Resistance at
25°C(77°F) after 28 days
at 35°C (95°F)95% RH, ohm
Pot Life at 25°C (77°F), min
Shrinkage, in./in.
Density®©
Cured Compound (sp. grav.)
Part A (sp. grav.)
Part B (sp. grav.)
Demolding Time. h:
at 25°C (77°F)
at 70°C (175°F)
Complete Cure:
at 25°C (77°F), day
at 79°C (175°F), h
Color
Ratio, by weight:
Part A
Part B
Ratio, by volume:
Part A
Part B

ASTM D 150-54T

ASTM D 257-70

ASTM D 257-70

W.E. ATS 612

ASTM D 2471-71

ASTM D 2566-69
ASTMD 792-66

URALITE URALITE URALITE
3130 3127 31218
Value Value Value

80-85/25-3C no value/75 85-90/ 45-50
3400 — —

120 — —
2000 1050 2000
2750 4500 5000

250 80 300

250 44s 400

240 — —

7.2 — —

5.6 — _

1x10" — —
2 x 103 — —
1 x 10t _ _
14 50 15
0.0016 0.0015 0.003
1.079 1.162 1.107
1.028 — —
1.096 — —
4 24 5
1 2 —
24 4-7 2
23 — —
black yellow, translucent amber

100 100 100

30 68 40

100 — _

28 — _

*One or more of these three resins show low moisture sensitivity, excellent hydrolytic stability (reversion resistance), no
TDI, no 4.4'-methyl-bis-(2 chloroaniline i.e., MOCA), very good electrical properties, low shrinkage, and low viscosity.

®pli = pounds per linear inch

"Specific gravity of 1.000 = lg/cm® = 0.036 Ib/in.* (approx) = 8.3454 lb/gal = 62.247 Ib/ft®.

the softening or reversion process. Further work
is required to ascertain more completely the
chemical changes directly related to the rever-
sion, and which of the measurement techniques
best characterizes the polymer softening and de-
gradation.

MOCA, a chlorinated diamine, had been a
highly accepted chain extending curing agent.

Also, this Du Pont material tended to be a re-
quired component in high performance poly-
urethane systems. The Department of Labor,
through the Occupational Safety and Health Ad-
ministration (OSHA), in 1974 issued a Stand-
ard on Carcinogens which, as presently inter-
preted, severely restricts the use of certain agents
suspected of being an active carcinogenic.
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TABLE 4-9. PROPERTIES OF PERMANENT POLYURETHANE
ENCAPSULATING COMPOUND

Example: HEXCEL 185N (used for encapsulating telecommunication cable, splicing, and to form moisture and gas pres-
sure blocks in acrial and buried, plastic insulate cable.)

Property Value Test Method

Gel Time at 77°F, 1 1b, min 10 Rezolin Lab
Viscosity, mixture at /7VF, cP 2000 Brookfield
Maximum Exotherm at 77°F,°F 148 W.E. AT-8612
Moisture Absorption, 7 days immersion, 75°F, 1.1 W.E. AT-8612

distilled water, Yo
Hardness at 77°F, Shore A 85 ASTM D 1706-61
Specific Gravity 1.07 ASTM D 792-66
NCO Content, % 6.8 Analytical
Apparent Free TDI, Io 0 ASTM D 2615-70
Fungous Resistance Does not support growth MIL-E-5272C
Stress Cracking of Polyethylene None ASTM D 1693

Dielectric Strength, step at 77°F, V/mil 240 ASTM D 149-64

Dielectric Constant, at 77°F, dimensionless ASTM D 150-54T
103 Hz 7.4
10¢ Hz 58

Volume Resistivity, 1 kV at 1 X 104 ASTM D 257-70
75°F, ohmecm

Surface Resistivity, 1 kV at 2 X 108 ASTM D 257-70
75°F, ohm

Insulation Resistance, ohm 2 X 10" W.E.AT-8612

This agent shows positive moisture/electrical/mechanical protection, fast curing, low exotherm, good hydrolytic stability
(reversion resistance), good resistance to dry heat aging, low water absorption, fungous resistance, noncorrosivity, low mois-
ture sensitivity, nonexpanding, reduced risk of,latent compound shrinkage, excellent insulation, no free TDI content, trans-
parency, flexibility, and toughness.

TABLE 4-10. PROPERTIES OF RE-ENTERABLEPOLYURETHANE
ENCAPSULATING COMPOUND
Example: HEXCEL 790 RE (used for encapsulating telecommunication cable, etc.)

Property Value Test Method

Color Clear, colorless Visual
Viscosity, mixture at 75°F, cP 1600 Brookfield
Gel Time, 180 g, min

at 75°F 25 W.E. AT-8612

at 110°F 9
Peak Exotherm, 180 g, "F

at 75°F 132 W.E. AT-8612

at 110°F 171
Hardness at 75°F, Shore A 50 ASTM D 1706-61
Water Absorption at 75°F, % 0.59 ASTM D 543
Specific Gravity 1.06 ASTM D 792-66
Fungous Resistance Does not support growth ASTM G 21
Stress Cracking of Polyethylene None ASTM D 1693
Shrinkage, in./in. 0.002 ASTM D 2566-69
Volume Resitivity, 1 kV

at 75°F, ohmecm 6 X 10 ASTM D 257-72
Insulation Resistance, ohm 2.2 X 10 ASTM D 257-72
Mix Ratio, by weight lto 1

This agent shows easy re-enterability, exclusion of moisture, crystal clear transparency, one-to-one mixing ratio (by
weight), no attack on common cable and closure materials, no TDI content, no MOCA, nonexpansion, fungous resistance,
noncorrosivity, low exotherm, and excellent insulation.
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TABLE 4-11. PROPERTIES OF PERMANENT POLYURETHANE ENCAPSULATING
AND GAS-BLOCKING COMPOUND

Example: HEXCEL 7200 (used for gas blocks in electrical and communication cable, encapsulation of splices and electri-
cal/electronic components.)

Property Value Test Method
Color Light Yellow, transparent  Visual
Hardness, Shore D 75 ASTM D 2240-68
Compressive Strength, psi 10,000 ASTM D 695-69
Tensile strength, psi 4,350 ASTM D 412-68
Elongation, % 50 ASTM D 412-68
Water Absorption, % 0.043 ASTM D 570-63
Shrinkage, in./in. 0.0015 ASTM D 2566-69
Dielectric Strength, V/mil 390 ASTM D 149-64
Diclectric Constant 10°Hz, dimensionless 4.1 ASTM D 150-70
Dissipation Factor, dimensionless 0.017 ASTM D 150-70
Volume Resitivity, ohm-cm 3 X 10 ASTM D 257-66
Insulation Resistance. ohm 5X 10 ASTM D 257-66
Mixed Viscosity, cP 1,700 ASTM D 2393-71
Pot Life at 77°F (25°C), min 50 ASTM D 2471-71
Peak Exotherm, "F 175 51b mass in 3 in.
dia mold in 100°F
environment
Ratios.
By weight: Part A/Part B 100/86
By volume: Part A/Part B 1/1

This agent shows very good moisture/electrical/mechanical protection, excellent elongation and high strength for 75 Shore
D elastomer, low viscosity, low water absorption, fungous resistance, noncorrosivity, long pot life, room temperature cure, ex-
cellent dielectric properties, no free TDI, no MOCA, and simple 1 to 1 by volume ratio mixing.

TABLE 4-12. PROPERTIES OF POLYURETHANE CASTING COMPOUND
(MOCA-FREE; DEVELOPMENT PRODUCT) DUROMETER HARDNESS 90 A SCALE

Example: URALANE X-87665-4/B, Furane Plastics Inc., Subs. of M & T Chemicals, Inc

Tests Results Test Methods
Viscosity, cP:
Part A, 77°F 8000 £+ 500 ASTM D-2393
Part B, 77°F 2000 + 200
Mixed, after 5 min, 90°F 15,000-18.,000
Density, g/cm®:
Part A 1.07+ 0.02 ASTM D-792
Part B 1.24£0.02
Durometer Hardness, A scale:
at RT 90 (50D) ASTM D-2240
at 200°F 50
Tensile Strength, psi 7200 ASTM D-412
Elongation, % 490 ASTM D-412
Tear Strength, pli 570 ASTM D-624,
Die B

Compound available in amber or black; pourable and curable at room temperature; high clarity when vacuum treated
prior to casting; mix ratio 100 parts, by weight, A to 26 parts, by weight, B or B-40 (black); pot life 100g — gel time 15min at
77°F; cured at RT in 3 days; cured at 150°F in 2 to 3 h.
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TABLE 4-13. PROPERTIES OF POLYURETHANE CASTING COMPOUND (MOCA-FREE;
DEVELOPMENT PRODUCT) DUROMETER HARDNESS 77 A SCALE

Example: URALANE X-87645-A/B, Furane Plastics Inc., Subs. of M & T Chcmicals, Inc.

Tests Results Test Methods
Viscosity, cP:
Part A, 77°F 8000 £ 500 ASTM D-2393
Part B, 77°F 2000 £ 200
Mixed, after 5 min, 90°F 12,000-15,000
Density, g/cm®:
Part A 1.07+ 0.02 ASTM D-792
Part B 1.2+0.02
Durometer Hardness, A Scale:
atRT 77 ASTM D-2240
at 200°F 68
Tensile Strength, psi 5290 ASTM D-412
Elongation, % 490 ASTM D-412
Tear Strength, pli 440 ASTM D-624
Dic B
Taber Abrasion, weight loss, mg 94 H22/1000/ 1000

Electrical Properties:
Dielectric Constant/Dissipation Factor, dimensionless

at 60 Hz 6.3/0.085 ASTM D-150
at 1kHz 5.4/0.067
at 10kHz 5.0/0.047
at 1MHz 4.5/0.043
at 10MH:z 4.2/0.044
Volume Resistivity at RT, ohmecm 2.0 X 1013 ASTM D-257

Compound available in amber or black; pourable and curable at room tempcraturc; high clarity when vacuum treated
prior to casting; mix ratio 100 parts, by weight, A to 22 parts, by weight, B or B-40 (black); pot lifc 100 g — gel time 25 to 30
min at 77°F; cured at RT in 3 days; cured at 150°F in 2 to 3 h.

TABLE 4-14. PROPERTIES OF FLEXIBLE POLYURETHANE CASTING COMPOUND
(MOCA-FREE; DEVELOPMENT PRODUCT) DUROMETER HARDNESS 41 A SCALE

Example: URALANE X-87644-A/B, Furane Plastics Inc., Subs of M & T Chemicals, Inc.
Tests Results Test Methods

Viscosity, at 77°F, c¢P:

Part A 4500 + 500 ASTM D-2393
Part B 2000 £ 200
Density, g/cm?:
Part A 1.07x 0.05 ASTM D-792
Part B 1.2+ 0.02
Durometer Hardness, A Scale: ASTM D-2240
at RT 41
at 200°F 32
Tensile Strength, psi 530 ASTM D-412
Elongation, % 330 ASTM D-412
Tear Strength, pli 70 ASTM D-624, Die B
Tabor Abrasion, weight loss, mg 535 H22/1000/ 1000

Compound available in amber or black; can be cured at 70" to 80°F; mix ratio 100 parts, by weight, A to 70 parts, by
weight B or B-40 (black); pot life 100 g — gel time 90 to 110 min at 77°F; cured at RT in 6 to 7 days; cured at 200°F in 2 h.
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TABLE 4-15. PROPERTIES OF REVERSION RESISTANT, LOW DUROMETER
POLYURETHANE ENCAPSULATING AND MOLDING COMPOUND — DUROMETER

HARDNESS 55-65 A SCALE

Example: URALANE 5753-A/B, Furane Plastics Inc., Subs. of M & T Chemicals, Inc.

Viscosity, at 23°C, cP

Mix Ratio

Work Life, 23°C
(75°F) Viscosity, cP

(A) Typical Handling Characteristics

Part A 100 (clear liquid) Typical Cure
Part B 20,000 (cream or black) Schedule to Reach
Minimum Shore A
Hardness of 55
To 100 parts be weight of URALANE
5753-B, add 20 parts by weight of
URALANE 5753-A

Initial 20,000
30 min 50,000
40 min 100,000
50 min 175,000
Typical Demold Time

6 hat65°C ¥ 24 h at 23°C
or

l6hat 23°Cto 85°C
or

1hat 95°C t 2hat 150°C
or
48 h at Room Temp. (23°C)
For best properties, allow additional
2-3 days cure at Room Temp. (23°C)
before testing.

00minat 150°C
75 min at 120°C
90 min at 95°C

(cont’d on next page)
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(cont'd)

(B) Typical Properties (Specimens cured 16 h at 85°C plus 3 days at RT)

Property
Reversion Resistance
Insulation Resistance,
1000 megohms min
Hardness (Shore A),
max 20%]loss
Shrinkage, max, %
Hardness, Durometer A
Tensile Strength, psi

Elongation, min, %

Tear Strength,
(average), pli

Compressive Set
(ascured), 70

Peel Strength,

to Steel with Primer A, Ib/in.

Lap Shear, Al/Al, psi
Moisture Absorption, %
Fungous Resistance

Dicelectric Strength,
(1/8 in. thickness, V/mil)

Dielectric Constant, dimensionless:

1kHz

10kHz

100kHz
1MHz

TABLE 4-15
Results Test Method

MIL-M-24041

pass 1.4x10  (165°F/95% RH

megohms for 120days)

No loss

3.0 MSFC-SPEC-202-A

55t0 65 ASTM D-2240

600 ASTM D-412

350 ASTM D-412

130 ASTM D-624, Die B
FTMS 601,

30 Method 3311
MIL-M-24041,

30 Amend. 1

600 ASTM D-1002

3.0 ASTM D-570

Non-nutrient MIL-E-5272

350 ASTM D-149

RT 200°F ASTM D-150

32 3.6

3.0 35

3.0 3.0

3.0 —

Property

Dissipation Factor, dimensionless:

1kHz
40kHz atR T
100kHz at R T

1MHz

Dissipation Factor
after Humidity Aging
(168°F/95%RH)
After 3 days,

IMHz atRT
After 8 days,

1IMHzatRT
After 35 days,

1MHzatRT

Volume Resistivity, ohmecm

23°C

125°C

After 13 cycles mois-
ture conditioning per
per MIL-STD-202D,
Method 106, Tested
at 23°C/92%RH

Insulation Resistance, at
23°C, ohm

Flame Resistance

Results Test Method
0.021 0.024 ASTM D-150
0.025 0.030
0.019 0.024
0025 —

0.020 ASTM D-150
0.020

0.018

5.0X 10 ASTM D-257
1.5 X 10

3.8 X 10%®

1.0 X 10% ASTM D-257
No ignition 55 A dc,through

Compound available in semitransparent or black; non-MOCA curable — exempt from OSHA Emergency Standard Title
#29; low durometer suitable for flexible end items; no significant change in physical properties on exposure to high tem-
perature/humidity, i.e., 95°C/98% RH; low dielectric constant, minimum stress on sensitive components; fast gel and cure
for high production use. Possible end uses include cable/connector potting, wire wound device encapsulation, electronic
module potting, and pressure sensitive component encapsulation.

embedded wire
(#16) for 2.5 min
23"C
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TABLE 4-16. PROPERTIES OF POLYURETHANE CIRCUIT BOARD COATING

Example: VRALANE 5750 A/B, Furane Plastics Inc., Subs. of M & T Chemicals, Inc.

Property
Viscosity, 25°C, ¢P:
Part A
Part B
Mixed
Solids, %

Mix Ratio, Part A to Part B

Work Life,25°C, ¢P:
after 1h
after2-2.5h
usable work life

Time Required Before
Applying Second Coat, min
65°C
85°C
95°C

Cure (time at temperature), h:

65°C
85°C
95°C

(A) Typical Handling and Physical Characteristics

Values

35-100
1500-2500
1000-2000

84.5+ 1.0
18/100

2000-5000
9000-30,000

75
45
30

o]

Property
Density, cured, g/cm?
Durometer A Hardness
Tensile Strength, psi

Tensile Strength, after 30
days at 100°C/98% RH, psi

Tensile elongation, %

Reversion Resistance, Duro-
meter A Hardness:
after 50-h pressure
cooker, 10-15 psi
after 30 days at 100°C
98%of RH

Value Test Method
1.00+ 0.003 ASTM D-792
42-53 ASTM D-2240
700-1000 ASTM D-412
900-1100
250-360 ASTM D-412
40
42

{cont’d on next page)
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TABLE 4-16.

(cont’d)

(B) Typical Properties of Circuit Board Coating

Property

Insulation Resistance, ohm
Initial at 25°C
at 65°C
After 10cycles

Volume Resistivity, at 25°C
ohmscm

Dielectric Constant/Dissipation

Factor, dimensionless
1kHz, at 25°C
1kHz, at 100°C

Dielectric Strength, V/mil
(5 mil specimen)

Change in “Q” of circuit
board after application of
coating, 70

Change in “Q”’of circuit
board after water
immersion, 70

Reversion Resistance
Volume Resistivity, ohmecm
after 30 days 100°C/98% RH
MIL-1-46058 Reversion
Test

Results

1.0 X 10
1.0 X 103
1.0x 10*

1.0X 10

3.2/0.021
3.6/0.024

1500

Less than
10of all
frequencies

Less than
10of all
frequencies

1.0 X 10"
Passes

Test Method

MIL-1-46058C*

MIL-STD-202, Method 106

ASTM D-257

ASTM D-150

ASTM D-149

MIL-I-46058C

MIL-1-46058C

MIL-1-46058C
(ASTM D-257)

*Insulation Compound, Electrical, Printed Circuit Assemblies

Coating available in transparent form; non-MOCA curable — exempt from OSHA Emergency Standard Title #29; shows
excellent long-term stability under high humidity exposure; resilient throughout temperature range of —65”to +100°C; has
good repairability; and has low modulus for minimum component stress.
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MOCA, 4,4’ methylene bis (2 chloroaniline) is
one of these. MOCA had been specified as a
curative in all the compounds qualified to MIL-
M-24041, Polyurethane Molding and Potting Com-
pound, Chemically Cured. Thus, it is easy to visual-
ize that the problem of reversion resistance must
be further checked as promising “nontoxic” sub-
stitutes for MOCA become available.

As a result of a suit, reported in early January
1975 — initiated in the US Court of Appeals for
the Third Circuit, the Synthetic Organic Chem-
ical Manufacturers Association, et al., versus

Brennan (No. 74-1129) — the permanent stand-
ard for 4,4 methylene bis (2-chloroaniline) was
remanded to the Secretary of Labor because of a
procedural error in publishing the proposed
standard. OSHA has started proceedings for
publishing a new standard according to the pro-
cedures set forth in the Occupational Safety and
Health Act; accordingly, some of the restrictions
may be reinterpreted. Even so, there will still be a
highly probable need for a substitute material
not subject to handling, processing, or use re-
striction~®~
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