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Preface

In recent years, the role of materials and processes has assumed a rapidly
increasing degree of importance in the electronic and electrical industries.
Necessity has indeed been the mother of invention, with the demands of
more and more complex electronic and electrical systems requiring ad-
vances in materials and processing technologies. Based on these ad-
vances, the need has become acute for extending basic and practical
knowledge of modern materials and processes. It is this need for more
broadly communicating the vast new realms of knowledge which dictated
the need for this Handbook of Materials and Processes for Electronics.
The extensive data on materials and processes found in this Handbook,
coupled with the extensive electromechanical data found in the com-
panion Handbook of Electronic Packaging, should provide an invaluable
data bank and reference library for the desktop of all persons with any
degree of interest in these subjects, in both the electrenic and electrical
industries, and in those industries which supply components and mate-
rials to the electronic and electrical industries.

It might be well to expand briefly on the above statement regarding
the applicability of the presentations in this Handbook to both the
electronic and electrical industries. In some instances, these two in-
dustrial areas are clearly distinct. In others they are not. In any event,
however, the progression of materials and processing technologies very
often begins in advanced electronics and aerospace systems, and with
time, extends to broad usefulness in the commercial and consumer elec-
trical industries. Many current materials and processes used by the

vii




viii Preface

electrical industries have their origin in the advanced electronic and
aerospace industries. This progression is becoming more rapid.

The successful progression of materials and processing technologies
also requires improvements in bridging the knowledge gap between
chemical and electrical scientists—a gap which has long been a problem.
It is hoped that this Handbook of Materials and Processes for Elec-
tronics will help bridge this gap. Certainly a key guideline in the prepa-
ration of this Handbook has been to present information in a manner
which allows an easy understanding of chemical concepts by those
who are not chemical specialists, and an easy understanding of electrical
concepts by those who are not electrical specialists. Therefore, this
Handbook should be helpful to those in the chemical and material
industries who have interests in the electronic and electrical industries,
as well as to those in the electronic and electrical industries. Again,
the practical presentation plan used in this Handbook parallels that of
the earlier mentioned companion Handbook of Electronic Packaging.

The chapter content of this Handbook illustrates the breadth of cover-
age which has been developed. An attempt has been made to con-
veniently group the chapters. The first five chapters cover important
organic based materials, such as plastics, laminates, composites, ad-
hesives, elastomers, coatings, and wire and cable systems. Next come
presentations on other nonconductors such as ceramics, glasses, and
micas, and on increasingly important semiconductors. Following these
come chapters on ferrous and nonferrous metals, and metallic and
chemical finishes on metals and nonconductors. The last group of
chapters concern what might be considered the more advanced sub-
jects of thin films, thick films, metals joining of electronic circuitry,
and photofabrication. Finally, one chapter is devoted to the important
subject of materials for the space environment. Each chapter might
well be considered the equivalent of a book in itself.

In addition to the broad presentation of data and guidelines, several
other features of this Handbook should be noted. First, considerable
coverage is given to definitions and basic explanations, which will be
an invaluable asset to broad, ready understanding of the material
presented. Next, tradeoff guidance is a key element. Such guidance
will be very useful in making decisions among various possible ap-
proaches to given problem areas. Last, every attempt has been made
to provide a very complete and thoroughly cross-referenced index,
again, for maximum reader convenience.

Length and coverage of a Handbook of this magnitude are necessarily
measured compromises. Inevitably, varying degrees of shortages and
excesses will exist, depending on the needs of each individual reader.
Then too, the time required to complete such a major work as this
necessarily demands that some most recent data may not be fully
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covered. Further, in spite of the tremendous efforts involved, some
errors or omissions may exist. While every effort has been made to
minimize such shortcomings, it is my greatest desire to improve each
successive edition. Toward this end, any and all reader comments will
be welcomed and appreciated.

Charles A. Harper
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5-2 Coatings for Electronics

FUNCTIONS OF COATINGS

Nature of Coatings

Most of the electrical properties data available for plastic molding and casting
compounds apply also to coatings, because the majority of coatings are based on the
same polymer resin systems. Other basic properties, such as resistance to chemicals,
solvents, and environmental conditions, will also be similar for coatings as for the
bulk plastics. Basi¢ information on the various classes of polymeric (plastic) mate-
rials can be found in Chap. 1, and will therefore not be repeated here for coatings.
Likewise, many basic properties will not be covered where bulk plastic properties
suffice for coatings. Many electrical and electronics-related properties are defined and
discussed in Chap. 2, to which the reader is also referred. However, additional
formulating is necessary to obtain properties such as adhesion, low viscosity, good
application properties in thin filims, cohesive strength, flexibility, low moisture-vapor
transmission, and high dielectric properties. Other resins or functional chemicals
are often added in .order to modify polymer basic properties. For instance, more
active curing agents may be necessary in thermosetting coatings than are used
in bulkier sections of resin (such as potting compounds) wherein exothermic heat
can accumulate to speed the reaction.

Other problems, directly related to thinness, are the need for low porosity, and
freedom from pinholes and foreign inclusions. Most coatings are applied as solutions
of the resins in suitable solvents. This enables the application of uniformly thin
coatings (and often limits the possible thickness), but causes other problems. Free-
ing the films of the last vestiges of these solvents is sometimes difficult, but necessary
in order to develop the full polymer properties.

The following is a discussion of function and end use of coatings for electronics,
specific test methods, properties for coatings, and application technology, including
surface preparation and applicable specifications.

Property—Function—End Use. The following definitions of property, function,
and end use are those used in the discussion of coatings.

PROPERTY: A property is that single characteristic which can be separated and
measured in terms of established units. Examples are dielectic breakdown voltage,
hardness, and moisture-vapor transmission.

The significant properties of coatings are, of course, directly related to the desired
end use, or functions, of the coating. As mentioned, a given end-use coating
must fulfill a number of different functions and, hence, often possess a myriad
of different properties. There presently exists no perfect coating, since there are
no combinations of perfect pregmsties. All coatings, therefore, will exhibit advan-
tages and disadvantages for a given end use. Presumably, those coatings having
a preponderance of advantages are being or have been employed for the given
end use. A listing of end uses and recommended coatings is to be found in
Table 1.

FuncTION: A function is defined as a general area of performance such as electrical
insulation or environmental protection and consists of a collection of “properties.”
For instance, electrical insulation depends upon properties such as dielectric strength,
volume resistivity, surface resistivity, and dielectric constant. The different condi-
tions present during performance of the function will determine which of the required
properties are most important. For example, in a high-humidity environment, prop-
erties such as moisture absorption and freedom from electrolytes (purity) would
be major factors. In a high-temperature environment, the softening temperature
and chemical stability would be influential. Environmental protection would de-
pend upon some integrations of properties such as moisture absorption, moisture
transmission, adhesion, hardness, and toughness.

exp use: End use is the actual service to which a coating is put. Typically,
a given end-use coating must fulfill a number of different functions. An example
might be conformal coatings for circuitry. Here, a minimum listing of required
functions would include electrical insulation, environmental resistance, filleting and
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bonding of smaller components, ruggedization to handling abuse, and vibration
damping.

In order to choose a coating for a given emd use, one must analyze and decide
which of the many available coatings will best satisfy the functional requirements
for the desired end use. Data are provided here as an aid to making such selections.

End-use Coatings

Printed circuit-board coatings Coating Types. The most commonly used coat-
ings for circuit boards are the polyurethanes, epoxies, silicones, polystyrenes, and
polyvinyl fluoride. Their choice depends largely on the operating and storage re-
quirements of the circuit boards. For high-temperature applications, for example,
only silicones should be used; whereas for resolderability, polyurethanes are outstand-
ing; and for adhesion and moisture resistance, epoxies are preferred. The most
widely used circuit-board coatings are covered by MIL-I1-46058, according to which
three classes of coatings are defined as follows:

Class A. General-purpose coating:
Type ER—epoxy
Type PUR-—polyurethane

Class B. Heat-resistant coating:
Type SR—silicone

Class C. Low-loss dielectric coating:
Type PO—Polystyrene

Reliability. Printed-circuit boards are usually coated as the last step in their
fabrication to improve the reliability of the entire assembly. This is particularly
important for boards used in military electronics and astrionics, where the value
of a completed board may easily be in the $3,000 to $5,000 range and where
storage and operational time may be as long as eight years. It has been demon-
strated numerous times and by many firms that without a protective coating, these
assemblies will fail owing to such mechanisms as moisture degradation, large de-
creases in electrical insulation resistance, electric short circuiting and corrosion.
Even for commercial applications such as television and radio, organically coated
circuit boards prolong service life.!

After six months in a 95 percent relative-humidity environment, a board coated
with 1.5 mils (0.0015 in.) of polyurethane showed no signs of corrosion and passed
all electrical functional tests. A similar unprotected board showed excessive corro-
sion on components, solder, and conductor lines after only two days of the same
exposure. To ensure maximum reliability of circuit boards and other electronic
assemblies, defense contracts require hardware to meet stringent environmental tests
called out in specifications such as MIL-E-5272, MIL-E-5400, MIL-E-16400E, and
MIL-STD-202. These specifications call for resistance to humidity and temperature
exposure (Fig. 1), salt spray, abrasion, impact, fungus, and other tests. Table 2
gives a list of tests defined in MIL-STD-202. Many of these are applicable to
coatings either per se or in combination with a component. Thus, to meet these
requirements, the need for a coating or some type of encapsulant protection becomes
mandatory. Figure 2 shows the corrosive effects of 50-hr salt spray on an uncoated
cireuit board and the protection afforded by a 1-mil polyurethane coating under
the same conditions. An insulation resistance drop of 10° to 107 ohms is often
experienced with printed circuitry on uncoated epoxy or phenolic laminates when
exposed to warm, humid environments, compared to 10°- to 10-ohm drops for
coated boards (Fig. 3 and Table 3).

In addition to minimizing electrical degradation of laminates, coatings also mini-
mize or prevent some discoloration effects caused by moisture and processing condi-
tions. With some laminates, including epoxy-glass, whitening (also referred to
as “measling”) occurs when the board, which has gone through various processing
steps, is subjected to a warm, humid environment. Although structurally not serious,
this effect has been the cause for rejection of many completed assembled boards
because of the poor aesthetics. A coating possessing good humidity-resistance prop-
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TABLE1 Properties of Coatings by Polymer Type

Electrical properties Physical characteristics
Volume Maximum Approximate
resistivity, Dielectric continuous Bward hardness
ohm-em gth Diel Dissipati service tem- Adhesion (higher number | Abrasion
Coating type (ASTM D 257) volts/mil constant factor perature, °F to metals Flexibility is harder) resistance
Acrylie 10101 450-550 2.7-3.5 0.02-0.06 180 Good Good 12-24 Fair
Alkyd 101 300-350 4.5-5.0 0.003-0.06 200 Excellent Fair to good 3-13 (air dry) Fair
250 T.S. . Low temperature—poor | 10-24 (bake)
Cellulosic (nitrate 250-400 3.2-6.2 180 Good Good 10-15
butyrate) Low temperature—poor
Chlorinated poly-
ether (Penton®) 1018 400 3.0 0.01 2560 Excellent Good
Epoxy-amine gure 10 at 30°C 400~550 3.5-5.0 0.02-0.03 at 30°C 350 Excellent Fair to good 26-36 Good to ex-
10w at 105°C Low temperature—poor cellent
Epoxy-anhydride, 650-730 3.4-3.8 0.01-0.03 400 Excellent Good to excellent 20 Good to ex-
Dicy Low temperature—poor cellent
Epoxy-polyamide 10M at 30°C 400-500 2,5-3.0 0.008-0,02 350 Excellent Good to excellent 20 Fair to good
101 at 105°C Low temperature—poor
Epoxy-phenolic 100101 300-450 400 Excellent Good Good to ex-
Low temperature—fair cellent
Fluorocarbon TFE 108 430 2.0-2.1 0.0002 500 Can be excellent; prim- | Excellent
ers required.
FEP 1ms 480 2.1 0.0003-0. 0007 400 Can be excellent; prim- | Excellent
CTFE 1008 500~-600 2.3-2.8 0.003-0.004 400 ers required
Parylene (polyxy- 100-1007 700 2.6-3.1 0.0002-0,02 240°F (air) Good Good
lylenes) 510°F (inert
atm.)




Phenolics 10%-1012 100-300 48 0.005-0.5 350 Excellent Poor to good 30-38 Fair
. Low temperature—poor
Phenolic-oil varnish 250 Excellent Good Poor to fair
Low temperature—[air

Phenoxy 101101 500 3.7-4.0 0.001 180 Excellent Excellent

Polyamide (nylon) 100-1(05 400-500 2.83.6 0.01-0.1 225-250 Excellent

Polymtl’!'r 1012101 500 3.8-8.1 0.008-0.04 200 Good on rough surfaces; | Fair to excellent 25-30 Good

s poor to polished metals.
Chlorosulfonated
(polyethylene
(Hypalon)t 6-10 0.03-0.07 250 Good Elastomeric Less than 10
400

Polyimide 1016-10'8 3,000 (10 mil) 3.43.8 0.003 500 Good Fair to excellent Good

Polystyrene 10t-1000 500-700 2.4-2.6 0.0001-0.0005 140-180 Poor to fair

Polyurethane 1012-103 450-500 6.8 (1 kHz) 0.02-0.08 250 Often poor to metals. | Good to excellent, 10-17 {castor oil)

3,800 (1 mil) 4.4 (1 MHz) (Excellent to most non- | Low temperature—poor | 50-60 (polyester)
metals.)

Bilicone 1014-10%e 550 3.0-4.2 0.001-0.008 500 Varies, but usually needs| Excellent 12-16 Falir to ex-
primer for good adhe- | Low temperature—ex- cellent
sion, cellent

Vinyl chloride 1011015 300-800 3-9 0.04-0.14 150 Excellent, if so formu- | Excellent §—10

(poly-) lated. Low temperature—[air
to good

Vinyl chloride 104-1016 400 2.3-9 0.10-0.15 150 Requires adhesive Excellent 3-6

(plastisol, organi- primer. Low temperature—fair
sol) to good

Vinyl flucride 101108 260 6.4-8.4 0.05-0.15 300 Excellent, if fused on | Excellent

1,200 (8 mil) surface. Low temperature—ex-
cellent

Vinyl formal

* (Formvar}) 101a-101s 850-1,000 3.7 0.007-0.2 200 Excellent

* Trademark of Hercules Powder Co., Inc., Wilmington, Del.
t Trademark of E. I. du Font de N Co., Wilmington, Del.

1 Trademark of Monsanto Co., St. Louis, Mo.
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TABLE 1 Properties of Coatings by Polymer Type (Continued)

Resistance to environmental effects

Film formation

Moisture
and Resistance to
Coating Chemical and humidity | Weather- micro- Flamma- - Application
type solvent resistance resistance ability organisms bility Repairability Method of cure | Cure schedule method Typical uses

Acrylie Good Excellent re- | Good Medium | Remove with sol- | Solvent evapora- | Air dry or low- | Spray, brush, | Coatings for cireuit boards
sistance to vent. tion temperature dip quick dry protection for
UV and bake markings and color cod-
weather ing.

Alkyd Solvents—poor Poor Good to ex- | Poor Medium Poor Oxidation or heat | Air dry or bak- | Most common | Painting of metal parts and

Alkalies—poor . cellent ing types methods hardware.
Dilute acids—poor to fair
Cellulosic | Solvents—good Fair Poor to good | High Remove with sol- | Solvent evapora- | Air dry or low- | Spray, dip uers for decoration
nitrate | Alkalies—good vents. tion temperature and protection. Hot-
tyrate}| Acids—goo bake melt

Chlgrinate Good Low Powder or dis- | High tempera- Ssngy. dip, Chemically resistant coat-

polyether persion fuses ture fusion uid bed ings.
(Penton®)

Epoxy- Solvents—good to excellent | Good Pigmented— | Good Medium No Cured by catalyst | Air dry to me- | Spray, ﬁr, Coatings for cireuit boards.
aming Alkali ) fair; clear— reaction dium bake uid b Corrosion-protective
cure Dilute acids—Fair poor {chalks) coatings for metals.

Epoxy-an- | Solvents—good Good Good Medium No Cured by chemical | High bakes 300 | Spray, dip, High-bake, high-tempera-
hydride, | Alkalies— reaction to 400°F fluid bed, ture-resistant dielectrio
Diey Dilute acids— impreg. and corrosion coati

Epoxy- Solvents—fair Good Good Medium No Cured by coreact- | Air dry or me- | Spray, dip Coatings for circuit boards.
poly- Alkali ant dium Filleting coating.
amide Dilute acids—poor

Epoxy- | Solvents—excellent Excellent, | Pigmented— | Good Medium No Cured by coreact- | High bakes 300 | Spray, dip High-bake solvent and
phenolic | Alkalies—[air Iair; clear— ant to 400°F chemical resistant coat-

Dilute aeids—; poor ing.

Fluocarbon | Solvents—excellent Excellent Good None No Fusion from water | Approx, 750°F | Spray, dip High-temperature-resist-

TFE Alkalies— or solvent dis- ant insulation for wire.
Dilute lent persion

FEP Excellent Good None No Fusion from water | 500-600°F Spray, dip High-temperature-resist-

CTFE or solvent dis- antinsulation, Extruda-

persion ble.

Pa(ryl.lzne Excellent None Vapor phase denosition un:] polymer- Very l.lun. pm]mla-im :

polyxy- ization requiring special license ible semi-
lylenes) from Union Carbide. mdncuhlpm ting.
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Phenolies | Solvents—good to excellent | Excellent | Fair Poor to good | Medium | No Cured by heat Bake 300-500°F | Spray, dip bake chemealand
Alkalics— vent-resistant icoat-
Dilute ack ings.
il | Solvents—poor Good Good Poor, unless | Medium | Poor Oxidation or heat Spray, brush, | Impregnation of electronic
varnigh - | Alkalies—poor toxic—ad- dip-impreg- ules, quick protective
I]hlutte sclds—gocd to excel- ditive nate coating.
en
Phenoxy Good Good Cured by heat Chemical resi ing.
Polyamide .
(nylon) Fair Fairly solderable Wire
Polyester Sdmu—puor : Fair Very good Good Medium | Poor Cured by heat or | Air dry or bake | Spray, brush,
Al fair catalyst 100~-250°F dip
Dilute aci snod
Chlorosul- Good Good Low Solvent evapora- | Air dry or low | Spray, brush | Moisture and fungus proof-
fonated tion temperature ing of materials.
r-:‘ (i : bake
ene (Ily-
palont)
Polyimide | Solvents—excellent Good Good Good Low Poor Cured by heat High bake Dip, impreg- | Very high temperature re-
Al - pate, wire sistant wire insulation.
Dilute acids— coater
Polystyrene Good Good High Dissolve with sol- | Bolvent evapora- | Air dry or low | Spray, dip Coil coating, low dieleetrie
vents, tion bake constant, low loss in radar
uses.
Po'l’ﬂ:c- Solvents—go y Good Poor to good | Medium | Excellent; melts, | Coreactant or Air dry to me- bpray. brush, | Conformal coating of cir-
L] Dilute alkalics—fair solder-through | moisture cure dium bake dip cuitry, solderable wire in-
Dilute sclds—gond propertics sulation.
Silicone Solvents—, Lixcellent | Excellent Good Very low | Fair to excellent. | Cured by heat or | Air dry (RTV) | Spray, brush, | Heal-resistant coating for
Alhlml—mod (dilute) {except in | Cut and peel, catalyst to hj&. bakes | dip electronic circuitry.
Dpoar (concwtra.tod) 02 atm.) Good moisture resistance,
Vi i Snlvegb—llwbol good Good Pigmented— P?:ptg&od Very low | Dissolve with sol- | Solvent evapora- | Air dry or ele- | Spray, dip, Wire insulation. Metal
:‘?onde Alkalies—good fair to good | (depends on vents, tion vated temper- | roller coat protection {u‘runlly
(poly-) . Clear—poor last ) ature for speed uminum},
\’izl ) Good Poor to good | Low Poor Fusion of liquid to | Bake 250-350°F | Spray, dip, Soft-to-hard thick coat-
loride (depends on gel reverse roll ings, electroplating racks,
(plastisol, plasticizer) equipment.,
organisol) |
Vinyl Good Excellent Good Yery low | Poor Fusion from water | Bake 400-500°F | Spray, roller | Coatings for circuitry.
. Buoride or solvent disper- coat Long-life exterior finish.
sion
Vinyl “Good Good Medium | Poor Cured by heat | Bake 350-300°F | Roller coat, | Wire insulation (thin coat-
wire coater ings) coil impregnation.
(Form-
var])

* Trademark of Hercules Powder Co., Inc., Wilmington, Del,
| Iradema of . 1. du Mtdaﬂmul&(.‘o Wi
Trademark of Monsanto Co., St. Louis, Mo,

immslon. Del.
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erties can minimize or eliminate this defect. The curing schedule for the coating
also has a significant effect on its moisture-barrier properties, with an extended
cure at an elevated temperature enhancing the performance of the coating. Irnprove-
ment is probably due to elimination of residual solvent in the coating film and
further crosslinking.

The use of conformal coatings for printed circuits also allows design engineers
greater freedom in achieving narrower conductor lines and closer spacings. Without
coatings, impurities, moisture, and other contaminants will easily bridge the conduc-
tors, resulting in decreases in insulation resistance and even arcing between conduc-
tors. The dielectric breakdown voltage across a clean, dry surface is very good,
but maintaining the surface in this condition is extremely difficult. The increased
insulation protection afforded by an epoxy coating on a G-10 laminate board with
l4¢-in. conductor spacings was shown by McGuiness. The flashover voltage for

0 [T T T Tebsen LT T aooew] I 11
65 initial 1+ 90 -98%RH-><RH-><90-98%RH~=<RH 90-98%RH
| conditioning ] l,d_
60— ina dry oven /
55| 24hr - -
{4
45| Humidity / \ / \
40— uncontrol led| /
=g / h rtEnd of final cycle
o \YVi \ measurements as T |
5* # specifiedin 2.6 T
2 n: 4 L _Lleel 1
- e | o
15| Initial rn_eusgremem;—{ +10°C :‘:]"::: [}
) STET"TG 'in Tzl i i :‘2°[‘, specified in
5 J| e s e o Voltage opplied os specified in 2.5 g4.2
Ol Unless otherwise specified, I I |
-5| temperoture tolerance is £2°C+4 [ i
|| points within the chamb
e glcgpl p!::\ if'n‘r‘:':ed!i:le uiccin?;‘; :ir Steps 7o ond 7b performed el §Tep 70
the specimens and the chamb during any 5 of the first — Step 7a
surfaces. 9 cycles. Humidity uncon—
| it AL | trolled during steps Ta
| ond 7b only.* |
rior to first cycle et 13 LS |L|'6 1
_""l:ssec?;?ﬂﬂ..ﬁ—ﬁ{)ne cy?ig 24hr "Repeat as specified in 2.3 ————t
10 O ) (Y Y Y 0 S O O IO I
012345 7B SI0III2IZI415 161718192021 222324

Fig. 1 Graphical representation of moisture-resistance test per MIL-STD-202B,

Method 106.

the coated board was 5,000 volts as compared with 1,600 volts for an uncoated
board when run at 80°F in 50 percent relative humidity. Allowable spacings
between conductors for various applied voltages are given in Table 4. The reduction
in spacing made possible by the use of conformal coatings is also apparent from
this table. These data are specified in MIL-STD-275B, Printed Wiring for Elec-
tronic Equipment.

Coatings also serve other functions which contribute to the overall assembly
reliability. These include the rigidity imparted to thin leads, solder joints, and
components, thus preventing breakage or lifting during normal handling and espe-
cially during vibration.

Coating Thickness. Theoretically, the thicker the coating, the better the humidity
barrier since moisture permeability is inversely related to thickness. This holds
true fairly well for the 100 percent solids coatings. However, it is not always
true for solvent-based coatings since the probability of entrapment of solvent volatiles
in the cured coating is greater, the thicker the coating. With trapped solvent mole-



Functions of Coatings 5.9

cules, a more porous structure results in which water can be more readily absorbed
and transmitted, thereby causing blistering, corrosion, and large decreases in insula-
tion-resistance values. Solvent-based coatings, however, may be formulated that
contain various additives, permitting rapid release of solvents on curing; and cure
cycles can be optimized also to achieve the same results. Thus, with proper tech-
niques, both 100 percent solids and solvent-based coatings will afford better humidity
protection by increasing their thickness.

Most circuit-board manufacturers use 0.3- to 3-mil-thick coatings. Excessive
thicknesses have been reported to cause cracking of components such as glass

TABLE 2 MIL-STD-202 Test Methods and Numbers

Test method Method No.

Environment tests (100 class):

Salt spray (COTTOSION) . .. vov i iiiennrscessnananans 101C
Temperature eyeling. . ... oiiiiiiin i i rnnees 102A
Humidity (steady state)...........ccoviiviiiiiiininns 103B
TINDIBTEION . v oo v e s e s o b A e 104A
BarometTic Pressire. ..o .uvoirinrassssnnssessnsssnss 106C
Moistire TesiBbATIOR s e e e s 3 SR PR 106B
Tl shoslt, o v e ma s r S e S s e e, 107B
Life (at elevated ambient temperature)................ 108A
PP OO o AT S L T T S ek 109A
Band:and doet. bl TS R e e 110
Flammability (external flame)..............cvvveiuunn 111
T g vl e 112A
Physical-characteristics tests (200 class):

NABTRBIORL. « ovnen s mpreima oo somam: woss e powmnsoy e e A SRS 2014
Shock (specimens weighing not more than 41b)......... 202B
Shock (specified pulse).......vvvvvivinivenaerinnennan 213
Banadory BEOD o rho e amme i st ey S e vs 203A
Vibration, high frequency. ... ....ccviveeeriiinnannnns 204A
Yibration, TARAOMY. .o s vmnniv vivs siae v e amee s 214
Shock, mediom impaect. . .....ociiiiiiiriiiinnnansas 205C
Tiife (rotational)s i coui o viimimivinie i s s swes.ere e 206
High-impaet shook. . o« i vsmuvniiiesiimes s sumosmmas 207A
Solderability . . ..o ivinriresiinnseiisnnnannsnnannns 2088
Resistance to solvents. . ........coiiiiiiniiiinnnnnan 215
Electrical-characteristics tests (300 class):

Dielectric withstanding voltage. .. ........ciiiiiunnns 301
Tnzulabion TERISEATICE: v o e v minm s i smmn S e 302
D0 TeaiBbaN0n, . oo i aras v e s a M mats e 303
Resistance-temperature characteristic.................. 304
RPBCTERIEG 5 s s e A R S S F T e 305
Q Fackob o v e i A A s e 306
Contach Teaisbanes . . . vuie i i siiin oy ies i vinsmeswan 307
Current-noise test for fixed resistors. .................. 308
Voltage coefficient of resistance. .. ..........ccinuvnnes 309
Contact-chatter monitoring., . ......coiiii i inrennnens 310

diodes or glass-sealed resistors. Cracking is variously attributed to (1) stresses
resulting from shrinkage of the plastic coating when the solvent evaporates; (2)
high shrinkage from polymerization during curing; or (3) large differences in coeffi-
cients of expansion between the glass and the plastic coating. The cracking may
be manifest soon after drying, after curing, or much later during testing or rework
operations where additional stresses are imposed. For stress-sensitive components,
it is therefore important to avoid very thick coatings; and if filleting is used, to
avoid bridging between components.

Inspection. Many manufacturers are providing dyed or fluorescent coatings to
allow visual or ultraviolet-light inspection, assuring that all areas have been coated
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adequately. Bare spots, pinholes, and other discontinuities are easily detected, thus
facilitating quality control. Fluorescent indicators are also being used to determine
whether particles of coating are migrating and contaminating other portions of
a system, because particulate matter is especially critical to the functioning of
parts in the immediate vicinity of the circuit board, such as gyros, accelerometers,
bearings, and rotating memory disks.

Reworkability of Coated Assemblies. Many commercial electronic modules are
designed as throw-away items, so that no coating or, at most, a relatively inexpensive
varnish or polyester is employed. For more complex and expensive electronic gear,
speciality coatings are needed to achieve long-term reliability. Because of the

Fig. 2 Effects of salt spray on coated and uncoated circuit boards (board on right
was coated ).

probability that one or more defective components or solder joints will have to
be repaired, it is imperative that the module be reworkable. Hence, the coating
selected, in addition to meeting the numerous engineering and manufacturing require-
ments, must be amenable to being removed so that defective components may
be separated and replaced. The removal technique must be one that does little
or no damage to good adjacent components, surfaces, and markings. Combining
all these desirable features in one material is, of course, a very difficult problem.
‘Where service temperatures are lower than 275°F, polyurethanes have been popular
because, being thermoplastic, they can be melted in localized areas by a hot solder-
iron tip (Fig. 4), and indeed behave as a partial solder flux. Epoxy-polyamides
and epoxy-amines also may be softened and removed by a hot solder iron; however,
with much more difflculty, Heat may decompose and carbonize the epoxy polymer,
resulting in poor solderability and darkened areas.
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Silicone elastomeric coatings are easily removed by cutting into them with a
knife blade because of their softness. Being thermosetting, they will not soften
or melt with heat, but will eventually decompose. Silicones and other thermosetting
plastics may also be swelled by prolonged’ contact with chlorinated or fluorinated

solvents such as methylene chloride or tri-
chloroethylene, and then removed mechani-
cally.! However, there are four problems
encountered with solvent-removal tech-
niques: (1) the process is slow, requiring
immersion for one or two days; (2) solvents
do not really dissolve the plastic, but only
swell it; (3) the solvent cannot be localized,
and so there is the probability of the other
areas being damaged; (4) swelling of the
plastic can generate large stresses which then
induce failure modes in other devices.

Addition of 3 to 10 percent of an additive,
such as silica aerogel, will convert the sol-
vent to a paste which will not flow under
normal conditions. This method is also
extremely slow and subject to solvent
evaporation.

Solder resists and maskants In the as-
sembly and processing of electronic compo-
nents, resists or maskants may be needed to
“stop off” certain areas from conformal coat-
ing or solder. For example, in the con-
formal coating of printed-circuit boards, the
edge connector strip should be left uncoated
to allow electric contact with an edge
connéctor. ;

In soldering, of course, solder splatter is
undesirable, especially where bridging and
short-circuiting of closely spaced conductors
can occur. To prevent solder wetting of
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Fig. 3 Insulation resistance of coated
and uncoated boards as a function of
humidity cycling ( MIL-I-46058 ).

TABLE 3 Humidity Effects on Insulation

Resistance of Circuit Boards?

Insulation resistance, ohms

Sample Initial 5th cycle | 10th cycle
Uncoated......... 1.5 X 1012 3 X 107 5 % 10
Coated. . couvaeais 1 X 101 3 X 10° 2 X 10
Uncoated......... 3 X 101 5 ¥ 107 5 ¥ 108
Coated....ocewens 3.1 X 101 5 ¥ 10U 4 x 101

C Uncoated......... 3 X 1012 | 5.5 X 107 (1.5 X 106
Coated. ..covevvins 3 X 101 3% 101 | 4,1 X 1010

such areas, solder maskants, also referred to as solder stop-offs, are employed. They
are usually epoxy formulations because of the need to withstand ‘exposure to solder
temperatures of 475°F and higher without degrading. Most nonepoxy types are
reported to blister, lift, outgas, or decompose in some other way. Solder maskants
are normally applied by screening, although spraying through a stencil and brushing
have also been used. The main limitation in the use of epoxy solder maskants is
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that once they have been applied and cured, repair is virtually impossible. A fully
cured epoxy coating is strongly adherent, and all methods required to remove it will
invariable result in damage to the substrate or the circuitry.*

TABLE 4 Minimum Allowable Spacings
between Conductors on Printed-circuit Boards
for Conformance to MIL-STD-275B

Voltage between conductors
(de or ac peak) Minimum spacing, in.

Uncoated boardas:
Sea level to 10,000 ft:

0-150 0.025
151-300 0.050
301-500 0.100
Greater than 500 0.002%
QOwer 10,000 ft:
0-50 0.025
51-100 0.060
101-170 0.125
171-250 0.250
251-500 0.500
Greater than 500 0.001%
Coaled boards:
All altitudes:
0-30 0.010
31-50 0.015
51-150 0.020
151-300 0:030
311-500 0.060
Greater than 500 0.00012%

* Inch per volt.

Fig. 4 Soldering through a polyurethane conformal coating on a ceramic printed-
cireuit assembly.

The maskants described above as useful for stopping off either conformal coatings
or solder may take a number of forms, as follows:

1. Screenable coatings

2. Strippable dip or spray coatings

3. Tapes, adhesive-backed )

4. Molded rubber pressed into close contact by means of a clamp fixture
A list of representative examples is given in Table 5.
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Coatings for thin-film circuits Coatings, either alone or in conjunction with
encapsulants, are being used more and more as the method of packaging of both
thin- and thick-film circuits. Large cost savings can be achieved over the normal
packaging methods involving hermetically sealed metal cans. However, because
of the close value tolerances to which thin- or thick-film elements such as resistors
must be held, and because of the sensitivity of these elements to changes, hermeti-
cally sealed packages with an inert gas must still be used in many cases. Where
organic coatings are to be used, they should be checked for compatibility with
the various circuit elements (resistors, capacitors, conductors, etc.) before use.
Compatibility is commonly determined by (1) assessing changes in electrical values
before and after coating and after environmental testing such as thermal cycling

TABLE 5 Typical Resist Coatings and Maskants Used in
Assembly of Printed Circuits

Type Name Manufacturer Characteristic feature

Strippable coatings..... Spraylat 1071 | Spraylat Vinyl solution, brush, dip,
or spray. Air dry, good
toughness. Heat resist-
ance 200-250°F.

Adhesive tapes. ....... No. 35 Minnesota Mining | Vinyl tape, acrylic adhe-
& Mig. Co. sive,
No. 63 Teflon tape, acrylic adhe-
sive.
EE 6379 Permacel Polyimide tape, silicone
adhesive.
No. 470 Minnesota Mining | Vinyl tape, synthetic rub-
& Mifg. Co. rubber adhesive.
Screenable solder resists | DEM 727 Dynachem Corp. A thermosetting, screena-

ble, one-component coat-
ing, available in a number
of colors. An elevated-
temperature cure is rec-
ommended. Stable for 1
min at 525°F,

184 Series Wornow Process Reinforced alkyd-based
Paint Co. transparent green. Heat
curing from 200 to 300°F
required for permanent
resist. Stable at 500°F

for 15 sec.
PRH-403 Permacel Two-component epoxy.
Loneo PC33R | London Chemieal Melamine-polyester.
PC 535 Silicone-polyester.

and humidity exposure; (2) determining degree of adhesion of the coating to
the various substrates and surfaces comprising the circuit; and (3) checking for
corrosivity to metallic surfaces by long-term or accelerated testing.

Because many thin-film resistors must maintain close tolerances (=+0.1 percent)
and most coatings effect changes greater than this, it is a common practice to
passivate the resistors using special composition glasses or silicon monoxide. After
such glassification, the circuit chip can be plastic-packaged by coating, transfer
molding, or other methods.

Coatings for thick-film circuifs So-called thick-film circuits are formed by the
deposition of conductive, resistive, dielectric, and insulative coatings on ceramic
or plastic substrates. The coatings, often in the form of screenable inks or pastes,
are applied as circuitry lines, resistors, or capacitors.

Most of the criteria previously described as applicable to the selection of conformal
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coatings for etched printed-circuit boards also apply to thick-film circuit protection.
Hence, moisture resistance, stability of electrical insulation properties, adhesion,
solder-through properties, and transparency are usually required. Many coatings
used for the protection of epoxy circuit boards cannot be used for ceramic circuits
because of differences in adhesion to the substrate. Adhesion of organic coatings
to ceramics is generally poorer than to an epoxy substrate. Primers may have to
be used to achieve both adhesion and other desirable properties.

TABLE 6 NEMA Standards and Manufacturers’ Trade Names
for Wire Insulation

Polyvinyl| Polyvinyl
formal formal
Polyvinyl with with
Plain | Polyvinyl| formal nylon butyral Poly-

Manulacturer enamel | formal modified | overcoat | overcoat | amide Aerylic Epoxy
Thermal class, . ......oounus 105°C 105°C 105°C 105°C 105°C 105°C 105°C 130°C
NEMA Standard®. . ........ MW1 | MW 15 MW 27 MW 17 | MW 19 MW 6 MW 4 MW 9
Anaconda Wire & Cable Co. | Plain Formvar | Hermetic |Nyform |[Cement |.........|..c.ccvcen Epoxy

enamel Formvar coated epoxy-
Formvar cement
coated
Asco Wire & Cable Co.......| Enamel | Formvar |........... Nyform | Formbond | Nylon Acrylic Epoxy
Belden Manufacturing Co. . .| Beld- Formvar |.ccouuvsees Nyelid  iaseasvilesesi] fiavan Epoxy
enamel §
Bridgeport Insulated Wire Co.|......... Forrovar Juvecossvess]eassess Quickbond| Quick-Sol|......ovoafurriiines
Chicago Magnet Wire Corp. | Plain Formvar |...covueens Nyform | Bondable | Nylon Acrylic Epoxy
enamel Formvar
Essex Wire Corp............ Plain Formvar | Formetex | Nyform | Bondex |......... Ensolex/ | Epoxy
enamel ESX
General Cable Corp......... Plain Formvar | Formetic | Formlon | Formeze |[......... Solderable | Epoxy
engmel acrylic
General Electric Co.........J.co0eenen Formex ||, ceomsiimsifesvamsias el NYIon e snavi)issaran
IR TRITE L T g b ) (R—— ——— S————— | S——— (e —— el (W——] (E—
Hitemp Wires Co. Division
Bimplex Wire & Cable Co. Jocvneiniliacnmsensleimassiinasficrimaiidiiassvvesifinsvesies |dvsnassiiaonsiivabe
Hudson Wire Co,........... Plain Formvar [...oavaives Nyform | Formvar |Ezsol |.....oooiifuieiiinns
enamel AVC
New. Haven. Wite & Cable; | Plain: Lenviipilesssmimmmnloeimies il srnsns s boi s nane] suvnancns]asispmioe
Inc. enamel
Phélpe Dodge Magnet Wire | Enamel | Formvar | Hermeteze | Nyform | Bondeze [.........|ocoovecuiifireeenans
orp.
Rea Magnet Wire Co., Inc...| Plain Formvar | Hermetie | Nyform | Koilset Nylon [|evevssenes Epoxy
v enamel Formvar
special
Viking Wire Co., Ine........ Enamel | Formvar [........... Nyform |F-Bondall [ Nylon |..........|.cc.cuens

Courtesy of Rea Magnet Wire Co., Ine.

Polymer coatings or encapsulants used over thick-film circuits should be carefully
chosen for purity and stability. Outgassing or contaminants of a reducing nature
such as hydrogen gas evolving from the polymer will degrade resistance values,
especially of palladium-palladium oxide-silver composition inks. This is due to
the reduction of the oxides in such compositions to free metal which increases
conductivity. Hence, plastic overcoatings may have a very damaging effect rather
than the intended beneficial effect. It is reported that the platinum composition
resistors are unaffected by hydrogen and are less sensitive to impurities.”
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Wire and coil coatings and varnishes In general, wire coatings consist of
high-molecular-weight polymers, either of the thermoplastic (linear) or thermosetting
(crosslinked) types. The thermoplastic types have definite softening or melting
points, above which the materials are not usable especially if a stress is applied
in a localized area. Examples include Teflon® and nylon. The thermosetting coat-
ings are more resistant to cui-through—required in all wire-wound devices—and
have improved solvent resistance. Examples include silicones, polyester, and poly-

TABLE 6 NEMA Standards and Manufacturer's Trade Names
for Wire Insulation (Continued)

Poly- Poly-

ure- Paly- Poly- | urethane Ceramic,

thane | urethane | urethane with ceramic-

with with with  |nylon and Polyester Teflon,
Poly- | friction | nylon butyral | butyral with Poly- | Polyester | ceramic-

Teflon | urethane | surface | overcoat | overcoat | overcoat | Polyester | overcoat | imide | polyimide | silicon

200°C 105°C 105°C | 180°C 105°C 130°C 155°C 155°C 220°C 180°C | 180°C+

MW 10 MW2 |ioiieres MW 28 MW 3 MW 29 MW 5 MWS5 | MWI16|.....uun.. MW7
(PROP) | (PROP)
.| Analae  |........ Nylae Cement- | Cement |.......... Anatherm | Al 220 | Anatherm
coated coated D, M.L. N
analac nylac Anatherm Apamid M
200 (amide
-imide)
o Paly  |ooenn.. Nypol | Asco Asco Ascotherm| Isotherm | M.L. | Ascomid
bond-P bond 200
.|Beldure |........ Beldaol'. b eviecntosif s aaon Isomel Polyther- | M.L.
maleze
.| Polyure- | Uniwind| Poly- Polybond |......... Isonel 200
thane nylon
......... Soderbrite|........| Nysod | Bondable |.........| Polyester
polyure- 155
thane
......... Boderex |........| Boderon | Soder- Soder- | Thermalex| Polyther- | Allex
bond bond N | F malex/
PTX 200
......... Enamel |........|Genlon |..........].........| Gentherm | Polyther-
“a" maleze
200
...................................................... Alkanex
Tellon'. [sasavvsvedirmsnore]tomsoammal sanmmeramtlimranses Isomel
Temprite
........ Hudsol Gripon | Nypoly | Hudsol Nypoly | Isonel 200 | Isonel ML. Isomid
AVC AVC 200-A
......... Tmpsol pudiieans] TODSETOH | osvn s s atnafososunwns fiimenne saa| IED-200
......... Sodereze | Gripeze | Nyleze |..........|8-Y veviesees.| Polyther- | ML,
Bondeze maleze
200 11
,,,,,,,,, Solvar veveesss| Nylon | Solvar wwsnssess| I50nel 200 | Polyther- | Pyre Isomid Ceroc
solvar koilset maleze M.L.
200
...... ..| Polyure- |........| Poly- P-Bondall |.........| Isonel 200 | Iso-poly | M.L. | Isomid
thane nylon Isomid-P

vinyl formal. A list of some wire coating types, trade names, and manufacturers
is given in Table 6.

As described in Table 6, many wire coatings consist of a combination of polymers.
Polyvinyl formal may be coated with nylon to attain the lubricating properties
of nylon which improves winding properties. Polyvinyl formal is frequently
overcoated with polyvinyl butyral to form a coating that is self-bonding by either
heat or solvent action to make formed coils.

® Trademark of E. I. du Pont de Nemours & Co., Wilmington, Del.
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A description of wire coating types and their properties follows. A summary
of properties is found in Table 7.

Coil Coatings. Wire that is to be wound in coils around forms, cores, or the like
to form inductors, transformers, fields and armatures, or solenoids, of course, requires
primary insulation on the wire. In addition, these coils are usually further treated
to encapsulate or fix the wires in place. Furthermore, such inductive devices may
have to withstand severe environments, as in military or aerospace equipment,
or even in household washing machines. These are usually encapsulated, potted
in plastic cups, or molded or cast in synthetic resins designed to meet the severe
conditions. These treatments are largely described in Chap. 1.

TABLE 7 Summary of Properties of Various Coated Wires

Thermal
Coating rating, °C Advantages Limitations
Formvar.........uu. 105 Tough, high dielectric strength, | Crazes in polar sol-
compatibility, heat shoek vents¥
Polyosters. o ciswisiss 155 Toughness, dielectric strength, | Hydrolyzes in moist,
chemical resistance, cut-through | sealed atmosphere
Polyurethane........ 105 Dielectric strength, chemical re- | Reduced abrasion re-
sistance, compatibility, soldera- | sistance
ble without stripping, moisture
and corona resistance
O s o 105 Dielectric strength, solvent re-| Moisture abserption,
sistance, solderability, tough-| high electrical loss
ness, windability at all frequencies
Polytetrafluoroethy- 180 Thermal stability, chemical sta- | Gas permeability,
lene (Teflon) bility, dieleetrie strength, low | cold flow, adhesion
dielectric constant, low friction
Formvar-nylon. ..... 105 Solvent resistance, toughness, | Nylon portion sub-
windability, heat shock ject to same limita-
tion as nylon above
Formvar-Butvart.... 105 Bondable, dielectric strength, | Vibration, high me-
heat shock chanical stress
Polyurethane-nylon 105 Solderability, solvent resistance | Moisture absorp-
tion, high-frequency
losses
Polyimidesveaivsaes 220 Thermal resistance, chemical | Stripping difficulty,
stability, radiation resistance solvent crazes*®

*¥A prebake at 125°C for 2 to 4 hr after winding relieves filin stress so that crazing does
not subsequently occur during varnish or resin encapsulation.
t Trade name of Shawinigan Resins Co., division of Monsanto Chemical Co.

Wire Coating Types.

OLEORESINOUS COATINGS:

These coatings are essentially

varnishes derived from natural drying oils such as linseed or tung oil containing
numerous carbon-to-carbon double bonds and polymerizing by oxidative reaction
of the double bonds. The varnishes may be “beefed up” by “cooking in” fossil
or synthetic resins to improve their hardness and solvent resistance. Because of
the dark color of the finished wire, they are commonly referred to as black enamels.

POLYURETHANE COATINGS: Polyurethane coatings used in wire enamels are gen-
erally the reaction products of hydroxylated polyesters, and hydroxylated polyesters
which have been reacted with an excess of tolylene diisocyanate.

If two such materials are mixed, the reaction proceeds too rapidly for application.
For this reason, for wire coating, the polyester containing the excess isocyanate
groups is reacted with phenol, which forms a moderately stable compound and gives
the total mixture sufficient stability for application. After application of the material
to the wire, the phenol is released during the bake; and the resulting isocyanate can
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then react with the hydroxyl groups of the other polyester forming the urethane
linkages necessary for polymerization.

POLYAMIDES: Polyamides are the result of the reaction of a dicarboxylic acid
and an aliphatic diamine. The best-known example is nylon.

POLYVINYL FORMAL: Coatings based on polyvinyl formal, commonly referred to
as Formvar, are probably the most widely used of all wire coatings. The base
polymer is prepared by partial hydrolysis of polyvinyl acetate followed by condensa-
tion with formaldehyde. Polyvinyl formal used alone is deficient in solvent resistance
and hardness; but these properties are greatly improved by the addition of reactants
such as phenol-formaldehyde and cresol-formaldehyde resins. These resins condense
with the hydroxyl groups of the polyvinyl formal, producing a coating that is
exceedingly tough and flexible, yet possessing good resistance to abrasion and sol-
vents. Strong solvents are used in formulating these.

POLYESTER COATINGS: Polyester resins are produced by the condensation of a
dibasic acid, such as fumaric, phthalic, or maleic; a glycol; and perhaps an unsatu-
rated monomer such as styrene. When mixed and cooked in the proper proportions,
partial polymerization occurs, leaving the product soluble in solvents. After applica-
tion to the wire and during the cure, condensation occurs with release of water
to produce a crosslinked network. Polyester wire coatings derive their excellent
thermal properties from the stability of the ester linkages and the symmetry of
the para substitution on the benzene ring.

POLYIMIDE COATING: Varnish suitable for application as a wire coating consists
of polyamide acid resins soluble in strong solvents such as dimethyl formamide.
Removal of water from the polyamide-acid during the coating cure results in for-
mation of the polyimide.

POLYFLUORO COATING: These coatings differ from previously discussed coatings
in that polymerization does not occur during application of the coatings. The coat-
ings are applied as water dispersions of the polymer and then heat-fused or sintered
during application. Examples would be Teflons TFE and FEP, polyvinyl fluoride,
and CTFE.

Testing of Coated Wire. Coated wire testing is conducted most often according
to procedures described in NEMA (National Electrical Manufacturers Association)
Publication MW 1000, “Magnet Wire™; or in Military Specification MIL-W-583C,
Wire, Magnet, Electrical’ in the case of government procurement. Considerable
duplication exists between these two standards since many tests are identical. In the
following discussion, some of the more commonly used tests are described.

FILM THICKNESS: Film thickness is measured by micrometer readings of the coated
wire, removal of the coating in a manner nondestructive to the wire, and determining
the wire diameter after removal of the coating. Half the difference between these
diameters gives the thickness of the coating. One method of removing the coating
from the copper wire is to burn off the coating by heating, followed by quick
immersion of the hot wire in ethyl aleohol to reduce any copper oxide formed.

ApHESION: Adhesion is measured by elongating a 10-in. length of wire at 12
in./min for sizes 13 AWG (American Wire Gauge) and larger or by sudden pull
for sizes 14 and finer. Examination of the wire for separation or cracking at
specified magnification for different wire sizes determines failure.

FLexmiLiTy: Flexibility is determined by winding the wire around a mandrel
of specified size followed by examination at magnification dependent on the size
of the wire. Flexibility is frequently expressed as 1x, 2x, 3X, etc., signifying
that the particular wire coating will withstand winding around a mandrel 1, 2,
or 3 times the AWG size of the wire involved.

Adhesion and flexibility tests are frequently followed by elongation and by a
mandrel-wind test similar to the above.

HEAT sHOck: Heat is determined by elongation or stretching, winding around
a mandrel of specified size, dependent on wire size, followed by exposure to oven
heat. The specimen is then examined for cracking or separation from the metal
under specified magnification.
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SCRAPE RESISTANCE: Scrape resistance is measured in two ways: repeated scrape
and unidirectional scrape. The repeated-scrape test is conducted using a machine
that rubs a 0.016-in.-diameter needle or wire, oriented at 90° to the wire, but
rubbed in a direction parallel to the axis of the wire under test with provision
for a specified load at a rate of 60 strokes/min. Each stroke consists of a 360°
rotation of an eccentric drive. The machine is equipped with an electric circuit
which stops the action, and a counter which records the strokes at the time of
break-through of the film.

The unidirectional-scrape resistance test consists of a scraping action in one direc-
tion only. The machine employed provides for a 0.009 in.-diameter needle rubbing
in one direction on the coated wire at 16 in./min at right angles to the wire
with constantly increasing load. The machine is equipped with an electric circuit
for detecting the time to failure. Failure is recorded as “grams to fail.”

THERMOPLASTIC FLOW: This property is frequently referred to as cut-through.
Two pieces of 18 AWG wire are placed at right angles to each other and pressed
together by a load of 2,000 g. The conductors of the wires are connected to
a 110-volt power supply with an indicating device in the circuit such as an argon
lamp. The unit is placed in an oven and the temperature raised at a rate of
less than 5°C per min. When the indicating device shows short circuiting, the
temperature of the plate supporting the wires is measured and recorded.

DIELECTRIC STRENGTH: Dielectric strength of most wire coatings used in electronic
equipment is determined by means of “twisted pairs.” The specimens used consist
of two wires twisted under a specified tension and total number of twists, dependent
on wire size, for a length of approximately 4.75 in. The conductors of each pair
are connected to a 60 Hz ac power source, and the voltage is increased at a rate
of 500 volts/sec until breakdown occurs.

continurry: Continuity is measured by passage of 100 ft of wire through a
mercury bath at 100 ft/min. A discontinuity-indicating circuit operates at voltages
from 20 to 75 volts direct current dependent on wire size. The discontinuity
device operates when the resistance between the bath and conductor is less than
5,000 ohms but not more than 10,000 ohms. The test circuit is arranged so as
to record the number of dielectric breaks. Results are reported as number of
breaks per 100 ft of wire. )

High-voltage continuity is measured by passage of 100 ft of wire between grooved
metal rollers with the wire grounded to the take-off drum. The test circuit is
arranged so as to impose a 60-Hz voltage between the take-off drum and the
roller, and has a sensitivity of 1 megohm at the test voltage to indicate dielectric
breaks during test. The test voltages to be used are dependent on the thickness
of the coating and the size of wire.

SOLVENT RESISTANCE AND COMPLETENESS OF CURE: Degradation of wire coatings
due to solvent exposure may be determined by an accelerated test in which the
wire specimens are exposed to various solvents and their scrape resistance is meas-
ured. The scrape-resistance value may then be compared with that of a control
unexposed wire. Weight loss of insulating coating after extraction with solvents
is another method of assessing solvent resistance as well as the degree of cure
of the coating. Solvent extractables are usually determined by Soxhlet methods
using toluene followed by methanol; or, in the case of polyvinyl formal-urethane,
using boiling methanol. Extractables are calculated from the original weight of
coated wire, the weight of the extracted solution after stripping off the solvent,
or the weight of wire after all the coating has been removed. For most wires,
the extractable content provides a good index of degree of cure, particularly where
the wire is later to be exposed to the action of various liquids such as in oil-
or fluid-filled transformers.

Still a third method involves microscopic examination of the coated wire after
it has been exposed to solvent. In the case of polyvinyl formal wire, the wire
is exposed for 5 min to a mixture of 30 percent toluene, 70 percent denatured alcohol
(by volume). Removal of self-bonding resin from the polyvinyl formal or swelling
within 0.5 in. from the end is considered a failure. For other insulations such as
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polyimide, the completeness of cure may be determined by dissipation factor
measurements.

sOLDERABILITY: The solderability of wire (principally nylon- and polyurethane-
insulated) is tested by immersion in rosin-alcohol flux followed by molten 50:50
tin-lead solder at temperatures dependent on size of wire followed by visual examina-
tion. The sample is prepared by twisting the ends of a 12-in. length of wire
for a distance of 3 to 1 in. and cutting off the end of the twist, leaving 5
to 10 turns.

BOND STRENGTH OF SELF-BONDING WIRE: Twisted pairs are prepared similar to
those used for dielectric strength tests and bonded by heating for 1 hr at 125°C.
The bond strength is then measured by using a tensile testing machine with one
end of one wire clamped in one jaw of the machine and the opposite end
clamped in the other jaw. The rate of pull is 12 in./min, and the load causing
one wire to slide along the other is recorded.

THERMAL RATING AND THERMAL STABILITY: Thermal ratings are based on heat-
aging tests of twisted-pair specimens of 18 AWG wire with a heavy film coating
in accordance with ASTM D 2307. According to this rather complex test, sets
of 10 or more twisted-pair specimens are exposed to temperatures at least 20°C
apart for cycle periods specified, followed by proof-voltage tests dependent on
coating thickness. The proof voltages (60 Hz alternating current) are selected
to produce a voltage stress of approximately 300 volts/mil. Using statistical proce-
dures outlined in ASTM D 2307, the results are extrapolated for a predicted life
of 20,000 hr. This method is the basis for the thermal ratings presented in Tables
6 and 7.

The thermal stability of wire coatings may also be determined by differential
thermal analysis (DTA)" and by thermal gravimetric analysis (TGA)". According
to the DTA procedure, all endothermic and exothermic reactions that the material
undergoes in being exposed to a programmed temperature sweep are recorded.
These heat changes correspond to phase changes occurring at the indicated tempera-
tures; for example, they may consist of glass transitions, softening or melting, oxida-
tion, sublimation, or decomposition. Differential thermal analysis, however, does
not indicate weight changes since phase changes may occur without weight loss
or gain. For exact weight changes, thermal gravimetric analysis may be used.
According to TGA, weight loss is plotted dynamically (again during a programmed
temperature rise), using a very sensitive electrobalance. By running both a DTA
curve (known as a thermogram) and a TGA curve (known as a pyrogram), an
almost complete thermal profile of the material may be obtained. Both methods
are being used to study the thermal and oxidative stability of other polymeric coatings
and for plastics in general. The reader is referred to other books and articles
for further details and applications.” With reference to wire coatings, the thermo-
grams for polyethylene, polyvinyl chloride, Kel F, Teflon, Formex, Nylon-Formex,
Alkenex, polyurethane, and polyimide coatings have been reported by Murphy and
Hill.*

Coatings used in packaging electronic devices Organic coatings, used alone
or in combination with transfer-molded or cast resins, provide an extremely important
and economical approach for packaging and protecting electronie components. Plas-
tic encapsulated devices are rapidly replacing hermetically sealed canned devices
in many applications. Resistors, capacitors, transistors, diodes, and integrated cir-
cuits are all now available in plastic packages. So great has been the impact
of plastics that production of encapsulated transistors alone now numbers in the
tens of millions of devices per month. Indeed, the sealing of devices in plastics
appears to be the dominant trend, especially in the semiconductor industry.

The popularity of using plastics stems from the simplicity and rapidity with
which they can be processed and applied, resulting in substantial cost savings."
Dramatic cost reductions have been achieved, especially in the case of transistors
and integrated circuits. Devices that previously sold for as high as $3 to $5 in
metal cans have been reduced to 50 cents to $1 per unit by transfer-molding
them in either epoxy or silicone resins. Plastics may also be molded in an almost
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infinite variety of configurations; however, most of them are designed to be inter-
changeable with their metal-can counterparts ( Fig. 5).

Functions of Plastic Packaging Materials. Both coatings and transfer-molding
compounds are generally employed as a complete system.

The combination of a coating and a molding plastic provides greater rigidity,
dimensional stability, impact resistance, and moisture protection over the use of
a coating alone. The main functions of the coating, also referred to as the “inner
coating,” “barrier coating,” or “junction coating,” may be listed as follows:

1. To hold delicate components and fine interconnection wires together, allowing
them to be handled, dropped, vibrated, etc., without electrical or mechanical
damage. This function is sometimes referred to as “ruggedization.”

2. To impart stress relief. Stresses arising from the transfer-molding operation,
resin shrinkage, differences in coefficients of expansion between the plastic and
substrates, thermal cycling, and thermal shock may be equalized and dissipated
by using the proper barrier coating.

3. To provide some degree of moisture, gas, and dust protection, preventing
corrosion and electrical malfunctioning. -

4. To provide an insulation barrier, thus preventing electric short circuiting.

Fig. 5 Plastic-encapsulated semiconductor devices.

Among the functions of the transfer-molding or casting compounds are the
following:

1. To provide a well-defined structure with exact dimensional tolerances com-
parable to those for hermetic cans. This permits standardization and interchange-
ability of parts.

2. To provide high impact and mechanical shock resistance.

3. To provide a longer path for moisture, thus reducing moisture penetration.
The use of the coating alone does not afford a sufficient moisture seal.

Application of Coatings Used in Plastic Packaging of Electronic Devices. Barrier
coatings may be applied to components by dipping, spraying, fluidized bed, or
eye dropping. These methods are applicable to resistors and capacitors, but the
coating of uncased semiconductor devices and microcircuits is limited to the eye-
dropping method. Barrier or stress-relief coatings applied to semiconductor devices -
must be localized so that they cover only the active surface, metallization, and
a portion of the internal flying leads. The coating should not be allowed to spread
to the edges of the device or onto the external leads where it could affect the
adhesion and moisture permeability of the subsequently applied molding compound
or the solderability of the leads. Because of these restrictions, the only practical
method of applying the coating is by dispensing it in small drops from a microsyringe
or from an eyedropper.

The structural plastic is subsequently applied by transfer molding, casting, or
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dipping, and is successfully being used for the encapsulation of thin-film resistors,
wire-wound resistors, diodes, bipolar and MOS-FET transistors, integrated circuits,
coils, and many other components. The relative position of the barrier coating
with respect to the molding compound is shown in Fig. 6 for a commonly used
14-lead integrated-circuit package.

Plastic Parameters Affecting Device Reliability. The main plastic parameters
that can affect the reliability of a device are moisture penetration, purity, corrosivity,
stresses, and adhesion. Some of these parameters will be treated separately in
the following discussion. However, it should be emphasized that they are all closely
interrelated. For example, lack of adhesion will increase moisture penetration;
impurities will cause corrosion; and corrosion in turn can affect both adhesion
and moisture penetration.

Quter pics?lc\

Fig. 6 Cross section of plastic-packaged integrated circuit.

MOISTURE RESISTANCE: All plastics absorb and transmit moisture to a finite extent.
‘When used to package devices, they should not therefore be considered hermetic
in the same sense that metal cans or metal-to-glass seals are; nor do the same
hermeticity and leakage tests apply. In spite of this, plastic-packaged devices have
been found to pass the moisture requirements for many military specifications,
and devices have been shown to be operational after limited exposures to high
humidity and elevated temperatures. Their long-term resistance to humidity and
warm, humid environments is, however, questionable. In many cases, the key to
the success of plastic-packaged transistors and integrated circuits has been not
the plastic itself but the reliability and hermeticity of the passivation layer used
over the device surface. Significant improvements in passivation layers such as
the development of silicon nitride and silicon nitride-silicone dioxide composites
and the deposition of certain low-melting glasses have greatly reduced the criticality
of plastic properties.

puraTY: The degree of purity of coatings and plastics is an extremely eritical
factor when these materials are used on any electronic assembly, but more so
when used directly on active microelectronic devices. However, if the active devices
are well passivated, plastic purity is not as critical a factor. Indeed, the success



5.22 Coatings for Electronics

of many plastic-packaged devices has been due primarily to improvements in the
reliability of inorganic passivation layers such as glass and silicon nitride.”* Silicon
nitride, in particular, has been shown to be one of the best barriers to sodium
ions even at elevated temperatures and with' an applied bias.” Sodium, potassium,
and lithium ions cause inversion layers, high leakage currents, and low breakdown
voltages in diodes and transistors.™™ These effects and the degradation of electrical
insulating properties of coatings are enhanced by an increase in mobility of the
charged carriers, brought about by moisture, electrical stress, or elevated tempera-
ture. Ionic impurities are present in most commercially available coatings.
corrosivity: The immediate or long-
2,500 term effect of moisture may be the corro-
sion of metal portions of a device. Most
‘5::’6:" go0° susceptible to corrosion are the external
\ 2-,,-,“",,,‘; i leads, internal flying leads, interconnec-
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Besides moisture, ionic and other impuri-
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rodes aluminum through the formation of
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cationic and anionic, contribute to elec-
trolytic corrosion between external leads
\ or between closely spaced internal con-

ductors. Again, this type of corrosion
Y can be minimized or avoided by employ-
ing extremely pure plastics.

\ In many instances, catalysts used for
curing resins, have been known to induce

\ corrosion of metal surfaces.
STRESSES AND STRESS RELIEVING: Bar-
\ rier coatings can be used to minimize or
\b eliminate stresses imposed by subse-
quently used transfer-molding or casting
compounds and to protect electronic com-
"50_040 0 40 80 oo  Dbonents from vibration and shock. The
Temperature, °C stress-relief coatings selected must, how-
ever, be flexible and possess a low mod-
Fig. 7 Effect of flexible precoat on stress  ylus of elasticity. Silicones, both the
of DGEBA-polyamide cured system.” Silastic® and RTV} types, meet these re-
quirements and have found many appli-
cations in component packaging. For example, in the packaging of transistors, one
firm coats components with 10 to 20 mils of silicone, and then encapsulates them
with a m-phenylenediamine-cured epoxy. Other semicondnctor manufacturers em-
ploy small amounts of silicone barrier coatings, and then transfer-mold with silicone

Or epoxy.

The validity of using flexible dip coatings to relieve stresses is apparent from
data presented in Fig. 7. In other work, total stresses of 5,000 psi at —40°C on
components embedded in a silica-filled epoxy resin have been reported; but
when the components were precoated with RTV elastomeric silicone, the total
stress imposed and stress concentrations were reduced.. A 1-mil silicone coating
at —40°C reduced the total pressure to 3,500 psi, and an 8-mil-thick coating
further reduced this pressure to below 400 psi.**

The use of plastic systems involving more than one coating or plastic may present
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® Tradmark of Dow Corning Corporation, Midland, Mich.
t Trademark of General Electric Co., Schenectady, N.Y.
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problems if the inmer coating has a higher coefficient of expansion than the outer
plastic. An increase in temperature will obviously cause the inner coating to exert
pressure against the confining outer plastic. An example of this is the use of an
inner unfilled silicone coating and an outer epoxy shell in some resistor and semi-
conductor devices. Stress problems can be avoided by either minimizing the amount
of inner silicone coating or by providing an empty volume between the inner
coating and the outer shell into which the silicone can expand.

ADHESION: Good adhesion of plastics to components is essential for two basic
reasons: (1) to effect a satisfactory seal against moisture and contaminants; and
(2) to allow the encapsulating plastic to dissipate mechanical stresses to the leads
during handling, installation, and service. Adhesion can be improved by coatings.

Several factors affecting adhesion may be itemized as follows:

1. Type of substrate material (metal or nonmetal )

2. Surface treatment prior to encapsulation

3. Surface roughness or porosity

4. Intrinsic adhesive properties of the polymer coating

5. Presence of internal release agents in transfer-molding plastics

The nature and preparation of the substrate are the strongest factors affecting adhe-
sion. For example, the ease of bonding (bondability) varies greatly among metals,
with the noble metals being more difficult to bond to. Examples of metals known
to be difficult to bond to are gold, Kovar,® nickel alloys, solder, solder plating,
and cadmium.

A clean surface is essential for good adhesion. Methods for cleaning vary from
solvent cleaning to etching of surfaces. For difficult-to-bond metals, primers are
sometimes used. For example, epoxy primers are used over gold before coating
with polyurethane. Special primers are frequently used to enhance the adhesion
of silicones, particularly the RTV types.

The intrinsic bondability of polymers varies from type to type. Epoxies and
phenolics, for example, are known for their inherently good adhesive properties.
Polyurethanes exhibit fair to excellent bonds, while silicones exhibit adhesive proper-
ties that vary from very poor to good.

With reactive metals, other critical adhesion factors are the type and mechanical
strength of the oxide which forms rapidly on the surface under normal ambient
conditions. This oxide layer may actually assist in improving adhesion,

Coatings for Semiconductors. Early experimental work on coatings for the protec-
tion of semiconductor junctions was performed between 1955 and 1960. Many
of these early compositions consisted of waxes combined with plasties.™* Later,
silicone resins filled with lead tetroxide or mercuric oxide were used to coat transistors
and germanium rectifying diodes.® In 1962, the first epoxy-packaged transistors
were mass-produced for the consumer and automotive markets.™ Finally, in 1964
plastic-packaged devices were introduced for industrial and computer applications
and in 1966 and 1967 for some military applications.

Presently, several types of coatings and molding compounds are employed in
plastic-packaged semiconductor devices and other electronic components. These
types are predominantly epoxies and silicones, with phenolics and polyesters being
used to a lesser extent. A list of some commonly used barrier and junction coatings
and their characteristics is given in Table 8.

Commercial versus Military Uses of Plastic Packages. For the most part, plastic-
packaged devices are used for consumer and industrial applications such as for
television, radios, computers, and in-house test equipment. There is no question
about their cost savings and performance for the applications. Greater precautions
and proof of long-term reliability are, however, necessary for military systems because
of the often more severe environments that these systems will encounter. The
main drawback to the more extensive use of plastics for military electronics has
been their inability to act as sufficient moisture barriers to meet stringent requirements
such as those defined in MIL-E-5272, MIL-E-5400, MIL-E-16400 E, MIL-STD-202,

@ Trademark of Westinghouse Electric Corporation, Pittsburgh, Pa.



Type

Characteristics

One-part unfilled sili-
cone solution coating

One-part unfilled sili-
cone solution coating

One-part silicone solu-
tion coating

One-part unfilled sili-
cone solution coating

A silicone dielectric

gel

Two-part clear, un-
filled, solventless sili-
cone

Two-part black, filled,
solventless silicone

One-part clear, un-
filled silicone solution
coating
Two-part clear sili-
cone
Black-filled two-part
solventless silicone

Two-part solventless
silicone

One-part silicone var-
nish
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TABLE 8 Barrier and Junction Coatings
Commercial
designation Supplier
DC 643 Dow Corning
DC 644 Dow Corning
DC 645 Dow Corning
DC 646 Dow Corning
DC 51 Dow Corning
R-60087 Dow Corning
R-60093 Dow Corning
R-62044 Dow Corning
XR-60092 | Dow Corning
R-90703 Dow Corning
XR-60095 | Dow Corning
SR-98 General Electric
R-620 Union Carbide

One-part silicone var-
nish

A high-purity coating compatible
with transistors and n-p-n junec-
tions. Cures in 12 hr at 200°C,
or 4 hr at 250°C. Does not cure
at 150°C.

Used for diode, transistor, and
rectifier junctions. Cures in 12
hr at 200°C, or 4 hr at 250°C.

Used for diode, transistor, and
rectifier junctions. Cures in 12
hr at 200°C, or 4 hr at 250°C.

A high-purity coating compatible
with diodes, controlled rectifiers,
p-n-p, and p-n-p-+ type junec-
tions. Cures in 12 hr at 200°C,
or 4 hr at 250°C.

A very soft, high-purity material
used to coat devices in hermeti-
cally sealed metal cases. Stabi-
lizes life character of devices by
reducing junction temperatures
and cushioning the junetion
against shock.

Provides physical protection and
support of small interconnecting
wires plus protection against
contamination of junction sur-
faces. Cures in 2 hr at 200°C.

High-purity silicone resin de-
signed for use on semiconductor
junction surfaces. Curesin 2 hr
at 200°C.

Contaminant-free silicone resin
which contains no catalysts or
driers. Cures in 24 hr at 200°C.

Same as R-60093 except does not
contain filler.

A high-purity coating for semi-
conductor junction protection.
Cures in 4 hr at 65°C or 2 hr at
150°C.

A high-purity coating designed
for protecting active semicon-
duetor surfaces and to support
delicate interconnecting wires.
Cures in 4 hr at 65°C.

Very hard film over wide temper-
ature range with excellent stabil-
ity at high temperatures. Cures
in 8 hr at 200°C.

A high-temperature coating which
retains electrical properties un-
der adverse conditions. Cures
in about 12 hr at 200°C.
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and more recently, MIL-STD-883. In attempting to meet these requirements, some
device manufacturers have resorted either to the use of multiple coats of silicones
or epoxies, with high-temperature bakes after each application, or to alternating
several different coating types, e.g., a silicone followed by an epoxy. In active
devices and integrated circuits, improved passivation layers such as silicon nitride
or special glasses can serve as the primary barriers for moisture and ionic contami-
nants. Less reliance therefore needs to be placed on the plastic to achieve these
functions. Some firms report a very high level of reliability with plastic-packaged
devices primarily because of the improved passivation layers which they have
developed.

PROPERTIES OF ELECTRONIC COATINGS

Coatings for electronics may serve numerous functions; but, in general, the two
most important ones are (1) to provide high electrical insulation between conductors,
interconnections, components, and other electrical parts, and (2) to provide protection
from environmental damage. Protection from one or more of a number of severe
environments may be necessary. Examples include moisture, heat, salt spray, oxy-
gen, radiation, microorganisms, chemicals, and solvents. In addition, for rather
fragile microelectronic assemblies, coatings are used to protect from abrasion, han-
dling, shock, and vibration damage. Specially synthesized or formulated coatings
may also serve a number of functional requirements such as to provide electric
conductivity for radio-frequency interference (RFI) and for ohmic contacts, or to
provide either thermal insulation or thermal conductance. Hence, coatings play a
very vital part in the successful operation of electronic assemblies; and indeed, if it
had not been for the development of superior electrical coatings, many of the highly
dense and intricate windings, coils, and microelectronic assemblies would not have
been possible.

Electrical Protection

One of the most important functions of organic coatings is to provide high electrical
insulation and dielectric isolation for active or passive electronic components. Their
effectiveness in this respect is expressed in terms of insulation resistance, volume
resistivity, surface resistivity, and dielectric strength. Other functions include the
storage of electric current and the conductance of current. These are expressed
in terms of dielectric constant, capacitance, dissipation factor, and conductivity. A
knowledge of exact electrical values and how these vary with changes in composition,
purity, structure, or environment is important in selecting the most reliable coating
for electronic equipment. The following will define these electrical parameters;
show how they change with temperature, frequency, and other variables; and present
tables of values for the more commonly used coatings. More theoretical discussions
of electrical parameters may be found in other books. ™"

Insulation resistance and resistivity Insulation resistance is simply the ohmic
relationship of the ratio of applied voltage to the total current between two electrodes
in contact with a specific material. It is directly proportional to the length of
a specimen and inversely proportional to the cross-sectional area according to the
equation

pl

~ R w A
where R is insulation resistance in ohms, ! is length, A is area, and p is a propor-
tionality constant called the specific resistance or resistivity. When dimensions are
in centimeters, the units are ohm-centimeters; when in inches, the units are ohm-

inches.

Resistivity and other properties of plastics in general are treated in Chap. 3.
Resistivity is an important value because it reduces resistance measurements to
a common denominator and permits comparisons between different materials. Vol-
ume resistivity, for example, is the ohmic resistance of a cube of bulk dielectric
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TABLE 9 Volume Resistivities of Polymer Coatings

Volume resistivity

Material at 25°C, ohm-em Source of information

A Wbl s e A ) 1014-1015 .
= 1014 b

7.6 % 10'-1.0 ¥ 10'¢ | Columbia Technical Corp.,

Humiseal

AIRYdB: oo sv ey S oI e 1014 .
Chlorinated polyether............. 1018 b
Chlorosulfonated polyethylene. . ... 104 b

Depolymerized rubber. . .......... 1.3 X 1012 H. V. Hardman, DPR

Diallyl phthalate.................
Epoxy (cured with DETA)........
Epoxy polyamide . ...............
Phenolics........oovveuvuninnnnnn
Polyamides. ... .c.oovivovvivessns
Polyamide-imide. . ...............
Polyethylene...............cc0cun.
Polsrimiae. . oo o s siem i @ wa
Polypropylene. ..................
Polystyrene. . ..........cciniivnna
Polysulide. .......ooiivninis.was
Polyurethane (single component). ..
Polyurethane (single component). . .
Polyurethane (single component). ..
Polyurethane (two components)....

Polyvinyl chloride............. S
Polyvinylidene chloride. ..........
Polyvinylidene fluoride............
Polyxylylenes (parylenes)..........
Siticone (RTV).....cviivinvnisnes

Silicone, flexible dielectric gel......
Silicone, flexible, clear.............
Silicone. .......oociiiiiniiinanen

Teflon TFE
Teflon. EEP. ...noansmimivesorisiess

108-2.5 X 10%°
2 X 10t
1.1-1.5 X 10
i X 101?_1()13
1012
7.7 X 1016
>1016
1016-1018
1010->>1018
>1016
2.4 x 101
5.5 X 1012
2.0 X 1012
4 X 101
1 10w
5 X 10%(300°F)

1011-1015
1014-1016
2 X% 101
10161017
6 X 1014-3 X 1015

1 3 A01s
2 X 10w
3.3 X 10m

>1018
>2 X 1018

Subsidiary

e

Fo oA N

.

A

Columbia Technical Corp.
Products Research &
Chemical Corp.
(PR-1538) |

a

3

Union Carbide Corp.

Stauffer Chemical Co.,
8i-O-Flex S8 831, 832, &
833

Dow Corning Corp.

Dow Corning Corp.

Columbia Technical Corp.
Humiseal 115'134

b

¢ Mater. Eng., Materials Selector Issue, vol. 66, no. 5, Chapman-Reinhold Publication,

mid-October, 1967-1968.

b I'nsulation, Directory Encyelopedia Issue, no. 7, June-July, 1968,
¢Lee, H., and K. Neville: “Epoxy Resins,”’ McGraw-Hill Book Company, New York,

1966.

d Tucker, Cooperman, and Franklin: Dielectric Properties of Casting Resins, Electron.

Ezutp., July, 1856,

¢ Freeman, J. H.: A New Concept in Flat Cable Systems, 6§th Ann. Symp. on Aduvan.
Tech. for Aircraft Elec. Syst., Washington, D.C., October, 1964.
7 Milek, J. T.: Polyimide Plastics: A State of the Art Report Hughes Aircraft Rep. 8-8,

October, 1965.

¢ Hockenberger, L.: Chem.-Ing. Tech., vol. 36, 1964.
h Hughson Chemical Co. Tech. Bull. 7030A; Pennsalt Chemicals Corp. Prod. Sheet KI-66a,
Kynar Vinylidene Fluoride Resin, 1967.
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material, one unit on a side, and is expressed as ohm-centimeters or ohm-inches.
Surface resistivity is the resistance between two electrodes on the surface of an
insulating material in ohms per square centimeter. All materials may be roughly
classified according to their ability to conduct or impede the flow of electricity. They
range from metals, which are extremely good conductors, to plastics, which are
very good insulators. A rough classification of types may be made as follows:

Class Volume resistivity, ohm-cm
Good conduetors. .. et ssi s s saainas 10-8-10°
Semiconductors........oviiieinrrnnarsensans 10°-108
Good insulators (poor conductors) . ........... 108-1012

Organic coatings are, in general, good electrical insulators and as such are useful
for electronic hardware (see Table 9). Although the resistivity of plastics is quite
high (usually greater than 10" ohm-cm), and the current which they conduct
is considered negligible for most power equipment, still for some electronic assemblies
even this small current flow can be a critical factor. Therefore, a knowledge
of the electrical tolerances that a circuit or device must meet is important before
a coating selection is made. A comparison of volume resistivities of some of the
more familiar materials is presented in Fig. 8. The wide difference (up to 24
orders of magnitude) between the most
conductive materials such as copper or
silver and the least conductive such as  gnmem
polytetrafluoroethylene or polystyrene 1087 Polytetrafluoroethylene (Teflon)
should be noted.

Effect of Variables on Resistivity: As
was pointed out above, resistivity is a

10'7tPol ystyrene
10'8+ Polyethylene, polypropylene

constant characteristic of a material. 104
There are, however, many variables 10'“+Diomond (pure)
which can affect it. First of all, changes 10" Nickel oxide (pure); polyomides

in the chemical composition or formula-
tion may have pronounced effects. Be- i
sides gross compositional changes, minor 0
2 o % 5 o Glass

amounts of impurities will affect resis- 10™

tivity values. Ionic impurities in plastics 10° + Phthalocyanine (doped)
coupled with the presence of moisture |58 Lsier bromide

are known to degrade resistivity values

10'2+Phthalocyanine (pure)

74
by as much as 6 to 11 orders of magni- !06
tude. The degree of cure or advance- 10
ment in the state of polymerization will 0% s
bl R Silicon (pure)

affect resistivity values, which increase as 4 |
the cure of the resin advances. %

Variation of resistivity of coatings with A
temperature is also important. Large 101 Germanium (pure)
decreases in values can occur at elevated 10" lodine perylene
temperatures. Hence a coating that is | < Germanium (doped, transistor grade)
an adequate insulator at room tempera- 1o

ture may be completely unsatisfactory
when the equipment is operating at
higher temperatures. Examples of tem- 07T Germanium (doped, tunnel-diode grade)
perature-resistivity curves for some poly-  10"% Bismuth, mercury, graphite

mer coating types are given in Fig. 9. 05
Finally, volume- and surface-resistivity
values also depend on frequency, voltage, 4
pressure, light ( photoconductivity of some 10~
organic crystals and polymers), andonthe  Fig. 8 Comparative electrical resistiv-
conditioning of the sample. | ities of materials.

10+ Quinalinium salt (tetracyanoguinodimethane)

- Nickel
1078+ Silver, copper
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Surface Resistivity: Moisture and contaminants have a more pronounced effect
on surface resistivity than on volume resistivity. Whereas it may take several days
or weeks for volume resistivity to change when subjected to humid or contaminating

i TFE, Teflon
9l

1ol Polyethylene

o' |

p = polyxylylene

£ 0%
o
E s
5 104} Silicone rubber
=
2
% 0Bk
- Sylgard 182
g {silicone)
2 102 Polyvinyl
> chloride

ok

Semirigid epoxy
10'0
09 L 1 i J
o] 100 200 300 400

Temperature, °F

Fig. 9 Electrical resistivity—temperature curves of polymer coating types.

TABLE 10 Effects of Contaminants on Surface Resistivity?!

Surface resistivity, chms/sq
Material At 50% RH | At 96% RH
Polyethylene (aareceived)..........covvviiinnniinnnns >101 2.4 % 109
Polyethylene (contaminated with fingers)...........covv]  covenn 4.6 X 107
Polyethylene (freshly shaved surface)..........covvvnvnea]  wuvnes 2.2 % 101
Polystyrene (asreceived)..........cccoiiiiiiinirinnias ~s1018 1.8 x 101
Polystyrene (contaminated with fingers).................]  ....0s 5.5 % 10¢
Polymethyl methaerylate (as received).................. ~101# 2.0 X 1014
Polymethyl methacrylate (contaminated with fingers).....| ...... 1.2 X 1012
Clean silica glass, . ......coven it intrrrnneenennearnanas 1016 5.0 X 108

environments, surface effects are almost immediate. Drastic reductions in surface
resistivity occur through contamination, even for coatings that have very high initial
values. Table 10 lists some examples.

Conductance and conductivity The reciprocal of resistance is called conductance
{expressed in ohms™ or mhos), and the reciprocal of resistivity is the specific
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conductance (expressed in ohms™em™ or mhos/ecm). Coatings may be formulated
with metal or conductive fillers to render them electrically semiconducting or con-
ducting. These coatings are useful in applications such as providing ohmic contact
for circuits and bridging of conductors, providing radio-frequency interference protec-
tion, and for the dissipation or bleeding off of electrostatic charges. Silver, gold,
copper, and carbon blacks are the most commonly used fillers; whereas epoxies,
polyurethanes, silicones, vinyls, and acrylics are typical resin binders. Compositions
are available or may be formulated in all viscosities ranging from thick pastes to
sprayable types.”

TABLE 11 Conductivity Data for Metal-filled Plastics

{mhos/em)
After 40 days After 50 hr
Composition Cure Initial | humidity cycling | 209% salt spray
Silver-filled epoxy. ...| 6 hr at 350°F 3,000 1,250 1,400
Silver-filled epoxy. ...| Air dry at 36 hr 100 700
Gold-filled epoxy..... 6 hr at 120°F 200-700

Conductivity values vary widely, depending on the conductivity of the filler
chosen, the cleaning and processing of the filler partitles, and the percentage (load-
ing) of the filler. Except for the noble metals (gold, platinum, etc.), meticulous
cleaning of the filler metal is necessary to remove high-resistance surface oxide
layers. Even after removal, metal oxides may again slowly form; and over long
periods of time or under accelerated conditions, conductivity will decrease. The
degree of cure of the resin binder also alfects conductivity values and, in general,
better values are obtained with the baking-type formulations than with the air-drying
varieties (see Table 11).

TABLE 12 Conductive Compositions Analysis

Metal filler Advantages Disadvantages

BULVEE o nisivenisinas simsisining Very high conductivity | High cost; silver migration can
oceur under certain conditions;
tarnishing and corrosion.

Gold . ssmr s ot & s Very high conductivity, | Cost higher than that of silver.
very inert and stable Subject to government controls

and audit.
L1 o] 1) Low cost, high conductiv- | Requires extra steps for cleaning
ity to remove oxides; conductivity

values usually deerease on aging.
Carbon blacks (lampblack,
acetylene black)......... Low cost Very low conductivity.

For very high conductance, silver or gold fillers are employed; and with optimum
formulation and cure, conductivity values of the order of 10° mhos/cm may be
obtained. A comparison of several conductive compesitions is shown in Table
12.

Dielectric constant, dissipation factor, power factor Diclectric Constant of
Materials. The significance of dielectric constant is described in Chap. 3. As
can be seen from the tables, the dielectric constants of gases are low and only
slightly greater than one, but values up to 100 are common for many organic
compounds, especially the very polar types, and values up to 1,000 are known
for some inorganic materials such as barium titanate.
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TABLE 13 Dielectric Constants of Polymer Coatings (at 25°C)

Coating 60-100 Hz 108 Hz >10% Hz Reference source
Aoorylioe . i siiiaaasy T e A PO e S T=8.2 | sminanpiviar -
L e o Al 33[10“‘":) L]
Asphalt and tara. ..i.ovvvviva] vveinnnans Gbal] e 3.5(10w Hz) L]
Cellulose acetate butyrate. ... . -
Cellulose nitrate. ........... " .
Chlorinated polyether. . 3 a
Chlorosulfonated polyethylene 6. E. I. du Pont
(Hypalon) 7= de Nemours & Co.
Depolymerized rubber (DPR) | 4. H. V. Hardman, DPR
Subsidiary
Diallyl isophthalate. . ... e I ae
Diallyl phthalate............. 3-3. ok a.c
Epoxy-anhydride—castor oil 3.4 3 I. 2 9(10’ Hz) Autonetics, Division of
adduet North American
Rockwell
Epoxy (one component)......| 3.8 3.7 iissasvaiess | Conap Inc.
Epoxy (two components) . 8.7 R vevssas-s | Conap Ine,
Epoxy cured with methylnadic
anhydride (100:84 pbw)....|3.31 | ..., T 4
Epoxy cured with dodecenyl-
sucecinic anhydride
(100:132 pbw)......... o atitel] B BE sidte Pl [IF LSS d
Epoxy cured with DETA..... 4.1 4.2 4.1 .
Epoxy cured with m-
phenylenediamine..........| 4.8 3.8 3.25(101 Hz) .
Epoxy dip coating (two
components)........ veween | B E 7% I | EE L .e Conap Inc.
Epoxy (one cnmnonent) S 3.5 vvessswasss | Conap Ine.
Epoxy-polyamide (40 %
Versamid* 125, 60 % epoxy) | 3.37 3.08 winie ki e Ve .
Epoxy-polyamide (50 %
Versamid 125, 50 % epoxy) |3.20 3.01 .
Fluorocarbon (TFE, Teflon)...| 2.0-2.08 2.0-2.08 E. 1. du Pont
de Nemours & Co.
Phenolie........ A=11  lesseaiises a .
Phenole: .. iinciivennisaea 5-6.5 4.5-5.0 €
Polyamide. .. cooivivisivin s 2.8-3.9 2.7-2.96
Polyamide-imide............ .|3.00 3.07
Polyesters. ............ vereed]| 3.3-8.1 3.2-5.9 SENT- AR s | e
Polyethylene. ............... 2.3 e T s
Polyethylemes................ 2.3 P DR [ e .
Polyimide-Pyre-M.L.t enamel | 3.8 3.8 o R ¥
Polyimide-Du Pont
RE-692 varnish............ BB 000 | mewss ¢
Polyimide-Du Pont
RO-B-24951. . .oivouninnins +| 3.0(10* Hx) v | e aesie [
Polyimide-Du Pont RC-5060 |2.8(10* Hz) s eal IR ]
Polypropylene............ N S SR e et (- e s
Polypropylene. . . ..] 2.22-2.28 2.22-2.28] coieesnnanins €
Polyetyrens. . . cees| 2.45-2.65 2.4-2.65 | 2. 0(10“‘ Hz) ¥
Polysulfidea. ................ 6.9 A
Polyurethane (one component) | 4.10 3.8 R Tl o Conap Inc.
Polyurethane (two compo-
nents—castor oil cured), .. .| ......... 2.98-3.28] cevconnnnvas i
Polyurethane (two 6.8(103 Hx) 4.4 " Products Research &
components) Chemical Corp.
(PR-1538)
Polyvinyl butyral. ... ... el (v 3.33 O e T 4 a
Polyvinyl chloride............ 3.3-6.7 2.8-3.8 |eererrannnan a
Polyvinyl chloride-viny!
acetate copolymer.......... 3-10 sivenaas | svisparasase L
Polyvinyl formal............. 3.7 .0 L .
Polyvinylidene chloride.......] vviveesnnnnses | 35 S ATH e e .
Polyvinylidene fluoride....... 8.1 6.6 el R i
Polyvinylidene fluoride. ......|B.4 6.43 2.98(10° Hz) &
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TABLE 13 Dielectric Constants of Polymer Coatings

(Continued)
Coating 60-100 Hz 10® Hz >10¢ Hz Relerence source
p-Polyxylylene:
Parylene N.....ooovvivinas 2.65 BI85 | seensaea .+ | Union Carbide Corp.
Parylene C... seam] 8210 2.90 vessaiaasess | Union Carbide Corp.
Parvlene D....v.oveninnnas 2.84 280 N esmiee vessee | Union Carbide Corp.
Shella¢ (natural, dewaxed)....| 3.6 3.3 2.75(10% Hz) I
Silicone (RTV types)......... 3.3-4.2 3.1-4.0 AT General Electric and
Stauffer Chemical
Cos.
Silicone (Sylgardf type)...... 2.88 S8 Lancadhia .«+. | Dow Corning Corp.
Bilicone, flexible dielectric gel | 3.0 SRR A || et e Dow Corning Corp.
FEP dispersion coating....... 2 1(10* Hz) Ravawan || saves e L. I. du Pont
de Nemours & Co.
TFE dispersion coating....... 2.0-2.2(102 Hz)| ..... ity | i .. | E. L. du Pont
de Nemours & Co.
Weax (peraffinic)............. 2.25 2.25 2.22(101 Hgz) :

* Trademark of General Mills, Inc., Kankakee, Ill.

t Trademark of E, I. du Pont de Nemours & Co., Wilmington, Del.

1 Trademark of Dow Corning Corporation, Midland, Mich.

o Mater. Eng., Materials Selector Issue, vol. 66, no. 5, Chapman-Reinhold Publication, mid-Oectober
1967-1968.

b Volk, M. C., J. W. Lefforge, and R. Stetson: “'Electrical Encapsulation,” Reinhold Publishing
Corporation, New York, 1962,

¢ I'ngulation, Directory Encyclopedia Issue, no. 7, June-July, 1968.

4 Coombs, C. F. (ed.): "Printed Circuits Handbook," McGraw-Hill Book Company, New York,
1867.

*Lee, H., and K. Neville: "Handbook of Epoxy Resins,'" MeGraw-Hill Book Company, New York,
1067.

f Learn, J. R., and M. P. Seegers; Teflon-Pyre-M.L. Wire Insulation System, 18th Symp. of Tech.
Progr. tn Commun. Wire and Cable, Atlantic City, N.J., Deec. 2-4, 1964.

¢ Du Pont Bull. H65-4, Experimental Polyimide Insulating Varnishes, RC-B-24951 and RC-5060,
January, 1965.

b Hockenberger, L.: Chem.-Ing. Tech. vol. 36, 1964,

¥ Spencer-Kellogg (division of Textron, Inc.) Bull. T8-6593.

i Barnhart, W. 8., R. A. Ferren, and H, Iserson: 17th ANTEC of SPE, January, 1961.

¥ Pennasalt Chemicals Corp. Prod. Sheet K1-66a, Kynar Vinylidene Fluoride Resin, 1967.

! Von Hippel, A. R. (ed.): “'Dielectric Materials and Applications,” Technology Press of MIT and
John Wiley & Sons, Inc., New York, 1961,

Dielectric constants for polymers used for insulating and protective coatings range
from 2 to 8. Those coatings that have low dielectric constants and low dissipation
factors and are able to maintain these low values over a wide temperature and hu-
midity range are preferred as electrical insulating materials. On the other hand,
those combining high dielectric constants and low dissipation factors are useful
as capacitors, since they can store and hold large amounts of electric energy.

Dielectric constants of 4.5 maximum at 1,000 Hz and 77°F are normally considered
satisfactory for insulating materials used for electronic and electrical assemblies. This
is the minimum requirement specified in MIL-1-16923. However, for microelectronic
and miniaturized circuitry operating at high frequencies, capacitance effects must
be minimized, and materials with lower dielectric constants are necessary. A knowl-
edge of dielectric constants at high frequencies is therefore important to the engineer
designing such circuits. Values of dielectric constants at 60 Hz and at 10° (or
1 MHz) are to be found in Table 13.

Dissipation Factor and Power Factor. The dissipation factor D is the ratio of
the resistive (loss) component of current It to capacitive component of current
I. and equals the tan of the dielectric loss angle & as follows:

I.

=g

= tan &
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For dielectric materials, the power factor and dissipation factor are essentially
equal; and these terms are used interchangeably in the literature. Military specifica-
tions call for values no greater than 0.020 at 1,000 Hz and 77°F (MIL-1-16923).

Loss factor is the product of the power factor and dielectric constant and is
a measure of signal absorption according to the following equation:

Loss factor =2 watts loss =~ K tan 6 =2 KD

For all these parameters, low values are desirable, especially for high-speed high-
frequency circuitry operating in the 10'- to 10"-Hz range.

A low value indicates low conversion of electric energy to heat energy and
reduced power loss for the network. The dissipation factor as well as other electrical
parameters is dependent upon frequency, temperature, humidity, and purity of
the sample. A compilation of dissipation factors is given in Table 14.

DIELECTRIC CONSTANT AND DISSIPATION FACTOR VARIATION WITH TEMPERATURE:
At constant frequency, both dielectric constant and dissipation factor for insulating
coatings will, in general, increase with increasing temperature. Because coating
formulations are not homogeneous but consist of many ingredients that will volatilize
or change on heating, electrical values may decrease initially and then increase,
or with some materials, may be quite erratic so that no simple straight-line curve
can be drawn.

Dielectric strength and breakdown voltage Still another important electrical
property is dielectric strength or the ability of a coating to withstand applied
voltage without breakdown. It is the maximum voltage (usually reported per
mil thickness) at or below which no breakdown occurs. Some prefer to speak
about dielectric breakdown, that is, the voltage threshold at or above which actual
failure occurs. This is also reported in volts per mil thickness. The two terms
are often used interchangeably. The physical breakdown of coatings at a critical
voltage is believed to be due to a large increase in electrons (electron avalanche
effect) within the insulation™ In even the best insulation, a small number of
ions and free electrons exist owing to thermal agitation or molecular imperfections.
Here a very high voltage will be necessary to cause breakdown. Other less perfect
insulation, containing impurities, voids, and moisture, will have lower breakdown
voltages.™

Accurate dielectric strength data are important in designing reliable electrical
parts of high circuit or component density intended for operating at high voltages.
For both low- and high-voltage operating parts, organic coatings are widely used
since they have sufficiently high dielectric strength values and are used in sufficient
thicknesses so that a very high margin of safety exists. In fact, dielectric strengths
for organic coatings are, in general, much higher than for inorganic or ceramic
materials,

Dielectric strength values must be carefully obtained under specified conditions
to obtain reproducible results and to allow reliable comparisons. A large number
of test conditions are known to affect the dielectric strength values. As an example,
it is always important to standardize on the electrode configuration and on the
thickness of the specimen. Although values are all ultimately reduced to volts
per mil thickness, differences in values are obtained, depending on the thickness
of the sample used (Figure 10). In general, thin specimens give higher per
unit thickness values than thicker ones. In most cases, the thickness specified
in the ASTM procedure of 17 mils is too thick to be applicable to coatings. There-
fore, this procedure is followed but at lower thicknesses of 2 to 5 mils. Other
variables that affect readings are the manner in which the voltage is applied,
whether continuously or stepwise; the rate of voltage increase; the frequency of
the applied power; the integrity of the coating film (lack of pinholes and air
voids); and the purity of the sample. With respect to the last named, the dielectric
strength will decrease with an increase in sample imperfections or impurities.
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TABLE 14 Dissipation Factors of Polymer Coatings (at 25° C)

5-33

Coating 60-100 Hz 10¢ Hz >10¢ Hz Reference source
¥ L TR SR 0.04-0.06 0.02-0.03 PRI Naia s
Alkyds. .covivervapanrannnns .| 0.003-0.06 T e - el a
Chlorinated polyethcr ........ 0.01 0.01 A - a
Chlorosulfonated polyethylene 0.03 0.07(109Hz) | vovvnninnnnn b
Depolymerized rubber (DPR) |0.007-0.013 |0.0073-0.016 | ..... o A H. V. Hardman,
DPR Subsidiary
Diallyl phthalate.......... wiad 0.010 0.011 0.011 b
Diallyl isophthalate. . ... ... 2 0.008 0.009 0.014(10 Hz) b
Epoxy dip coating (two
components)........... i 0.027 0.018 vessssass | Conap Ine.
Epoxy (one component)...... 0.011 0.004 | ...... e Rl Conap Ine.
Epoxy (one component)...... 0.008 0.006 ST e vivvr | Conap Ine.
Epoxy polyamide (40 %
Versamid 125, 60 9 epoxy) 0.0085 0.0213 | ..... L e
Epoxy polyamide (50 %
Versamid 115, 50 % epoxy) 0.009 00170 | eirvenn A "
Epoxy cured with anhydride— 0.0084 0.0165 0.024 Autonetics, North
castor oil adduct American Rockwell
Phenolics...oovevavianussnn ..| 0.005-0.5 0.022 | soeiasn s
Polyamide................ : 0.015 0.022-0.097 | veerenenurnas
Polyesters.......corvvninsnes 0.008-0.041 |  ..... .
Polyethylene (linear)......... 0.00015 0.00015 |0.0004 (101 Hz) a
Polymethyl methacrylate. . ... 0.06 0.02 0.009(101° Hz) 4
Polystyrene. . ik .. .|0.0001-0.0005/0.0001-0.0004
Polyurethane (two compu-
nent, castor oil cure), . vesssaseses [0.018 -0.036 T P e .
‘Polyurst.hsne (one cumponent.) 0.038-0.039 | 0.068-0,074 | ..covvuuus Conap Ine.
Polyurethane (one component) 0.02 N Pt e e Conap Inc.
Polyvinyl butyral............ 0.007 0.0085
Polyvinyl chloride...... ... 0.08-0.15 0,04-0.14 | svvsnpininans e
Polyvinyl chloride, plastmxed 0.10 0.15 0.01(101° Hz) L]
Polyvinyl chloride-vinyl
acetate copolymer 0.6-0.10
Polyvinyl formal............. 0.007 0.02
Polyvinylidene fluoride. ...... 0.049 0.17 R {)
0.049 0.159 110 ¢
Polyxylylenes:
Parylene N............... . 0.0002 0.0006 vesvsesssasss | Union Carbide Corp.
Parylene C................ 0.02 0.0128 vessssssssans | Union Carbide Corp.
Parylepe D................ 0.004 0.0020 vessvssness | Union Carbide Corp.
Silicone (Sylgard 182)........ 0.001 0001 | s vevess | Dow Corning Corp.
Silicone, flexible dielectric gel 0.0005 e veevsvssssess | Dow Corning Corp.
Silicone, flexible, clear........ 0.001 — vessseesass | Dow Corning Corp.
Silicone (RTV types).. 0.011-0.02 0.003-0.006 | ..... vesssss. | General Eleetric
Teflon FEP dispersion coat.mg 0.0002-0,0007 G s 7 R e S . | E. I. du Pont
de Nemours & Co.
Teflon FEP ... ;oo vinvaanwies <0.0003 <0.0003 | sveniis e 2
Teflon TFE........ SRS <0.0003 vanEe e | R E e "
Teflon TFE........... e 0.00012 0.00005 vetsssssssss | Union Carbide Corp.
Other materiala:
Aluming (99.5%) . 0scencnce] secnnnnnnns 0.0001 e Wi L3
Beryllia (99.5%) . e ieveees] vonann 0.0008 || issesgeseviii &
Glasa silieh: ... . enavas 0.0006 0.0001 0. 00017(10“ Hr) d
Glass, borosilicate..........| +..oveeven. | 0.013-0.016 | ............. | Corning Glass Works

Glass, 96 % silica. ........ .

0.0015-0.0019

Corning Glass Works

a Mach. Des., Plastics Reference Issue, vol, 38, no. 14, Penton Publishing Co., 1966.
b I'nsulation, Directory, Encyclopedia Isaue, no. 7, June-July, 1968,
¢ Lee, H. and K. Neville: “Handbook of Epoxy Resins,"” McGraw-Hill Book Company, New York,

1967.

d Mathes, K.: Electrical Insulation Conference, 1967.
¢ Spencer-Kellogp (Division of Textron, Inc.) Tech. Bull. TS-6503.
/ Barphart, W. 8., R. A. Ferren, and H. Iserson: 17th ANTEC of SP¥, January, 1961.
¢ Pennsalt Chemicals Corp. Prod. Sheet K1-66a, Kynar Vinylidene Fluoride Resin, 1967.
& Mach, Des., Design Guide, Sept. 28, 1967.
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Atmospheric conditions, such as temperature and humidity, under which the
test is carried out are also important variables. A plot of the variation of dielectric
strength with temperature shows the same general shaped curve for all polymers.
There is fairly little change at low temperature, but a rapid decline occurs above
a critical temperature, characteristic of the coating being tested® (Fig. 11).

Although temperature and moisture exposure have pronounced degrading effects
in some cases, final values may still be sufficiently high to be of little concern. As
an example, the dielectric breakdown voltage of an 8-mil silicone coating DCG630
with an initial 1,000-volt/mil value, dropped to 400 volts/mil after 24 hr immersion
in distilled water and to 500 volts/mil after 24 hr exposure at 500°F.*

Several standardized procedures for measuring dielectric strength are available,
such as ASTM D 149. A list of dielectric strength values for the commonly used
organic coatings and for some ceramic and nonorganic materials is given in Table 15.

Arc resistance Arc resistance is the
time in seconds that an arc may play
across the surface of a material without
rendering it conductive or the time before
electrical breakdown occurs along the sur-
face. An arc of high voltage and low
current is usually used to simulate service
conditions such as those existing in ac
circuits operating at high voltages with
currrents limited to the order of milliam-
peres. The ASTM D 495 test method,

3,000

Dielectric sirength, volis/mil
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g

%000 Y 2,000

-;-E. \ 1 1 1 ]
s 07246 10 20 406010 0 30 160 150 200
o Thickness, mils Temperature, °C

Fig. 10 Effect of coating thickness on Fig. 11 Temperature de[iendence of
dielectric strength of Teflon TFE. the dielectric strength of polytetrafluoro-
ethylene® (5-mil film, ¥}-in. electrode).

normally used, calls for exposure of 300 sec or more without failure. There are
three modes by which failures due to arcing can occur in organic coatings:

1. By tracking, that is, by the formation of a thin wiry line between the electrodes.

2. By carbonization of the surface due to heating. A conductive path is formed
because of the formation of carbonaceous material which has less resistance to
the flow of current.

3. The coating may burst into flame without the formation of any visible conduct-
ing path.
Not all coatings may be defined in terms of precise arc-resistance values. Some
may melt, gum up, or mechanically degrade by cracking. Where precise values
are obtained, they will be a function of the inherent stability of the material, the
purity of the material, and its surface cleanliness. With regard to the last mentioned,
arc resistance may be improved by maintaining the surface dry and free from con-
taminants. Simply handling the surface with the fingers will reduce the arc
resistance because of moisture, salts, and grease contamination transferred from the
ﬂngbtlzrs. Typical arc-resistance values of some polymeric compounds are found in
Table 16.
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TABLE 15 Dielectric Strengths of Polymer Coatings
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Material

Dielectric
strength,
volts/mil

Comments*

Source of information

Polymer coalings:
Acrylics. . ......vvuen

Alkyds, ..oooen,
Chlorinated polyether
Chlorosulfonated poly-

ethylene. ..........
Diallyl phthalate. . ...

Diallyl isophthalate. . .

Depolymerized rubber
(DPR)

Epoxy..ocoveiiiins

BEPOXY: s iva s iy
Epoxies, modified. . ...

Neoprene............
Phenolig: i v e
Polyamide...........
Polyamide-imide, ... ..
Polyesters............

Polyethylene.........

Polyimide............

Polypropylene,.......
Polystyrene. .........

Polysulfide...........
Polyurethane (single
component)........
Polyurethane (two
components) /eastor
oil cured. ... .. .0
Polyurethane (two
components, 100 %
solids)
Polyurethane (single
component)
Polyvinyl butyral.....
Polyvinyl chloride. . ..

Polyvinyl formal. ... ..
Polyvinylidene fluoride

450-550

350-400

400-530
1,700-2,500

300-350
400

500
275-450

450

422
360-380

650-730

1,300
1,200-2,000

150-600

300-450
780
2,700

250-400
170
480
300
500
3,000

4,500-5,000

560

750-800
500-700
400-600
450
250-600

3,800
530-1,010
275

750
2,500

400
300-1,000
275-900
860-1,000
260

1,280

950

Short-time method
Step-by-step method

Short-time method

Short-time method
Step-by-step method
Step-by-step method

Cured with anhydride-
castor oil adduct
10-mil-thick dip coating

2-mil-thick sample

Short-time method

106 mils thick

Short-time method
Step-by-step method
60-mil-thick sample
Short-time method
Pyre-M.L., 10 mils thick
Pyre-M.L. (RC-675)
Short-time method, 80
mils thick

Short-time method
Short-time method
Step-by-step method
60-mil-thick sample
Short-time method

1-mil-thick sample

125-mil-thick sample

25 mils thick sample
2-mil-thick sample

Short-time method

Step-by-step method

Short-time, 500-volt/sec,
1g¢-in. sample

Short-time, 500-volt /sec,
8-mil sample

Step by step (1-kv steps)

a
a
b
Columbia Technieal Corp.,
Humiseal Coatings
b

a

B R =8

H. V. Hardman Co., DPR
Subsidiary

Autonetics, Div. of North
American Rockwell

Columbia Technieal Corp.,
Humiseal Coatings
[

b

e s e n TR A

& & @ B3R

-

v

Products Research &
Chem. Corp. (PR-1538)

Columbia Technical Corp.,
Humigeal 1A27




5-36

TABLE 15 Dielectric Strengths of Polymer Coatings (Continued)

Coatings for Electronics

Dielectric
strength,
Material volts/mil Comiments* Source of information
Polyxylylenes:
Parylene W........ 6,000 Step by step Union Carbide Corp.
6,500 Short time Union Carbide Corp.
Parylene C......... 3,700 Short time Union Carbide Corp.
1,200 Step by step Union Carbide Corp.
Parylene D, ,...... 5,600 Short time Union Carbide Corp.
4,500 Step by step Union Carbide Corp.
Bilicone. .. .. .cavnisas 500 Sylgard 182 Dow Corning Corp.
Silicone........0vvunn 550-6560 | RTYV types General Electric & Stauffer
Chemical Co. bulletins
Bilicone. ... iveivua 800 Flexible dielectric gel Dow Corning Corp.
Bilicone.......co00uun. 1,500 2-mil-thick sample Columbia Technical Corp.,
Humizeal 1H34
TFE fluorocarbons. .. . 400 60-mil-thick sample ¥
480 Short-time method e
430 Step by step &
Teflon TFE dispersion | 3,000-4,500 | 1-4-mil-thick sample E. I. du Pont de Nemours
coating & Co.
Teflon FEP dispersion 4,000 1.5-mil-thick sample E. 1. du Pont de Nemours
coating & Co.
Other materials used in
electronic assemblies:
Alumina ceramies.....| 200-300 |.....0vivruierinninais d
Boron nitride.........| 900-1,400
Electrical ceramics....| 55-800 |.....ovvvvniviniinninies p
Forsterite............ bty A S I b
Glass, borosilicate. . ... 4,500 40-mil sample 4
Steatite.............. 145280 |..iviniiirnnnnnannnans b

* All samples are standard 125 mils thick unless otherwise specified.

@ I'ngulation, Directory Encyclopedia Issue, no. 7, June-July, 1968.

b Mater. Eng., Materials Selector Issue, vol. 66, no. 5, Chapman-Reinhold Publication,
mid-October, 1967-196G8.

¢ Kohl, W. H.,: "Handbook of Materials and Techniques for Vacuum Devices,” p. 586,
Reinhold Publishing Corporation, New York, 1967.

4 Learn, J. R., and M. P. Seegers: Teflon-Pyre-M. L. Wire Insulation System, 13th
Symp. on Tech. Progr. in Commun. Wire and Cables, Atlantic City, N.J., Dec. 2-4, 1964.

® Milek, J. T.: Polyimide Plastics: A State of the Art Report, Huphes Aircraft Eep. S-8,
October, 1965.

I Hughson Chemical Co. Bull. T030A4.

0 Spencer-Kellogg (Division of Textron, Ine.) Bull. TS-6593. ~

h Pennsalt Chemicals Corp. Prod. Sheet KI-66a, Kynar Vinylidene Fluoride Resin, 1967.

Environmental Protection

Moisture protection Probably the most important function of coatings for printed
circuits and indeed for all electronic assemblies is to act as moisture and gas
barriers preventing corrosion and electrical insulation breakdown.

It should be understood that all present state-of-the-art coatings absorb water
and are permeable to mositure and other gases to a greater or lesser extent and
cannot be considered true hermetic seals in the sense that welded metal packages
can. However, it is possible to select plastic coatings that will reduce the rate
of moisture transmittance such that assemblies can pass long-term storage and
operational requirements.
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Failures due to penetration of moisture may be of two types. Moisture mobilizes
ionic contaminants in the plastic or on the surface of the device. This results in
the normally observed deterioration of electrical insulation or in the formation
of inversion layers in semiconductor devices. Secondly, moisture, again in the
presence of impurity ions, acts as a vehicle permitting electrolytic corrosion to
take place. It is for these reasons that both active and passive devices such as

TABLE 16 Arc Resistances of Polymer Coatings

Material Are resistance, see | Information source

Xt g L 35-55 e
Diallyl phthalate.. . ........coviiiiiinnnn.. 118 b
Diallyl isophthalate........................ 123-128 .
Epoxy-polyamide (60 % epoxy, 40 % Versamid

B 82 e
Epoxy-polyamide (50 % epoxy, 50 9, Versamid

IABY o R R e S T 76 ¢
Epoxies, modified. . ................ i 45-55 .
d e < e e 45-120 4
Epoxy (Epocast 202/D40) = A............. 64 4

A+ 100%siliea. ..voveneniierinnninanns 124 a

A+ 100% EYPSUIM. . ..o vveevrnaninnenans 102 d

A+ T75% mics..coovvnureniennsnnsosnssn 79 -

A+ 100% alumina. . .......oueeueeensnnn 78 -
PROTOIIE s 4 ccicvovssmres w b e B Tracks "
Polyamide (nylon 6/6).......covveieenurnns 140 b
Polyamide (nylon 6/10)......cvuuuruiunnnes 130 .
POMHONAN. & i s et dus dnaageesidemia vgine 183 ¢
PolratyTonn s bopiiais s sieiw sios 60-80 b
Polyurethanes (two components)—castor oil

a1 T (T P NS S S e 88-140 !
Polyurethane (one component—air drying). .. 40 e
Polyvinylidene fluoride..................... 50-70 v
Silicones. . ..vviniie e 120-200 h
Silicones (RTV types) . . ....oouenerennnians 90-130 A
BHLICOD0 . 500 s inire s wvmamm e S @ 60 .
TAHOn TR s samsmmammsmms Sisswnis Soe sl >300 b
Tolon BEP . ouvanmwevw v amins it i > 300 s

% Columbia Technical Corp.: Humiseal Protective Coatings, technical data sheet.

b I'msulation, Directory Encyclopedia Issue, no. 7, June-July, 1968.

¢ Lee, H. and K. Neville: “Handbook of Epoxy Resins,’ p. 10-8, McGraw-Hill Book
Company, New York, 1967.

4 Delmonte, J.: Plast. Technol., March, 1958,

¢ Milek, J. T.: Polyimide Plastics, A State of the Art Report, Hughes Aircraft Rep. 5-8,
October, 1965.

! Spencer-Kellogg (Division of Textron, Inc.) Bull. TS-6593.

¢ Pennsalt Chemicals Corp. Prod. Sheet KI-66a, Kynar Vinylidene Fluoride Resin, 1967.

*" Dow Corning Corp.: Technical bulletins.

“E. I. du Pont de Nemours & Co.: Teflon for Electrical and Electronic Systems, tech-
nical bulletin, 1964.

transistors, diodes, and resistors are hermetically sealed in metal packages and why
entire electronic assemblies are sealed in an inert gas atmosphere. For most com-
mercial applications, hermetic sealing is expensive and impractical. In these cases,
organic coatings or plastic encnpSu%ants may provide sufficient protection.

Since all organic coatings are permeable to moisture in varying degrees, quantita-
tive values for their resistance to water are important. Water resistance may be
defined in terms of three factors: (1) the percent absorption of water by the coating
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at constant temperature over a period of time, (2) the rate of water-vapor transmis-
sion through the coating, and (3) survival of coated electronic assembly after
simulated or accelerated humidity cycling tests.

Water Absorption.

stant at constant temperature for each material.
rium is only achieved after several months of immersion.

The percentage of water absorption eventually becomes con-
In many cases, however, equilib-

Unfortunately, most

of the reported data are for a 24-hr water immersion and do not give the true

TABLE 17 Water Absorption Data for Polymer Coatings

o, absorption Source of
Material in 24 hr* information
Chlorinated polyether (Penton)............. Negligible Hercules Powder Co.
Depolymerized rubber., .. .................. 0.5 H. V. Hardman, DPR
Snb.'sldmry
Diallyl phthalate..........coooiiiiiiiiins 0.09
L N e T 0.04 a
Epoxies. . ......iuiiiiiiniriiianaas 0.11-1.84 b
Epoxy cured with DETA................... 0.11-0.12 €
Fluorocarbon (Teflon) . .......coviiiinnn.. 0.01 a
Fluorocarbon (Teflon TFE dispersion coating) <0.1 Du Pont
Fluorocarbon (Teflon FEP dispersion coating) <0.01 Du Pont
0.3 -0.4
PRODOME . st e i s v e s s e 0.9 ¢
PRENOXY s s stmmiis e i v i o 0.13 d
Polyesters (copolymerized with styrene)...... 0.17-0.28 ‘.
Polyathylene .. oo oiniddvyesa 0.01 L
POlVAIAR . s vav i bl v s 3 5 e 6 e ok 0.7 Union Carbide
Polyimide-amide. . ..........ccivuunnnn.y 0.5 -1.9
(in boiling water)
POBEET R, . oo anremisren i SRS A 0.04 a
Polyvinyl fluoride. . .. ocomvvvvovmivinecons 0.04 Product Techniques,
Inc., PT-207 Coating
Polyvinyl formal (Formvar). ............... 0.75~1.1
Polyvinylidene chloride-polyvinyl chloride
(Baran) s aspensy iV e e 0.05
Polyvinylidene fluoride........ B S 0.04 !
Polyxylylene (Parylene C).................. 0.06 Union Carbide
Polyxylylene (Parylene N)................. 0.01 Union Carbide
D o e e s e o 0.15 &

* At room temperature, unless otherwise specified.

@ Piser, J.: Electron. Des. vol. 17, Aug. 16, 1967.

b Celanese Corp. Tech. Bull. 1164.

¢ Lee, H., and K. Neville: “Epoxy Resins,' McGraw-Hill Book Company, New York,
1966,

dYee, H., D. Stoffey, and K. Neville:
Company, New York, 1967.

¢ Parker, E. E., and E. W. Moffett: Ind. Eng. Chem., vol. 46, p. 1615, 1954.

/ Barnhart, W. 8., R. A. Ferren, and H. Iserson: I7th ANTEC of SPE, January, 1961,

7 “Modern Plastics Encyclopedia” (annual), MeGraw-Hill, Inc., New York.

“New Linear Polymers,"” MeGraw-Hill Book

equilibrium values, which are often considerably higher. Twenty-four-hour data
will be meaningful and can serve as a means of comparison for applications where
they are equal to or more severe than the part will see in actual operation. For
the most part, the percent of water absorption is not in itself a very meaningful
value. For some coatings, electrical properties are adversely affected, even though
only a small amount of water has been absorbed, and conversely, others with
very large water absorptions may be quite stable electrically.™ In general, however,
surface resistivity and volume resistivity decrease and dissipation factor increases



Properties of Electronic Coatings 5-39

with increase in percent of water absorbed, and therefore water absorbed or per-
meating a coating is undesirable and should be avoided.™ It is in this light that
comparative water-absorption values should be studied and used (Table 17).

Water-vapor Permeability. Moisture may seep through a coating by one or both
of two mechanisms. One involves passage through microcracks, channels, or pin-
holes arising from imperfections in the coating. Pinholes and pores can be reduced
considerably by applying a number of consecutive coats, each one further reducing
the pinhole probability. The second mechanism is one inherent with the molecular
structure of polymer molecules and within polymers.

This water-vapor permeability or moisture-vapor transmission rate (MVTR) is
more significant than water absorption in defining water resistance. It is expressed
according to the equation

ql

MVTR = Wt

where MVTR = g/(hr)(cm?)(cm /em Hg)
) = water vapor permeating the film, g
I = film thickness, cm
a = film area, cm?
t = time, hr
Ap = vapor-pressure difference, em Hg
Organic coating polymers differ widely in permeability rates because of differences
in their molecular structures. An example of this is polyvinylidene chloride (Saran),®
a material which because of its polar chloro groups, is an excellent moisture barrier.
Permeability is also a function of the nature and amount of pigment or filler
used. Coatings have decreasingly lower permeabilities as pigment is increased up
to a critical pigment-volume ratio, after which the permeability rises sharply. Pig-
ments in flake form such as aluminum will considerably improve resistance to mois-
ture penetration. Several other factors that affect permeability are as follows:

Factor Usual effect on permeability
1. Solvent entrapment. .......c000un Increase
2. Plasticizers...... . ovwervassansans Increase
3. Structure of film:
POISE. <o vvicesagm s atim e Increase
IOBDOIET:: v v i ven b was Decrease
4, Degree of crosslinking. ........... Decrease

A list of permeabilities may thus serve as a preliminary selection guide (Table
18). The list should not be used as the sole basis for selection because these
values are usually obtained by using carefully fabricated films for the test. In actual
usage, a sprayed or dipped coating may contain many imperfections such as pinholes,
solvent entrapment, and contaminants, all of which increase its porosity.

Humidity Testing. Both water-absorption and water-permeability values may
serve as preliminary data for selecting coatings for further evaluation. As was
pointed out above, to ensure long-term reliability, electronic assemblies should be
subjected to long-term or accelerated environmental testing. A humidity test such
as that called out in MIL-E-5272 or MIL-STD-202B is one of the most severe
and critical. Generally, the test requires a 10-day exposure to moisture in both
the vapor and condensate forms with temperature cycling from 25 to 65°C. A
100-volt dc applied stress is also required according to MIL-STD-202B. The test
is an accelerated one but does give an indication of the long-term reliability of
the assembly under outdoor and operating conditions. Because of the variety of

® Trademark of Dow Chemical Company, Midland, Mich.
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substrates, metal combinations, and sensitive components, very few pieces of uncoated
hardware will pass this test without serious physical or electrical degradation. Even
when a protective coating is employed, care should be taken in selecting one that
will not only shield the assembly but also will not itself degrade by blistering,
lifting, whitening, softening, or absorbing excessive amounts of water. Unfor-
tunately, since coating formulations vary widely, it is impossible to give a list
of good coatings and poor ones from which to select. It is imperative that humidity
testing of some sort be performed in each case before recommendation and use.

TABLE 18 Moisture-vapor Transmission Rates (MVTR) of
Plastic Coatings and Film (in g/(mil)(in.?)(24 hr)

Coating or film MVTR Information source
Epoxy-anhydride. .................. 2.38 Autonetics data (25°C)
Epoxy-aromatic amine.............. 1.79 Autonetics data (25°C)
Neoprene. . .... R R R e 15.5 Baer?? (39°C)
Polyurethane (Magna X-500)........ 2.4 Autonetics data (25°C)
Polyurethane (isocyanate-polyester) 8.72 Autonetics data (25°C)
Olefane,* polypropylene............. 0.70 Avisun data
Cellophane (type PVD uncoated film) 134 Du Pont
Cellulose acetate (film).............. 219 Du Pont
Polycarbonate. . .......cvvviivnnonn 10 FMC data
T T T T 1.9 Baer?? (39°C)

1.8 Du Pont data
Polystyrene.........ccvvivaivanninn 8.6 Baer®® (39°C)

9.0 Dow data
Polyethylene film................... 0.97 Dow data (1-mil film)
Saran resin (F120)........0000vvvnns 0.097 to 0.45 | Baer?® (39°C)
Polyvinylidene chloride. ............ 0.15 Baer?® (2-mil sample, 40°C)
Polytetrafluoroethylene (PTFE)...... 0.32 Baer?? (2-mil sample 40°C)
PTFE, dispersionecast. ............. 0.2 Du Pont data
Fluorinated ethylene propylene (FEP) 0.46 Baer?? (40°C)
Polyvinyl fluoride, . ................ 2.97 Baer?? (40°C)
TRRALAT ¢ i vsoma oo wowi o) 6 S b A o 2.7 Du Pont data
PArYIene N oo v o voivsms v s 14 Union Carbide data (2-mil sample)
PAEVISNR: . v e s s e 2o 1 Union Carbide data (2-mil sample)
Silicone (RTV 521)........ccvvvnunn 120.78 Autonetics data
Methyl phenyl silicone.............. 38.31 Autoneties data
Polyurethane (AB0130-002)......... 4.33 Autonetics data
B o 0 o e RN e e e 3.5 Lee, Stoffey, and Nevillet?
Alkyd-silicone (DC-1377)......cuuun. 6.47 Autonetics data
Alkyd-silicone (DC-1400),........... 4. 45 Autonetics data
Alkyd-silicone............cco0nnuuun 6.16-7.9 Autonetics data
Polyvinyl fluoride (PT-207).......... 0.7 Product Techniques Incorp.

#* Trademark of Avisun Corporation, Philadelphia, Pa.
T Trademark of E. I. du Pont de Nemours & Co., Wilmington, Del.

Corrosion protection Coatings are applied to metal surfaces where protection
from the corrosive effects of the surrounding medium is necessary. The most com-
monly encountered corrosive environments are listed in Table 19. In most cases,
elevated temperature will accelerate the degradation effects due to these
environments.

Metals corrode in different ways depending on their nature and the environment
to which they are exposed. A partial list of the various modes of failure for the
metals and alloys commonly employed in electronic assemblies is given in Table 20.

In general, corrosion occurs by either a chemical or an electrochemical process. In
either process, moisture is invariably necessary. Hence the moisture barrier and
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TABLE 19 Environments and Their Corrosive Constituents

Environment Corrosive constituents

1. Normal air ambient.............. Moisture, oxygen, sulfur dioxide, carbon dioxide

2. Water immersion. ............... Caleium salts and other metal salts

3. Balt-water immersion or salt spray Sodium and chloride ions, marine organisms

4. Chemicals and solvents........... Numerous acids, bases, oxidizing or reducing
agents, solvents strippers, ete. which may come
into contact with the part during processing or-
operation. ¥

B, Boll. s msmnmaisdin e d Ve i Moisture, fungus, other microorganisms

resistance of a coating become a key factor in corrosion prevention. For many
metals, oxide inorganic films will normally form on storage in air. These films are
quite passive and will arrest the further degradation of the metal. In other cases,
artificially produced inorganic coatings may be formed; and these will also provide

TABLE 20 Corrosion Modes for Metals and Alloys
Commonly Used in Electronic Assemblies

Metal /Alloy Type of corrosion

CODBOT  ceaceivie s s e § 0 Thermal-air exposure results in black oxidation product.
Forms green copper carbonate (verdigris) which inhib-
its further corrosion except as accelerated by galvanic
coupling. Exposure to salt environment produces
high electrical resistance due to formation of copper

salts.
Copper-nickel alloys. .......... Tarnishes in sulfur-containing ambients.
Copper-beryllium alloys........ Tarnishing in sulfur-containing ambients and in moist
air,
Aluminum (pure or 5052, 6061, White oxide formations, normally superficial with no
1100, 3003) structural damage.
Aluminum high-strength alloys:
2024, 2018, ovunansies s esaa Susceptible to tunneling, exfoliation, and stress corrosion.
TOTE, TOTO. .onvinvinmin . ... Susceptible to stress corrosion.
Aluminum alloys, general....... Galvanie corrosion from dissimilar metal couples.
Magnesium AZ31B............ Rapid local dissolving occurs at breaks in metallic coat-

ings or at points of coupling with nobler metals.
Oxidizes slowly in moist air.

Magnesium-lithium alloy....... Interaction of moisture with the lithium portion of the
alloy results in rapid evolution of hydrogen and forma-
tion of white lithium hydroxide. Organic protective
coatings used are permeable to moisture and become
blistered and lift owing to hydrogen generation. This
alloy also reacts with carbon dioxide from the ambient
to give white lithium earbonate.

Magnesium-thorium alloy...... Very susceptible to moist ambient.

Beryllium oo de s vai s Stable in air. On heating in air, forms a metal oxide
protective layer. Will react rapidly with methyl
aleohol. Attacked by alkalies with evolution of
hydrogen.

Niekel.........ooiivinennnn. Little corrosion problem except for galvanic couples.
Very stable in air and water owing to presence of
nickel oxide layer.

Solder (lead-tin)............... Little corrosion problem except for galvanic couple, such
as with copper. Tin salts produced. .
BIIVEE oscnmcissaie et s Black silver sulfide “‘tarnish’ on exposure to ambient due

to interaction with 802 and H:S contaminants in air.
{27! [ B e L e i Extremely inert, no corrosion produects.
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the same protection. These films, called chemical conversion coatings, are formed
by the reaction of the metal surface with oxygen, phosphates, chromates, or other
chemicals, Other passive films are electrochemically formed, such as the anodized
films. For very harsh environments or for very long-term exposure, organic coatings
are applied over these conversion coatings and provide a very effective barrier
system. Lacquers, baking enamels, and highly resistant epoxies, vinyls, polyure-
thanes, or silicone coatings are often used.

Wide differences in the effectiveness of these coatings are possible because of
differences in surface preparation and cleanliness of the substrate and in thickness
of the coating. In general, the thicker the coating, the better corrosion protection
is afforded. Thickness affords protection by reducing the probability of imperfec-
tions in the coating, by increasing protection from abrasion and mechanical damage
during use, and by increasing the moisture resistance of the film.

Magnesium. Because of its high strength-to-weight ratio, good fatigue strength,
and good dimensional stability, magnesium has become a very. popular metal for
electronic applications, especially those intended for flight hardware. Heat sinks,
housings, coolant tubes, and frames are but a few examples of the use of magnesium.
For benign environments such as indoor exposure or a black box containing inert
gas, a protective finishing system is usually not necessary. Even for normal weather-
ing or short-term intermittent outdoor exposure, an electrochemical conversion coat-
ing alone or a single coating of clear lacquer may provide sufficient protection.

Other chemical treatments, useful as protective coatings in themselves or as
bases for primers and topcoats, are Dow Chemical Treatments No. 1 (chrome
pickle): No. 7 (dichromate); and No. 19 (dilute chromic acid)." The treatments
most commonly used for electronic hardware are Dow 17, HAE, or fluoride anodiz-
ing, which are excellent paint bases for long-term exposure to humid and salt
environments; Dow 7, used for a corrosion-protective paint base; and Dow 19,
used as a touch-up applied by brush, spray, or swab for rework on Dow 7 or
Dow 17 surfaces. The various treatments are compared in Table 21.

These surface treatments are all acid types in order to either neutralize or acidify
the normally alkaline magnesium surface. Suppression of alkali formation is essential
in improving the durability and adhesion of paints and coatings. To be effective,
primers for magnesium should be based on alkali-resistant vehicles such as polyvinyl
butyral (as contained in wash primers), acrylic, polyurethane, vinyl, époxy, or
baked phenolic. Zinc chromate, strontium chromate, and basic zinc chromate are
often employed as further corrosion inhibitors."*

For severe or extensive exposure as encountered in ground-support, ground-operat-
ing equipment, or marine equipment, the best finish system will usually consist
of three parts: a conversion coating, a primer, and finally an organic topcoat.

Magnesium-Lithium Alloys. Magnesium-lithium alloys such as LA141 are attrac-
tive to designers of airborne electronic equipment because of their stiffness and
high strength-to-weight ratio. By using these alloys, a 20 to 25 percent weight
savings over magnesium or other magnesium alloys may be achieved. However,
the high reactivity of magnesium-lithium with moisture and carbon dioxide limits
their use to hermetically sealed boxes with inert gas ambients. Often, even in
an enclosed box, an incompatible situation may arise owing to the evolution of
moisture from plasties or from electronic components contained in the box. Moisture
reacts with the lithium portion of the alloy, forming hydrogen gas and lithium
hydroxide. 1n the presence of carbon dioxide, white lithium carbonate is formed
on the alloy surface. In addition to the formation of these chemical corrosion

"products and deterioration of the alloy, a secondary, perhaps even more harmful
effect may result by the evolution and reaction of hydrogen gas with active devices,
chemically sensitive thick- or thin-film resistors and other components. Although
there are reported to be several coatings which will protect magnesium-lithium
in normal environments, no organic coating or coating system is currently known
to provide adequate protection to pass military environmental specifications such
as MIL-E-5272, temperature and humidity cycling, or MIL-STD-151, salt-spray test.”
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TABLE 21 Chemical and Anodic Treatments Used in Finishing of Magnesium
Military Alloys
Name Type specification Appearance used on Uses Remarks
Dowl..... Chrome pickle | MIL-M-3171A | Matte gray to | All For protection during shipment | Simple dip treatment, slight di-
—type 1 yellow-red and storage. mensional loss, good paint base.
DowT.vun. Dichromate MIL-M-3171A | Brassy to All except Th- | Good combination of paint base | Does not materially affect dimen-
—Type 3 dark brown | containing and protective qualities. sions.
alloys
Dow 9..... Galvanie ano- | MIL-M-3171A | Dark brown | All Used on alloys that will not | Requires galvanic couple between
dize —Type 4 to black take No. 7 or where a black | work and steel cathode. No
coat is needed. external eurrent required.
Dow 10 .| Bealed chrome | MIL-M-3171A | Matte gray to | All Corrosion resistance equal to | Chrome pickle plus dichromate
pickle —Type 2 yvellow-red- No. 7. boil. Improved protection over
brown No. 1. Slight dimensional loss.
Dow 17....| Anodize thin | MIL-M-45202 | Light gray to | All Excellent protective and deco- | Thin: 0.0001 to 0.0003 in.
light green rative finish. Full: 0.001 to 0.0015 in.
Dow 17....| Heavy MIL-M-45202 | Dark green All Excellent protective and deco- | Coating is stable above melting
rative finish. point of metal. Best abrasion
resistance, best paint base, and
most consistent of all Dow treat-
ments for magnesium. License
required.
Dow 23....|Stannate im- | None Medium to All Good paint base and protective | Must be neutralized if painted.
mersion dark gray finish. Used with dissimilar | Retards galvanic corrosion. Li-
metal inserts (except alumi-| cense required.
) num or in assemblies).
HAE.......| Anodize MIL-M-45202 | Tan to brown | All Excellent protective and deco- | . A. Evangelides, at Pitman-
MIL-C-13335 rative finish. Good paint| Dunn Lab, Frankford Arsenal.
AMA 2476 base,
Fluoride....| Anodize Proprietary Light gray All Good base for resin impregna- | Dr. W. F. Higgins, Magnesium

tion or painting. Very clean
surface.

Elektron, Ltd.
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Tin-Lead. For maximum protection of solder joints and solder-plated surfaces,
conformal coatings should be used." However, as with other metals, corrosion
can be prevented or minimized by employing certain design principles. For example,
bimetallic combinations of tin-lead solder with either copper or aluminum should
be avoided in high-humidity or salt-water environments where corrosion is known
to occur.® The coating of such bimetallic combinations will only provide temporary
protection. Other difficulties associated with corrosion of solder joints or solder

TABLE 22 Resistance of Coating
Resins to Microorganisms:¢

Coating type Resistance to attack

B e Moo S e G
T =, AT SO S S P
Cellulosics:

Cellulose acetate...........covvvununn Gto P

Cellulose acetate butyrate. . ........... G

Cellulose nitrate............cocivivnan P

Ethylcellulose. ............c0ovcivunnnn G
Chlorinated rubber. .........covviinanns G
Chlorosulfonated polyethylene........... G
EDOXY-8I0INE i o-osome v saemavaaias o G
Epoxy-polyamide........ivicivvevnvnnans G
Epoxy-phenol-formaldehyde. ............ G
Epoxy-urea-formaldehyde. .............. G
Melamine-formaldehyde................. GtoP
Phenol-formaldehyde. .................. GtoP
PROGOXEN S i i s s s anie s el aTaiiiei s e G
POWOREEE. . . - e o vnivs oo mns e CE R S 5 G
Polyethylene:

Low molecular weight. ................ P

High molecular weight. ........0....... G
Polychlorofluorcethylene. . . ............. G
Polyisobutylene. ... ........covveeinenns G
POl atyrene .o o e vais wamieion g4 G
Polyurethane., . . ic.cciiiiiivsmsmnninsion P
Polyvinyl acetate...........c.covivunnnnn P
Polyvinyl butyrate.........ccoonvnnnvans P
Polyvinyl chloride............covuivnunan G¥*
Polyvinyl chloride-acetate............... G
Polyvinylidene chloride, . .. ............. GtoP
Polyvinylidene fluoride. ................. G
BHICO0E s v v vwion s mmne s o m e R s eieah G
Siliconeralleyrds. . ..o & vames s saianwnisdiese GtoP
TFE Auorocarbon. .. ....vcvuoimnrisvess G
Urea formaldehyde. . ..........ccvvun... G

* Except when plasticized.

G Good

P Poor

plate are caused by the incomplete removal of corrosive fluxes during cleaning
operations. Conformal coatings will not provide protection unless these contami-
nants are adequately removed. A discussion of cleaning procedures for flux residues
is given in another section.

Aluminum. Like magnesium, aluminum is also widely used because of its low
weight. It, too, must be protected from corrosion, although the normal oxide
film which forms on its surface on exposure to air is protective and prevents deteriora-
tion of the bulk of the metal. A number of oxide coatings (anodize) may be pur-
posely formed, as are chemical surface treatments such as chromates, to function
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as protective coatings or to improve the adhesion of subsequent organic coatings.

Microorganism Protection. As with moisture and salt spray, microorganisms also
cause millions of dollars of loss per year due to material deterioration.

Microbial growth may cause corrosion of metals and bimetallic combinations,
may deteriorate a coating or substrate mechanically or electrically, or may roughen
a surface, causing an increase in friction and drag; the latter property being
especially critical for underwater vehicles. The resistance of coatings to biclogical
attack from microorganisms such as fungi, bacteria, etc., is particularly important
for electronic hardware that will be stored or operated in humid, tropical, or semi-
tropical environments, or contact of moist soil. Table 22 gives some coating resins
and the resistance to attack.

As a rule, the newer synthetic coatings such as epoxies, silicones, and polyurethanes
possess excellent fungus-resistance properties. Some formulations may not be as
good as others because of plasticizers or other nutrient additives used in the
formulation.

Thermal protection One of the more destructive influences on most organic
materials is heat and high temperature. The heat transfer (conductivity) of organic
materials compared to that of air spaces is excellent, but compared to metals, or
even some ceramics, it is very poor. )

Heat Resistance. Heat degradation is an effect of time and temperature. Hence,
one usually refers to temperatures that can be resisted for short, intermittent times
(minutes or hours) or to temperatures for the long term or “service life” ( months
or years). A rough value for representative type coatings can be found in Table 1.

Thermal Conductivity. The total heat conducted through a material is directly
proportional to the surface area, time of contact, and temperature gradient, and
inversely proportional to the thickness of the sample according to Eq. (1),

-7
Q.5 (7 . nAL )

where @ = total heat flow
A = surface area, cm?
d = thickness of sample, em
T: = temperature of the hot surface, °C
T, = temperature of the cold surface, °C
t = time, in seconds
When a proportionality constant k is introduced, the equation becomes

_ k(Tw — TyAL
g= d

The constant k is a material constant called the coefficient of thermal conductivity.
It is the time rate of heat flow under steady-state conditions, through a unit area
and unit thickness, per unit temperature gradient.

Organic coatings, as a rule, are seldom used for the prime purpose of conducting
heat away. Unfilled coatings and plastics have rather low k values and are very
good thermal barriers or insulators. Furthermore, there is very little difference
in thermal conductivity among the different polymer types; the order of magnitude
is about 107 cal/(sec)(em®)(°C/cm). This value is to be compared with those
for metals or metal oxides which are thousands of times higher. Table 23 gives
some representative thermal conductivities for coatings and other electronic materials.

From a design standpoint, the low thermal conductivity of organic coatings may
be desirable as in the case of ablative and thermal protective materials, or un-
desirable as in the case of high heat-dissipating electronic assemblies.

For the most part, plastics used in intimate contact with electronics such as spacers,
filleting compounds, substrates, heavy coatings, and encapsulants require high thermal
conductance. Assemblies or modules having a high density of electronic components
require the dissipation of large amounts of heat. Properly insulated metal heat
sinks or beryllium oxide spacers are commonly employed. No plastic yet exists

(2)
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TABLE 23 Thermal Conductivity Data for Polymer Coatings

&k value,*
cal/(see) (em?)
Material (°C/em) x 104 Source of information

Unfilled plastica:
O o ooy e s A A A W RISY 4-5 a
PN D, 8.3 a
Depolymerized rubber, . ........c000en 3.2 H. V. Hardman, DPR Sub-

sidiary
T DOXY i i v A e R R 36
Epoxy (electrostatic spray coating).... G.6 Hysol Corp.,, DK-4
Epoxy (electrostatic spray coating).... 2.9 Minnesota Mining & Mfig.,

No. 5133
Epoxy (Epont 828, 71.4 9, DEA, 10.7 %) 5.2
Epoxy (cured with diethylenetriamine) 4.8 ¢
Fluorccarbon (Teflon TFE), .......... 7.0 Du Pont
Fluorocarbon (Teflon FEP)........... 5.8 Du Pont
F\ T s | T . 10 d
PolyBEhBY. - s ww oot = e v s s 4-5 a
Polyethylenes.......coovviiniveannns 8 a
Polyimide (Pyre-M.L. enamel)........ 3.5 4
Polyimide (Pyre-M.L. varnish)........ 7.2 !
Polystyreme, .. ooiiniivivinesy Ko 1.73-2.76 0
PoOlysbyronie. . viey oo smaine s paies o iiomss 2.5-3.3 L
Polyurethane. . ..................... 4-5 L
Polyvinyl chloride. ... ............... 34 a
Polyvinyl formal, . .................. 3.7 o
Polyvinylidene chloride, ............. 2.0 L
Polyvinylidene fluoride............... 3.6 A
Polyxylylene (Parylene N)........... 3 Union Carbide
Silicones (RTV types). .....oovvvunnn 5-7.5 Dow Corning Corp.
Silicones (Sylgard types)............. 3.5-7.5 Dow Corning Corp.
Silicones (Sylgard varnishes and coat-

INEE) s s R R R 3.5-3.6 Dow Corning Corp.
Bilicone (gel coating)................. 3.7 Dow Corning Corp.
Silicone (gel coating)................. 7 (150°C) Dow Corning Corp.
Filled plastics:

Epon 828/diethylenetriamine = A..... 4 b

Ak B0 BIHERL . o s asem s e 10 b

A4 50% aluming . coeeevsaseenss 11 b

A + 509 beryllium oxide.......... 12,5 L4

A+ TO % mles o svassiss s aie 12 b

A+ 70%alumina .........00innnn 13 b

A + 709 beryllium oxide. ......... 17.8 b
Epoxy, flexibilized = B.............. 5.4 i

B + 66 % by weight tabular alumina 18.0 i

B 4+ 64 % by volume tabular alumina 50.0 i
Epoxy, filled....... ..., 20.2 Emerson & Cuming, 2651 ¢
Epoxy (highly filled)................. 15-20 Wakefield Engineering Co.
Polyurethane (highly filled)........... 8-11 International Electronic

Research Co.
Other materials used in electronic assem-
blies:
Alumina ceramie. .......... ..o uans 256-442 (20-212°F) 4
Alvminam ;. sses sovs piisieninnieis 2767-5575 a
Aluminum oxide (alumina), 96%...... 840 i
Beryllium oxide, 99%................ 5500 i
{67+ 1) o1 S 1< 8095-9334 L
Glass (Borosill, 7052) . ............... 28 8
Glass (pot-soda-lead, 0120). ... ...,.. 18 L
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TABLE 23 Thermal Conductivity Data for Polymer Coatings (Continued)

k value, *
cal/(sec) (em?)
Material (°C/em) X 10t Source of information
Glass (silica, 99.8% 8i02) .. .......... 40 t
Gold. o iR S e e e el e 7104 (20-212°F) &
EOVRT . | & mdidsaes s seaibolis s eaiiary 395 m
£, §7,C G w4 T S e 8.3-16.5 &
MIGhYDIREE ... 0 wrecu enionm:ovmiaiv: wignarn e QB 325 -
= 11 67T S i et I 40 k
Bilicon nitride. .« conmam s ooy 359 m
BUIVRE. o v i b o S R b A e e 9995 (20-212°F) -
FATOO s v e AR RS Al AN S W i 120-149 L

# All values are at room temperature unless otherwise specified.

1 Trademark of Shell Chemical Co., New York, N.Y.

1 Trademark of Driver-Harris Co., Harrison, N.J.

s Mater. Eng., Materials Selector Issue, vol. 66, no. 5, Chapman-Reinhold Publication,
mid-October, 1967,

b Woli, D. C., Proc. Nat. Electron. and Packag. Symp., New York, June, 1964.

¢ Lee, H., and K. Neville: “"Handbook of Epoxy Resins,” McGraw-Hill Book Company,
New York, 1966,

4 Davis, R.: Reinf. Plast., October, 1962,

¢ Du Pont Tech. Bull. 19, Pyre-M.L. Wire Enamel, August, 1967.

! Du Pont Tech. Bull. 1, Pyre-M.L. Varnish RK-692, April, 1966.

? Teach, W. C., and G. C. Kiessling: Polystyrene, Reinhold Publishing Corporation,
New York, 1960.

% Barnhart, W. 8., R. A. Ferren, and H. Iserson: 17th ANTEC of SPE, January, 1961.

i Gershman, A. J., and J. R. Andreotti: Insulation, September, 1967.

i American Lava Corp. Chart 651.

k Shand, E. B., "Glass Engineering Handbook,” McGraw-Hill Book Company, 1958.

! Kingery, W. D.: Oxides for High Temperature Applications, Proc. I'nt. Symp., Asilomar,
Calif., October, 1959, McGraw-Hill Book Company, New York, 1960.

= Kohl, W. H.: “Handbook of Materials and Techniques for Vacuum Devices,"' Rein-
hold Publishing Company, New York, 1967.

n “Modern Plastics Encyclopedia,’’ MceGraw-Hill, Inc., New York, 1968.

combining the high thermal conductivity and low electric conductivity of beryllia,
which is unique among materials in this respect.

Where some degree of thermal conduction in organic coatings is required, one
or both of two approaches may be used: (1) employing a coating that is formulated
with a high, thermally conductive filler and/or (2) employing as thin a coating
layer as possible, since thermal conduction is inversely related to thickness. In
practice, it is found that what is gained in filling a coating is lost in that the
coating may be more difficult to apply in thin layers. Except for those cases
where electrical conductivity is not a problem, fillers used should be good electrical
insulators. Commonly used fillers meeting these requirements are aluminum oxide
(ALO,) also known as alumina, silicon dioxide (SiO:) also known as silica, mica,
and beryllium oxide (BeQ), known as beryllia. The improvement in the thermal
conductivity of an Epon 828-diethylenetriamine (DEA) formulation by filling it
with silica, aluminum, or beryllium, oxide is about three-to-fourfold but still far below
the thermal conductivity of the filler alone. There is a sparcity of thermal conduc-
tivity data for coatings, probably due to the difficulty in preparing thick enough
samples to run the thermal conductance. Many of these materials reported are
molding or casting types where thick enough samples can be formed (see Table
23).

Test Methods. Several methods for measuring thermal conductivity are available,
of which the Cenco-Fitch and the Guarded Hot Plate methods are the most widely



5-48 Coatings for Electronics

used. The most accurate method for plastic samples having thermal conductivities
of 343 107" or less (most filled or unfilled plastics will fall in this category)
is the guarded hot-plate method described in ASTM C 177." A discussion of this
and other methods is given by Anderson.”

The Cenco-Fitch method is based on the calorimeter principle, in which the sample
to be measured is placed between a constant-temperature heat source and a heat
drain (an insulated copper plug), and the heat transfer over a period of time
is accurately measured. The procedure is given in ASTM D 1674 and MIL-I-16923.

For fairly accurate results, this method requires a uniform pinhole-free, air-free
sample of 0.125 in. thickness.

TABLE 24 Abrasion Resistance of Organic Coatings

Coating Taber wear index, mg/kHz

Polyurethane Type 1. ... ... iuiriiiineneienenenransnsnssssnnns 55-67
Polyurethane Type 2 (elear)......covrieiinirerirrrrernenenersneen 8-24
Polyurethane Type 2 (pigmented).........ccvvvrirrrivmsorssnnnnnns 31-35
Polyurathans TYDe B oo im s w1l suivs s s s s s 60
Urethane: ofl WATDISH .« o co v e s w5 e R s W 155
AR e R R R R R AT R N 147
VRN st o e e A T T R S R 85-106
Epoxy-amine-cured varnish. . ......cciviuviveivinnisvinisssssinios 38
Epoxy-polyamide enamel. ... ....coviivrerariarisansnasssssssionas a5
BEnoxy-eabat BOaniel, . . . . s B e SRR RS A 196
Epoxy-polyamide coating (1:1}........cvuiuireriuiinnnnsnensnnans 50
Phenolie spar varnish............... Uy sy =S ol 172
Clear nitrocellulose laequer. ... ... covviuiiinnvicraismnsssasssnsss 96
CRIONSEEN BIBBEE: . o« s wm s o n o S N SR T i TR A S 200-220
Bilicone, White enamel. . . v i amiow we e s s e s as smeaamm s e o 113
Catalyzed epoxy, air-cured (PT-401) .. cuvivv v vessnonsssssnssss 208
Catalyzed epoxy, Teflon-filled (PT-401)..........coivnnvensnnrnions 122
Catalyzed epoxy, bake-Teflon-filled (PT-201).........cc0ivveivinunsn 136
Farulerm B s e R e R B T R R 9.7
Poxvlene C.visiiviviisaninini s v sl st oersiass 44
PAIVIBHE DV i mr e momcinim: non, it s 8 b 5 b 8 A0 8 55 A 0 TR re H e AR T 305

B 5701 05 o o - O o . oS S - 290-310
POLVEEBPIBIE. v comiv i smem gt iy poa o emions e o wos maM R S 360
Alkyd TT-E-508 enamel (cured for 45 min at 250°F). .........c00vunn 51
Alkyd TT-E-508 (cured for 24 hr at room temperature).............. 70

The buildup of such thick coatings presents a problem with many solvent-based
coatings but can be achieved by multiple coating and baking operations. As with
the guarded hot-plate method, thinner coatings or coatings on a metal substrate
may be used but with less accuracy.

Mechanical Protection

Abrasion and frictional resistance For applications involving excessive handling,
rubbing, or other contact with objects, a high degree of abrasion resistance will
be required. For.other applications where repeated sliding or insertions must take
place as in some electronic drawers or consoles, surfaces with a low coefficient of
friction will render the insertions easier and will minimize surface abrasion and
deterioration of the coating.

Abrasion Resistance. Abrasion resistance may be determined by periodic examina-
tions performed while the coating is in actual use. However, several accelerated
and quantitative test methods are available that may be correlated with actual
service performance or used to compare the relative abrasion resistances of coatings.
These include projection of a controlled stream of abrasive such as Carborundum®

® Trademark of The Carborundum Co., Niagara Falls, N.Y.
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{(ASTM D 658-44) or sand (ASTM D 968-51) against the sample and recording
the amount of abrasive required to wear through a unit thickness of coating, use
of abrasive tape (Armstrong test, ASTM D 1242), controlled scraping with a metal
tool until the coating is penetrated,” or use of rotating abrasive wheels. The
last mentioned (referred to as the Taber Abrasion Test) is the most widely used
for plastic coatings and is described in Federal Test Methods 141 No. 6192 and
ASTM Methods D 412 and D 1044, According to the last-mentioned test, abrasion
is effected through the action of two standardized abrading wheels made to rotate
against the coating sample. The sample consists of a 4- by 4-in.-square coaied
metal panel having a center spindle hole. The panel is preweighed to the nearest
milligram and placed on a turntable operating at a constant speed while two abrad-

TABLE 25 Coefficients of Friction of Typical Coatings

Coefficient of | Information
Coating frietion, u gource
Bobyrinal SR ORI i i i R B e N e 0.4-0.5 o
Fabvsbyrene. oo criiiisniei i vwimei s i nmiewns Vv iaimone me 0.4-0.5 a
Polymethyl methaerylate. ....... ...t iiiinnnn 0.4-0.5 a
4 7 R S 0.3 a
Polyethylene. ... ...ooiimiuiinire it iiir e einsnnnns 0.6-0.8 “
Polytetrafluoroethylene (Teflon).............ccnvvennans 0.05-0.1 L]
Catalyzed epoxy air-dry coating with Teflon filler....... 0.15 L]
Parvlone N oo osmmmeein s s e i s e s v e e w e 0.25 4
PREIER € o o e D i R e 0.29 e
Paryleme D v oimnm S R e e e e 0.31-0.33 s
Polyimide (Pyre-M.L.) . ... ..o iiiiiiiiiiinesanans 0.17 d
Graphiabe. o o s e e R A T e 0.18 d
Graphite-molybdenum sulfide:
Dry-film lubricant. ... ..covvitir it iierninnnnnans 0.02-0.06 ¢
Steelonsteel. ......cciviiimimninnnnnenensanaaas 0.45-0.60 L
Braga on Bbeel. «.oveapeimnim s sieos s s s s NS EE S8 0.44 *
Babbitton mild steel. .......coviviiniierenrnnerans 0.33 ¢
TR oW BUBBE v nir s wiscres S B s e A 0.4 ¢
Steel on steel with SAE no. 20 0il. ..........ovvnn.. 0.044 .
Polymethyl methacrylate toself...............ccouunn 0.8 (static) b
Polymethyl methacrylate tosteel.................... 0.4-0.5 (static) ¥

a Bowder, F. P., Endeavor, vol. 16, no. 61, p. 5, 1957.

b Product Techniques Incorporated: Bulletin on PT-401 TE, Oct. 17, 1961.
¢ Union Carbide data.

4 Dy Pont Tech. Bull. 19, Pyre-M.L. Wire Enamel, August, 1967.

¢ Electrofilm, Ine. data.

ing wheels each 14-in. wide are fixed on each side of the spindle and in direct
contact with the coating,

A load up to 1,000 g may be placed on the wheels in addition to their own
weight. A built-in tachometer records the number of turntable revolutions, and
a vacuum attachment removes plastic particles as they are abraded from the surface.
The instrument is operated for a specific number of cycles or until a portion of
the substrate becomes exposed. Results are reported as weight loss in milligrams
for a specified number of cycles ranging from 100 to 1,000, referred to as Taber
Wear Index, or may be reported as the number of cycles to failure per mil thickness
of coating. Quantitative data for a number of coatings may be found in Table 24.

Coefficient of Friction. The coeflicients of friction of plastics, with exceptions
such as some fluorocarbons, are of the same order of magnitude as metals. With
plastics, however, values are more dependent on test conditions such as temperature,
humidity, loading, operating speed, and on material conditions such as degree of
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cure and moisture content. As an example, the coefficient of friction of nylon
will vary from 091 to 1.19, with a variation of moisture content from 0.2 to
10 percent, respectively.” The surface against which the sample is tested is also
an important variable. A highly polished steel surface is often used, but polished
glass or wood have also been employed. In any event, the nature of this surface
should be specified.

Teflon appears to be unique among both plastics and metals in possessing one
of the lowest friction coefficients. The coefficients of friction of nylon and of
some specially formulated epoxies and polyurethanes containing Teflon fillers, -al-
though not as low as for Teflon, are still considered satisfactory for many sliding
or insertion applications. The use of Teflon as a filler for epoxy coatings can
reduce the coefficient of friction and the Taber Wear Index (Tables 24 and 25).

TABLE 26 Sward Hardness Values for Coatings
(Polished Glass = 100)

Information
Coating Value source
Two-component polyurethane (polyester cure)....... e 68 .
Two-component polyurethane (castor oil cure)............. 46 a
Chlorinated TRBIEr. oo S s 55 s s 12 e
8] oo o A o N s e i N e 22 a
PO v T o ot b s e ol S e T e A i a
Polyurethane elear coating (TDI-castor oil) . .............. 10 &
Polyurethane clear coating (MDI-castoroil),.............. 17 b
Polyurethane (moisture cure) ASTM, Type 2. ............. 48 €
L AP | Y5 N ) ~20 d
Epoxy-amine paint (PT-401)%. . . ... iiriinrniiinnnnnas 18-22 L
TT-E-4BOB, Claes A%, .. .o cuusemmsmnvivissss visaissnss 13 L
TT-E-489, Class A%, .. .ioinvsvisesiinsi e TR e 5-8 *
MILE-TT29, THDe I o s aiistvam s s se e wiaiii s a smie + 8 .
TT-E-b29, Class A%, ..o iiv e imidas e i amme s 7 .
Kemacryl M49WC15 (Sherwin-Williams), acrylic*. ... ...... 12 L
Aero Cati-Coat F65W-P-20 (Sherwin-Williams), epoxy*..... 26 L
TT-E-B2T, RlkydW. . . o . . . o i nminsinimnsemem s s SV 3-4 .
MIL-E-15090, Type III, alkyd, Class 1¥. .. ............... 5-7 .
MIL-E-7729, Type III, alkyd (baked 15 min at 320°F)..... 8-9 .
MIL-L-7178, nitrocellulose®. ..........cciivivnviinnnrnanas 11-12 L

* Cure 7 days at room temperature.

@ Chem. Eng., Feb. 9, 1959, pp. 144-148.

® Dombrow, B. A.: “Polyurethanes,” Reinhold Publishing Corporation, New York, 1965.

€ Patton, T. C.: J. Paint Technol., vol. 39, no. 512, September, 1967,

4 Teach, W. C., and G. C. Kiessling, “'Polystyrene," Reinhold Publishing Corporation,
New York, 1960,

¢ Autonetics Materials and Processes Laboratories data.

Hardness Hardness values are also valuable in establishing how resistant a
coating may be to erosion, scratching, or other mechanical abuse. One of the more
popular methods for determining hardness makes use of the Sward hardness tester.
Values obtained are relative to polished plate glass which is taken as 100. Although
the Sward hardness test is nondestructive, it often cannot be used on an actual
part because the tester will accommodate only a flat (about 0.032-in.) surface
from 3 by 6 in. to about 4 by 12 in. Sward hardness values for some coatings
and paints are presented in Table 26.

The pencil hardness test employs the use of a series of pencils of varying hardness
to scratch through the coating to the substrate. It is simple but highly subjective
and destructive in nature. Numerous other hardness and scratch tests have been
developed.™
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APPLICATION TECHNOLOGY

Cleaning and Cleaning Methods

The efficient cleaning of an assembly prior to coating is critical to the performance
of the coating and the assembly. Surface contaminants cause poor adhesion, result-
ing in peeling, or leave water-soluble materials that cause blistering and corrosion,
especially - after humidity exposure. Therefore, proved cleaning procedures should
always be specified. A discussion of cleaners, methods, and equipment follows.

Potential contaminants Contamination, always a serious problem, has become
critical for high-density microelectronics, where the active portions of the device
may be of the same size as the contaminant particle. Ultraclean areas, such as
Class 100 clean rooms,” laminar-flow work stations, spray booths, and ovens, should
always be employed for these highly sensitive operations. Some of the commonest
contaminants to be found on electronic hardware are categorized in Table 27.

TABLE 27 Typical Contaminants and Their Sources

Contaminant Possible source

Fibers (nylon, cellulose, ete.). ... Clothes of personnel in assembly areas, cleaning papers

Silicates, fly ash.,............... Rocks, sand, soil

Oxidesand seale. . ............. Oxidation produects from some metals

Oils and greases. . .........c.c00n From machining, fingerprints, handling, hair sprays,
tonies, and ointments

BEICONEE v s i irare wiwiab s sl a1 Hair sprays, shaving cream, aftershave lotions, hand
lotions, and soap

Metalt ooy msner e Grinding, machining, and fabricating metal parts, stor-
age cans, metal containers

Tonie Tesidues:u v i isiaies Perspiration, fingerprints (sodium chloride), residues

from cleaning solutions containing ionic detergents,
certain fluxes such as the glutamic aeid hydrochloride
types, residues from previous chemical steps such as
etching or plating

Nonionic residues.........c.v... Rosin fluxes, nonionic detergents, organic processing
material
Solvent residues................ Cleaning solvents

The incomplete removal and entrapment of these contaminants under a coating
may result in electric short circuits, corrosion, deterioration of the coating, and
increased penetration of moisture and contaminants through the degraded coating.
Several dramatic examples of the seriousness of leaving fingerprint contaminants
may be cited. In thin-film circuits the entire disappearance of Nichrome resistors
has been observed when tested with applied voltage in a humid environment. In
another instance fingerprints left under the coating become visible after humidity
exposure through blistering of the coating over the fingerprints.

To establish a scientific basis for the selection of a cleaning method, the coatings
specialist should answer the following questions:

1. What contaminants are on the surface?

2. How damaging are they?

3. How can they be removed?

4. What tests can be used to assure complete removal of contaminants?

These are all difficult questions to answer.

An empirical approach is often used to establish the cleaning method. A number
of cleaning solutions and methods may be tried, and the one found to be most
convenient or least expensive is selected. If no trouble is encountered, no further
work is performed.

A number of cleaning techniques which have been employed are described below.
To evaluate the method, the contaminants must first be detected and monitored
in some fashion to assure the effectiveness of the cleaning procedures. Examples
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are by magnification, by rendering the particles fluorescent or radioactive, or by
determining the wettability or the water break-free surface properties.

Solvents and Solutions Used for Cleaning. Cleaning solvents and solutions may
be classified in three groups, according to Table 28. The hydrophobic types are
those that will effectively remove water-insoluble contaminants such as greases,
oil, or organic material. The hydrophilic types will easily remove water-soluble
contaminants such as iomic salts. Since both types of contaminants are normally
present on electronic assemblies, a safe practice is to use both types of cleaners
in a two-step process or to use a combination cleaner-of the hydrophobic-hydrophilic
type. A dramatic example of what can happen if only the hydrophobic solvent
is used is shown in Fig. 12. In example a, where only the hydrophobic solvent
was used, considerable blistering of the coating occurred after humidity whereas
in example b where both hydrophobic and hydrophilic (aqueous solution) solvents
were used, no blistering occurred.

TABLE 28 Cleaning Solution Types

1. Hydrophobic
Organic solvents—methyl ethyl ketone
Freons®
Chlorinated solvents, such as trichloroethylene
I1. Hydrophilic
A. Alkaline, acid, detergent-water solutions
B. Nonionic, detergent-water
C. Water deionized or distilled
D. Aleohols such as isopropanol or ethanol
III. Hydrophobic-hydrophilic
A. Alcohol-naphtha (50:50)
B. TWD-602 (a Freon-water emulsion-containing surfactant)

® Trademark of E. I. du Pont de Nemours & Co., Wilmington, Del.

Solvent Purity. Solvents used in cleaning may contain varying amounts of
particulate contaminants and nonvolatile residues. Though amounts may be ex-
tremely small, such residues may be critical to the performance of the electronics.
The purity of the cleaning media may be determined by residue from evaporation,
by conductivity of water extract for ionizable matter, and particle-count analysis
after filtering through standard-size membranes.”

Nature of Particles. In interpreting particle-analysis results, not only the amount
but also the nature of the particles is important. The identification of particles
after they have been separated requires considerable skill and experience. A widely
used procedure involves microscopic examination and comparison with standards.
Descriptions and photographs of hundreds of particles may be found in “The Particle
Atlas.”™ Metal particles, even in small quantities, are serious. For example, even
a single metal particle, wedged between two closely spaced conductors can be
catastrophic. An electric short circuit could occur immediately; or, in time, ionic
corrosion could be produced. Metal particles have been detected in several commer-
cial-grade cleaning solvents and have probably been introduced from storage cans
or during the transfer of solvent from one container to another. Other particles
such as fibers, greases, and soil minerals have been isolated and identified and
could be detrimental, depending on the application. For space applications, some
firms are specifying that deionized water and other solvents must contain no particles
larger than 20 microns in size. The purest commercial solvents seldom meet this
requirement; and if they do initially, they will quickly become contaminated through
storage conditions and handling. It is a safe practice for all microelectronic fabrica-
tion processes to use solvents and cleaning solutions that have been filtered through
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membrane filters just before use.” The two major suppliers of membrane filters
in the United States are Millipore Corporation and Gelman Industries.

Many Federal and Military Specifications are available for the procurement of
solvents and chemicals, but few are tight enough to provide control over the
very small amounts of particulate contamination that has just been described.
Hence, many firms have found it necessary to supplement these specifications with
their own, calling out the tighter requirements,

(b)

Fig. 12 Effect of aqueous cleaning in preparing circuit boards for coating. (a) Test
board D-D prepared without aqueous cleaning. (b) Test board Y-Y prepared with
aqueous cleaning.

.Cleaning methods There are essentially three mechanisms by which contami-
nants may be removed from a surface. These are:

1. By dissolving in the solvent or cleaning solution used. An example is the
dissolving of salt in water.

2. By reacting chemically to give products that can be dissolved. Examples
include the removal of metal oxides and scale by acid or alkaline treatments.

3. By being dislodged mechanically and then removed with liquids. Examples
include metal and fiber particles removed by jet spray or ultrasonic energy. In
practice, cleaning methods employ combinations of two or all three of these mech-
anisms to achieve most efficient cleaning.
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A limited number of basic cleaning methods exist, but numerous modifications
and combinations of these basic types are possible and are being used. The basic
methods are:

1. Solvent spray

2. Solvent dip

3. Brush

4. Vapor degrease

5. Ultrasonic immersion

6. Pulsating spray

Vapor Degreasing. Vapor degreasing is a very widely used and efficient method
for cleaning electronic parts. According to this method, the part is suspended
in a specially designed chamber (commerically available) so that the vapors of
a heated solvent condense on and flush the surface clean. The part is thus
being washed repeatedly with fresh solvent as opposed to hand scrubbing or other
manual cleaning methods where the solvent is stagnant and soon becomes contami-
nated. Combinations of vapor condensation and clean liquid spray are also used
(Fig. 13). Detailed instructions for vapor degreasing are given in the literature.”
The two most widely used vapor-degreasing solvents for removing greases and

1D

(a) Vopor degreaser (b} Vapor-spray-vapor degreaser

4

Fig- 13 Two types of commonly used vapor degreasers.

other hydrophobic contaminants are trichloroethylene and perchloroethylene. They
may be purchased from a number of manufacturers under different trade names.
Both are relatively nontoxic and stable. Trichloroethylene, will contain stabilizers
to prevent hydrolytic breakdown, whereas perchoroethylene, because of its unreactive
structure, requires little or no stabilization. As with other cleaning methods, the
compatibility of these solvents with the substrates should be verified before they
are specified for production parts. For example, it is reported that with some
circuit-board laminates, cleaning with trichloroethylene causes leaching-out of resin,
delamination, and discoloration effects.

Ultrasonic Cleaning. One of the best and most effective methods of cleaning
employs an ultrasonically agitated solvent bath into which the part to be cleaned
is immersed. Because of the high energy imparted to the solvent, contaminants
are rapidly and easily removed, even from difficultly accessible areas. According
to the method, sound vibrations at frequencies higher than 20,000 Hz (usually
20 to 40 kHz) are imparted to a liquid solvent or cleaning solution. This results
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in what is called cavitation or the rapid formation and sudden collapse of thousands
of microscopic bubbles in the liquid. The transferal of such energy to the part
to be cleaned thus results in a very strong scrubbing action. Ultrasonic generators,
and indeed complete ultrasonic cleaning systems, are available from a number of
equipment manufacturers.

Ultrasonic cleaning is a very rapid process requiring only a few minutes per
part and lends itself well to automated production lines. A large number and
variety of off-the-shelf solvents and cleaning solutions are available, and many
others have been formulated to achieve removal of very specific contaminants. The
solvents used are limited omly to the corrosion which they may impart to the
tank, to their toxicity or flammability if any, and to their vibration dampening
characteristics. Concentrated detergent solutions and acetone have high dampening
effects and are not as effective as other solvents such as the Freons. The solvent
is normally kept at room temperature, however. Water detergent or alkaline solu-
tions are more effective at slightly elevated temperatures of 100 to 140°F. Ultra-
sonic agitation will itself heat the solution in time.”

Although it is one of the most effective methods, ultrasonic cleaning has several
limitations that should be recognized. TFor example, as the cleaning bath becomes
contaminated, it will require frequent filtering or purification of the solvent or
periodic replenishment with fresh solvent.

Secondly, mechanically fragile components such as glass diodes and other glass-
sealed semiconductor devices have been known to fail catastrophically owing to
the ultrasonic cracking of the glass or by lead separation. Where such failures
do not immediately occur, there is always the question of the effect that ultrasonic
stresses can have on the reliability and life expectancy of the device. Therefore,
ultrasonic cleaning has found its greatest usefulness in the cleaning of bare substrates
or of circuits prior to the attachment of sensitive devices.

Pulsating-spray Cleaning. The pulsating-spray method is unique in that the
fresh solvent or cleaning solution used is pulsed at frequencies of 20,000 to 30,000
Hz at the time it is sprayed. The spray impinges upon the part at a pressure
of about 500 psi. The main advantages of this high-energy method over ultrasonic
cleaning are the avoidance of cavitation erosion of metal surfaces and the elimination
of recontamination from drag-out or static dip-tank rinsing. A commercially avail-
able pulsating-spray unit is the Heinicke parts washer manufactured by the Heinicke
Corporation. The equipment has been used successfully for cleaning printed-circuit
boards, wiring, wire harmesses, and many other electronic and electrical parts. A
completely automated cleaning cycle for such a washer consists of (1) a high-pres-
sure wash combining pulsating jet stream of cleaning solution, (2) tap water rinse,
and (3) final rinse using distilled or deionized water.

Pulsating-spray cleaning has been shown to be one of the most efficient methods
for removing particulate contamination 5 microns or larger in size. Most of the
work has employed aqueous detergent cleaners followed by hot tap water and
filtered deionized water rinses. However, the equipment also lends itself to the
use of organic solvents. Each operation is automatically timed to a predetermined
cycle with a total cleaning time seldom exceeding 5 min. The number of parts
that can be cleaned simultaneously is limited only by their size and orientation
within the washer.

Application Methods

Because of the wide variety and complexity of electrical and electronic parts
to be coated, there are presently in use numerous application methods. The coating
of tiny semiconductor junctions on the one hand and thousands of feet of wire
on the other, impregnation of all voids in huge motor rotors and stators, and
applying ultrathin continuous dielectric layers on the thin-foil wrap of a capacitor
require various and often ingenious deposition and polymerization techniques.

About a dozen major application methods exist. Some are amenable to rapid
and even mechanized production, whereas others are very specialized, being suitable
to the treatment of but one part at a time. A discussion of the coating processes
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TABLE 29 Application Methods for Coatings

Method Advantages Limitations Typical applications

Spray........| Fast, adaptable to varied shapes and | Difficult to completely coat complex parts | Motor frames and housings, electronic en-
sizes. Equipment cost is low. and to obtain uniform thickness and re-| closures, circuit boards, electronic mod-

producible coverage. ules.

Bipsiiisase Provides thorough coverage, even on | Viscosity and pot life of dip must be moni- | 8mall- and medium-sized parts, castings,
complex parts such as tubes and high-| tored. Speed of withdrawal must be reg- | moisture and fungus proofing of modules,
density electronic modules. ulated for consistent coating thickness. temporary protection of finished machined

parts.

Brush........| Brushing action provids good "wetting"' | Poor thickness control; not for precise | Coating- of individual components, spot
of surface, resulting in good adhesion. | applications. High labor cost. repairs, or maintenance.

Cost of equipment is lowest.

Roller........| High-speed continuous process; provides | Large runs of flat sheets or coil stock re- | Metal decorating of sheet to be used to

excellent control on thickness. quired to justify equipment cost and setup | fabricate cans, boxes.
time. Eguipment cost is high.
Impregnation | Resultsin complete coverage of intricate | Requires vacuum or pressure cycling or | Coils, transformers, field and armature

Fluidized bed

Screen-on.....

Electrocoating

Vacuum de-
position. ....

Electrostatic
spray

and closely spaced parts. Seals fine
leaks or pores.

Thick coatings can be applied in one dip.
Uniform coating thickness on exposed
surfaces. Dry materials are used, sav-
ing cost of solvents.

Deposits coating in selected areas
through a mask. Provides good pat-
tern deposition and controlled thick-
ness.

Provides good control of thickness and
uniformity. Parts wet from cleaning
need not be dried before coating.

Ultrathin, pinhole-free films possible.
Selective deposition ean be made
through masks.

Highly efficient coverage and use of paint
on complex parts. Successfully auto-
mated.

both. Speeial
quired.

Requires preheating of part to above fusion
temperature of coating. This tempera-
ture may be too high for some parts.

equipment usually re-

Requires flat or smoothly curved surface.
Preparation of sereens is time-consuming,

Limited number of coating types can be
used; compounds must be specially formu-
lated ionic polymers. Often porous,
sometimes nonadherent.

Thermal instability of most plastics; de-
composition occurs on products. Vaec-
uum control needed.

High equipment cost. Requires specially

formulated coatings.

windings, metal castings, and sealing of
porous structures.
Motor stators; heavy-duty electrical insu-
lation on castings, metal substrates for
circuit boards, heat sinks.

Circuit boards, artwork, labels, masking
against etching solution, spot insulation
between circuitry layers or under heat
sinks or components.

Primers for frames and bodies, complex
ga?]tings such as open work, motor end

ells.

Experimental at present. DPotential use is
in microelectronics, capacitor dielectries.

Heat dissipators, electronic enclosures,
open-work grills and complex parts.
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most commonly used in the electronics industry is given in the following sections.
Ten of these processes, their advantages, disadvantages, and typical applications,
are summarized in Table 29.

Spray coating The most widely used application method for electrical coatings
is by spraying. Spraying in this case includes not only the common compressed-air
vaporization, but also airless pressure spray, hot spray, hot vapor-impelled spray,
electrostatic spray, dry-powder resin spray, electrostatic powder spray, and even
the ubiquitous aerosol spray can.

Pressure Liquid Spray. Most liguid-spray methods employ the basic principle
of atomizing the paint into a fine mist which is directed upon the surface to
be coated. Atomization is accomplished by the use of compressed air, pressurized
volatile solvents, or high-velocity jet stream. With the proper technique, a thin
but continuous wet layer of lacquer or enamel may be deposited without rundown
of drips or “sags” and without excessive “orange peel” or the unsightly “sandiness”
of dry overspray. A skilled spray operator can apply a very uniform coating and
can usually touch up defective areas during the process or later.

In applying coating to objects such as circuit boards having discrete components,
the operator should build up the total desired thickness by spraying from four
different directions so as to cover the top and all sides of components and to
force coating underneath the components as well. Freedom from pinholes, skips,
or voids should be a major consideration for such environmental protective coatings.
Turntables, either hand- or power-rotated,+are useful in orienting the work for
directional spraying. Parts conveyers can be utilized to move parts past a spray
painter or past automatic spray heads, as in the case of fully mechanized painting
lines. Parts platforms or holders can be mounted on rotating spindles to make
all surfaces accessible to the paint spray.

All paint spraying should, of course, be done in a ventilated booth which exhausts
the overspray and solvent vapors to the outside or preferably to a fume and solvent
trap system. Not only are the fumes and paint aerosol obnoxious, but also they
may be a flammability hazard, or may be toxic, especially when inhaled from
repeated exposures.

Vapor Spray (Pressurized Volatile Solvents). For solventless, very high vicosity
coatings which are difficult or impossible to apply by the conventional techniques
of spraying or dipping, the Zicon vapor carrier or spray method® may be employed.
Zicon equipment is successfully being used by many companies for applying viscous
coatings to circuit boards and other electronic assemblies. This technique utilizes
a preheated, dry, inert vapor such as that of a hydrocarbon, in place of compressed
air, to atomize and transport the coating to the part. Besides its ability to apply
viscous coatings, other advantages of this method include precision control of
thickness, surface uniformity, and coating integrity. The probability of pinholes
and other imperfections due to moisture or contaminants is virtually eliminated be-
cause the hydrocarbon gas used is dry, inert, and of high purity, and because the
console such as the series 9000 (Zicon) employs an ultraclean horizontal laminar-flow
chamber,

A second advantage, deriving from the first, is that dry film coating thicknesses
from 3 to 30 mils may be easily applied, simply by continuous spraying. Thus,
heavy conformal coatings may be applied not only for protection, but also for
vibration damping and ruggedization. Zicon sprayers are used for applying con-
formal coatings to printed-circuit boards, photoresists for integrated circuit and
semiconductor device manufacture, magnetic oxide coatings to memory disks, and
numerous types of protective coatings to metal substrates. Commeonly used coating
types are epoxies, polyurethanes, and fluorocarbons.

Airless Spray ( High-velocity Jet Stream). One disadvantage of pressure air spray-
ing is the tendency for the blown cloud of atomized paint to “swirl” out of recesses,
holes, and corners owing to the velocity of the accompanying airstream, leaving
these areas lightly coated or bare. Airless spray equipment has been developed

®Marketed and trademarked by the Zicon Corporation, Mount Vernon, N.Y.
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(available from firms such as Nordson Corporation or the Gray Company) which
depends, not on atomization by high-velocity air, but on producing the spray pattern
by forcing the material under high pressure through tiny orifice nozzles. The
coating material, which is circulated continuously in the storage system, is normally
also heated to reduce its viscosity and to volatilize solvents more rapidly. This
system is efficient, especially for coating parts with many recesses or for coating
the inside of hollow objects.

Hot-melt Flame Spraying. According to the hot-melt flame-spray method, a
cloud of powdered resin suspended in air is interjected into a special spray gun
and melted on being blown through the flame-shrouded nozzle of the gun. The
melted plastic solidifies immediately on impinging on the object. This technique
is limited to plastics that are stable above their melting temperatures. Powders
used are normally thermoplastics such as polyethylenes, polypropylenes, other poly-
olefins, and polytetrafluoroethylenes. Techniques have also been worked out for
spraying even some unstable plastics providing they have a sufficiently long induction
period before decomposition ocecurs.”

Charged iRyl
Electrostatic resin \* N_ .
S .

spray gun \ particle:

Part being} ground

cooted

Hoses for resin,
electrostatic
charge and air

Fig. 14 Electrostatic spray-coating technique.

Other Spray Equipment. Coatings, such as epoxies or polyurethanes, provide
a high degree of chemical and solvent resistance but have been difficult to apply
in production because they are two-component systems and have relatively short
pot lives. Equipment is now available which facilitates the application of these
two-component coatings. This equipment continuously proportions and mixes the
two components and feeds the mixture to the spray head or extrusion nozzle for
application. After loss of solvent, if any, from the film, the coating readily poly-
merizes under the proper curing conditions of temperature and time.

Electrostatic spray coating Several modifications of the spray method have been
developed and are in use. One of these, the electrostatic spray process, developed
by the Ransburg Electro-Coating Company, is extensively used for coating objects
having intricate shapes or a high proportion of open areas. The technique consists
in the deposition of negatively charged spray-paint droplets or plastic powders
onto a metal part. The particles are rendered electrostatic as they are propelled
through a diffuser on the front of the spray gun and are then rapidly attracted
to the part (Fig. 14). Subsequent drying or curing of paint is donme by usual
methods, whereas powdered-resin coatings are fused in as little as 20 to 60 sec
at 400°F, or at lower temperatures for a longer period of time.

Rules governing other forms of liquid spraying apply to electrostatic spraying. In
powdered-resin spraying, coatings may be applied in thicknesses from 2 to over
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20 mils, depending on the plastic powder selected. The method is very amenable
to thermoplastic coatings, but thermosetting types such as epoxies are being used
extensively.

Particular advantages of the electrostatic spray process over other spray processes
include the high deposition efficiency whereby very little material is lost as overspray
and the uniform buildup that can be obtained in one application, saving time
and cost. Paint savings of 25 to 50 percent over conventional spray coatings are
not uncommon. The process is also less susceptible to human errors, lending itself
very well to automated production and to the coating of a wide variety of metal
articles. In the electronics industry, for example, this method is valuable for the
electrical insulation and corrosion-protective coating of heat dissipators (Fig. 15),
metal brackets, “black box” enclosures, circuit-board housings, and motor armatures
and stators before winding.

Dip coating As the hame implies, dip coating involves the immersion of a
part into a liquid composition (or dry powder, in the case of fluidized-bed coating),
withdrawal, and drying or curing. It is a highly desirable method from the stand-

Fig. 15 Heat-sink rail electrostatically insulated with epoxy coating.

point of achieving a continuous automated manufacturing operation and has the
advantage over spray coating of assuring coverage of all areas and crevices. Dip
coating is most suitable for one-component plastic systems having sufficiently long
pot lives. Since many of the high-reliability coatings used in electronics production
are two-component systems of limited pot life, it therefore has limited usage. Tech-
niques that have been used to maintain a stable dip bath include:

1. Replenishing solvents (lost by evaporation) to maintain constant viscosity

2. Refrigerating or maintaining the dip bath at a low temperature to extend
its pot life :
The final thickness of a dip-coated part (which may range from a fraction of
a mil to several hundred mils) is dependent upon the viscosity of the bath, the
rates of immersion and withdrawal, the termperature of the bath, and the number
of dips. Adequate drainage must be provided to avoid trapping liquid coating
in pockets or recesses in the part. Continued paint flow after withdrawal of the
part may result in “tears” along the edge of the part, which may be removed
by “touching off” or by electrostatic removal. Adequate air drying to remove
solvents is recommended since entrapped volatiles may result in blistering of the
coating upon subsequent oven curing. Hot-dip coating may be used to ensure
greater wettability and minimize pinholes. This variation consists of preheating
the part (where allowable) to an elevated temperature, followed by dipping into
a bath maintained at room temperature, and results in faster drying or even fusion
of the coating, as in plastisol dipping.
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Here preheated parts are dipped in vinyl plastisol, which becomes gelled by
the heat, leaving a solid layer on the surface. The cooler outer layer which is
picked up on withdrawal remains liquid and drains off. An alternative technique
involves dipping parts at ambient temperature into a molten resin such as asphalt,
in which solidification of the coating occurs on removal from the bath and cooling.
These coating resins will normally be of a thermoplastic type.

With high-viscosity coatings, such as the 100 percent solid types, numerous
air bubbles may be entrapped after mixing of the two components. In these in-
stances a technique commonly employed with encapsulants—vacuum degassing—may
be used. Evacuation of the mixture, at 25 to 20 in. mercury (about water aspirator
pressure) for several minutes, is recommended.

Fluidized bed A unique variation of dip coating and one that is finding ever-
increasing uses is the fluidized-bed process, also known as the aerated-bed process.
The basic process and modifications of it are the subject of numerous patents,

@

Preheated
part to —

be coated

Fluidized .resn_'n .

orous / L:\‘-—-: ﬁ:
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plate Air chamber

Low— pressure air

Fig. 16 Fluidized-bed-coating technique.

both in the United States and in other countries.™® According to the method,
dry powdered resins or partially reacted powdered coatings are placed in a container
in which they are suspended and set in motion by controlled velocity air introduced
from the bottom of the container through a screen and porous membrane (see
Fig. 16). The resultant low-density powder is in constant motion and behaves
like a low-viscosity, low-surface-tension fluid. The part to be coated is then precon-
ditioned by one of several methods to promote adhesion of the particles to the
surface and then is dipped into the fluidized powdered resin. The principal pretreat-
ment methods are as follows:

1. Preheating the part (usually metal) to a temperature above that required
to melt and fuse the plastic powder.

2. Applying a thin adhesive primer. This patented proprietary process has
an advantage over preheating in that areas of a part may be selectively coated.

3. Applying an electrostatic charge to the part, to attract oppositely charged
coating particles.
In all three cases, the part is normally heated in an oven after removal from the
fluidized bed. For epoxy and other thermosetting coatings, this postbaking step
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results in further fusing and curing the coating, thus improving its physical and
electrical properties. For thermoplastic coatings, the postbaking operating is impor-
tant in smoothing out the surface and in obtaining a less porous coating.

Process Parameters. The number of process parameters for fluidized-bed coatings
is very large, with a list of at least 20 being reported.® However, once these
parameters have been optimized, fixed, and controlled, the process can be automated
and gives highly reproducible results. ™%

The thickness of the coating deposited depends on a number of factors, including
time of immersion (Fig. 17), heat retention of the part, mass of the part, and
characteristics of the powder. Probably the
most important parameter is the ability of the

part to retain heat, which, in tum, is a func- 28 5 5601n steel sirips coaled  200°C
tion of the specific heat, thermal conductivity, with E-201 Vibro-Flo _+"T80c
thermal stability, and mass of both the part 24 [epoxy powder —
and the coating material. @50 ,///

Coating Materials. Both thermoplastic and & / = .
thermosetting coatings can be applied by 4g ,/ 160°C
fluidized bed. Some thermoplastic materials, 2 // //
notably vinyls and polyethylenes, can often 32 7
be completely fused by the heat retained in = A /
the preheated part; thermosetting coatings £ 877
usually require postcuring after the dipping ™ /
step. Epoxies, chlorinated polyethers, poly- %
ethylene, and silicones are other examples of 0
coatings commonly applied by fluidized bed. 0 2 4 & B 10 12 W4
Although TFE and FEP fiuorocarbon powders Dipping time, sec

may be applied by fluidized bed, very little :

practical use has beer_l found here, probably :tlﬁ;elznd gr?lcetrs?gnptﬁfx?:sgn t:g;l:ii:
beca}lse of the very Fugh preheat temperature  {Lickness when fluidizing a steel
required and adhesion problems. Poor ad-  bar with epoxy fluidizing material.
hesion is a problem common to other coatings  ( Armstrong Products Corp.)

also, and in these cases primers should always

be used.

Examples include cellulose acetate butyrate, nylons, and vinyls. Other coating
types such as epoxies, polyethylenes, and chlorinated polyether normally do not
require the use of primers. A list of some powder coating types and some important
deposition parameters is given in Table 30. A list of some proprietary formulations
and manufacturers is given in Table 31.

Sprayed-powder Process. The sprayed-powder process involves the spraying of
powdered coatings onto preheated metal parts using flock-coating spray guns. As
in the fluidized-bed process, powder particles contacting a hot surface will fuse,
forming an integral coating. Flocking spray guns may be purchased from DeVilbis
(no. GB), Binks (no. 171), Paasche (FF 3% in.), and others. The same powders
sc)lgI for fluidized-bed coating are normally used for spray-powder coating (see
Table 31).

Electrostatic Fluidized-bed Process. As the name implies, this process combines
elements of both the fluidized-bed and the electrostatic spray processes. The normal
fluidized bed is used, but, in addition, the plastic particles are given a negative
charge by applying a high-voltage (~90,00-volt) direct current to the container.
The part to be coated is then given the opposite electric charge and suspended
in the bed, so that the charged particles can be attracted toward the part.

Advantages and Limitations. The main advantage of the fluidized-bed process
is that it allows the application of coatings without use of solvents, and in rather
thick films (5 to 25 mils) in only one or two dips. These thicknesses are not
readily achieved by other coating methods. Rather complex parts having sharp
edges and corners are easily and uniformly coated. Extra-thick coatings thus pro-
duced solve many chemical, solvent, erosion, and corrosion problems. Other advan-
tages over the conventional methods of liquid dipping and spraying include: (1)
lower cost because of the elimination of waste material; (2) greater ease of handling
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TABLE 30 Summary of Plastics for Fluidized Bed Coating

Coatings for Electronics

Fluidizing conditions Fluidized-bed powder
Cure or fusion
Maximum
Preheat operating
tempera- | Tempera-| Time, | tempera- Weather
Resin ture, °F | ture, °F min ture, °F | Adhesion | resistance
Bpoxy: i wina 250-450 250-450 1-60 200-400 | Excellent Good
Voinyl oo s ansiaiiopin 450-550 400-G00 1-3 225 Poor Good
Cellulose acetate bu-

17 T 500-600 400-550 1-3 225 Poor Good
Nylon.............. 550-800 650-700 1 300 Poor Fair
Polyethylene. ... .... 500-600 400-600 1-5 225 Fair Good
Polypropylene....... 500-700 400-600 1-3 260 Poor Good
Penton v - wiws o s 500-650 450-600 1-10 350 Poor Good
Teflon: s o wsnasag 800-1000 | 800-900 1-3 500 Poor Good

since the powder resins are one component; (3) time savings since no weighing,
mixing, or deaerating are necessary, as for the two-component coatings; (4) no
cost for solvents and reduction of fire hazard, because no solvents are employed.
Some disadvantages should also be recognized. Among these are: (1) parts that
can be coated are limited to metals or other materials having a high heat retention;
(2) heat-sensitive electronic components and assemblies cannot be coated; parts
must be capable of withstanding preheat temperatures of 400 to 650°F; (3) thin,
pinhole-free films less than 5 mils thick are difficult to achieve; (4) some coating
powders are degraded by the high processing temperatures used: and (5) the
process is economical only for large production runs.

TABLE 31 Typical Examples of Fluidized Bed Coatings*

Chemical type

Proprietary designation

Manufacturer or supplier

Penton chlorinated
polyether,.........

Polyolefin...........

Phenolformaldehy de

Scotcheast 260, 265, XR-5133,
and XR-5162

PK Series Nos. 60 (gray) and 61
(blue)

Dri-Kote Series: DK-1, DK-2-02,
DEK-4, DK-4-01

E Series Nos. 200, 300, 600, 7000,
and 8000

Epocast Series: 2613, 2612, 268

Corvel Epoxies Series

DC-3100

R-5061, R-5071

Miceron 400 Series

Corvel 1289 and 1325

Corvel Nylons Series

Corvel Cellulosies Series

Corvel Penton Series
Corvel Polyethylene
Durez 175

Minnesota Mining & Manufac-
turing Co.
Hysol, Division of Dexter Corp.

Hysol, Division of Dexter Corp.
Armstrong Products Co.

Furane Plastics

The Polymer Corp.

Dow Corning Corp.

Dow Corning Corp.

Michigan Chrome and Chem.
The Polymer Corp.

The Polymer Corp.

The Polymer Corp.

The Polymer Corp.
The Polymer Corp.
Hook Chemical Co.

* Most of these are also suitable for powder spray and electrostatic spray coating.
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Because of the high speed and automation possible with the fluidized-bed process,
it is being used for many diverse electronic and electrical applications. Among
these uses are the coating of electronic enclosures, housings, covers, brackets, wire
harness guides, heat sinks and dissipators; and the insulation of transformers, motor
rotors, and stators. Fluidized-bed coatings are also being used for the moisture
sealing and packaging of resistors and capacitors.

Vacuum impregnation Still another variation of dip coating, known as vacuum
impregnation, employs vacuum or vacuum-pressure cycling during the dipping opera-
tion. This technigue is particularly useful for the thorough coating (impregnation)
of intricate parts or assemblies containing numerous small cavities, such as coils,
windings, porous metal, and ceramic surfaces. Associated hardware such as porous
metal castings may be sealed to maintain vacuum or hold pressures or to contain
certain gaseous environments. Thorough impregnation is important, especially for
high voltage, because any small void may act as a moisture trap or a corona region,
resulting in insulation breakdown.

Many porous specimens may be impregnated by simply soaking in the resin
or coating; however, vacuum evacuation techniques are helpful in reducing the
amount of entrapped air and moisture. Air is first removed, and then replaced
with impregnation material. In order to do this more effectively, it is desirable
to evacuate the specimen before immersion in the resin. After immersion, vacuum
is again applied, and then interrupted periodically to force the liquid into the evacu-
ated pores. A combination of vacuum followed by pressure is even more effective
for impregnation of very closely wound coils or porous substances. The amount
of vacuum and time of immersion will be determined by the temperature, viscosity,
volatility, and pot life of the resin.

Screening Coating formulated with suitable thixotropic and wetting agents may
be applied by squeegee through a silk, nylon, or stainless steel screen. To apply
coatings by the screening process, surfaees must be fairly flat. The thickness of
the applied coating may be varied from a fraction of a mil to above 6 mils,
depending on the screen-mesh size and on the number of coats applied. Once
all parameters have been established, very reproducible thicknesses are obtained. In
order to minimize pinholes or other imperfections, it is advisable, as with other
coating methods, to apply and superimpose two or three layers of coating, each
layer being partially or fully cured before application of the next one. By using
screens with a photoresist pattern, insulation coatings may be applied to substrates,
such as ceramics or epoxy laminates, in selected areas only. This is often necessary
in isolating a thin- or thick-film conductor or resistor from an active device which
is to be placed above it. A number of screenable epoxies, polyurethanes, and
other coating types are available. The screening process for applying conductor,
resistor, and capacitor units in selected areas for fabricating thick-film circuits is
a highly developed art. Automated equipment for high-production schedules is
available. Photoemulsion compositions such as the gelatin-chromate or photoresist
types are formed into masks to yield the desired pattern of open screen. Line
thickness of 10 mils with 10-mil spacings are easily attainable, but advances are
being made in improving definition to 2-mil lines and 2-mil spacings.”

Rollercoating Rollercoating is a highly mechanized and closely controlled
method for coating flat stock. It provides a means for applying a fixed amount
of liquid coating to one or both surfaces of any sheet or strip requiring an even
coating. Thus, it is finding use for the application of photoresist coating to copper
laminate stock, upon which etched circuitry is to be developed, and for applying
thin films on metal foil for use in capacitors, as well as for coating sheet metal
for fabrication into cans, boxes, or covers for housing or shielding electronics. In
this process, the liquid coating material is transferred by means of a series of
metering and- transfer rolls from a reservoir pan to the flat surface. The printing
roll may be cut out to lay down a pattern, or the metering roll may be lithographed
to print a functional or decorative design. After the coating operation, the material
passes through a zoned drying and curing oven, and the sheets are stacked or
the strip is rerolled. Besides its usage for applying photoresist, this is the method
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universally employed for metal decorating, the process whereby stock for such
end products as cans, bottle caps, tays, TV trays, wastebaskets, automobile instrument
panels, and lighting fixtures is coated.

Brush Brushing is not usually a primary method of applying electronic coatings.
However, when small areas on a part are to be coated, or when rather inaccessible
areas require coating, a skillfully handled brush is often the answer. Thickness
will not be. carefully controlled, and outlines will not be strictly observed (unless
masking is used), but the job is quickly done with a minimum of investment
but a high labor cost. .

Brushing is extensively used for touch-up and repair work. Examples would
be to repair skips or damaged areas of the coating, to cover spots where components
have been removed and replaced or pinholes left from electrical test probes.

Thin-film  deposition methods Thin
T polymeric films will be defined for purposes
of this discussion as solid organic polymer
coatings which are less than 3 microns
< thick (30,000 A or about 14 mil). The
] practical applications of such films have
N been confined largely to capacitor dielec-
trics; however, they are recently being used
as microcircuit insulation, corrosion-protec-
® tive coatings, and as barrier coatings and
passivation layers for semiconductor devices.
One of the main problems in the fabrication
of microelectronic circuits is the difficulty

Time, hr
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Fig. 18 Time-temperature cure
schedule for a polyurethane con-
formal coating.

in obtaining continuous ultrathin, pinhole-
free dielectric coatings deposited in layers
or in specific geometric patterns. To date,
the inorganic materials have dominated the
semiconductor device and microcircuits in-

dustry; but as new high-temperature-stable
organic materials are developed and as techniques are refined for the deposition of
thin films, more uses will be made of organic thin films. Among the advantages of
ultrathin organic coatings are their high dielectric breakdown strengths, ability to
form pinhole-free layers, and in some cases, high purity of the coating, thus avoid-
ing tunneling effects and leakage currents. Among their disadvantages are thermal
and oxidative instability inherent in so many of the presently available polymers.

Thin polymer films normally cannot be formed by the usual methods of deposition
such as spraying and dipping, or by the use of two-component systems such as
epoxies. Thus only a limited number of coating types and specific deposition tech-
niques lend themselves to thin-film formation. The five most important techniques
are:

1. Vacuum or vapor deposition

2. Ultraviolet-light polymerization

3. Electron-beam polymerization

4. Glow-discharge polymerization

5. Gamma irradiation

Thermoplastic linear polymers are most amenable to thin-film deposition, especially
those polymerizing by a free-radical or addition mechanism. Hence, monomers
such as styrene, divinylbenzene, and other vinyl and acrylic compounds are very
suitable and are widely used.

Vapor Deposition. The vapor or vacuum deposition of coatings, although a
highly desirable method, can be employed for only a few polymer types. Unlike
metals, most plastics cannot be heated to vaporization without gross decomposition
or changes in physical and electrical properties. The evaporation method is most
successful with the low-molecular-weight polymers, such as polyethylene which
recombines with little or no interaction and hence gives rather soft films.® There
have n some reports of Teflon vapor deposition. Teflon was depolymerized
at 1000°F in a vacuum of 10°° to 10 torr and reported to repolymerize as
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an adherent film on a cold substrate.® However, by far the greatest success in
vapor deposition has been achieved with the polyxylylenes. Solid dimers of p-xylene
are pyrolyzed under moderate vacuum, forming gaseous diradicals which in turn
combine on a substrate into long-chain linear polymers.®* The equipment for deposi-
tion consists essentially of a pyrolysis tube and a vacuum chamber.

Ultraviolet-light Polymerization. Gaseous monomers adsorbed on a surface may
be polymerized on exposure to ultraviolet light in either the presence or absence
of air. Monomers most suitable for this type of polymerization are those containing
double bonds (unsaturation). Styrene, butadiene, methyl methacrylate, acrolein,
and divinylbenzene are a few examples of monomers that have been successfully

polymerized.

TABLE 32 Source of Specifications

Abbreviation Full name Source of document

AMS Aerospace Material Spe- | Society of Automotive Engineers
cifications 485 Lexington Ave., New York, N.Y.

ASTM American Society for | American Society for Testing and Materials
Testing and Materials| 1916 Race St., Philadelphia, Pa.

ERF Epoxy Resin Formula- | Society of Plastics Industry
tors 250 Park Ave., New York, N.Y.

Fed. Std. Federal Standard General Services Administration

MIL or MIL-STD | Military or Military

Standard
Cs Commercial Standard
AS American Standard

AATCC American Association of
Textile Chemists and
Colorists
(Letter)-(Letter)-
e I e L T
IEC International Electro-

technical Commission

30 Church St., New York, N.Y.
300 N. Los Angeles 8t., Los Angeles, Calif.
or 7th and D Sts., 5. W., Washington, D.C.,
and Naval Supply Depot, 5801
Tabor Ave., Philadelphia, Pa.
Naval Supply Depot, 5801
Tabor Ave., Philadelphia, Pa.
Superintendent of Documents,
U.8. Government Printing Office,
Washington, D.C.
American National Standards Institute
10 East 40th St., New York, N.Y.
American Association of Textile Chemists
and Colorists, Lowell Technical Institute,
Box 28, Lowell, Mass.

Same as for Fed. Std.
American National Standards Institute
10 East 40th St., New York, N.Y.

Films, a few millionths of an inch thick, which are pinhole-free and highly

adherent; have been prepared by A. N. Wright of General Electric.”

By employing

a mask in front of the substrate during the ultraviolet irradiation, very fine, well-
defined insulation layers useful in microcircuits may be deposited.
Ultraviolet light has a distinct advantage over both electron-beam and glow-dis-

charge methods in that the equipment necessary is fairly simple and inexpensive,
requiring a mercury arc or some other ultraviolet source, a chamber consisting
of a quartz tube or a bell jar with a quartz window to allow entrance of the
ultraviolet light, and a means for evacuating, purging, and introducing the gaseous
monomer into the chamber. The high-vacuum systems necessary for electron and
glow-discharge bombardment are therefore not required. Besides'the polymerization
of gaseous monomers just desecribed, ultraviolet polymerization may occur in the
solid and semisolid state. A good example of this is the curing of photoresists
as in the fabrication of printed-circuit boards or microelectronic circuits.

® Parylenes, a trademark of Union Carbide Corporation, New York, N.Y.
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TABLE 33 Electrical and Electronic Requirements

Document

Title

Description

ANA Bulletin
400

MIL-STD-202

MIL-STD-275B

MIL-STD-446A

MIL-8TD-454

MIL-8TD-750

MIL-STD-883

MIL-W-583C

MIL-T-945

MIL-I-983

MIL-E-4158

MIL-E-5400

MIL-E-8189

MIL-P-11268

MIL-E-11991

MIL-E-16400

Electronic Equipment:
Aircraft and Guided Missiles,
Applicable Documents

Test Methods for Electronic
and Electrical Component
Parts

Printed Wiring for Electronic
Equipment

Environment Requirements
for Electronic Parts, Tubes,
and Solid State Devices

Standard General Require-
ments for Electronic Equip-
ment

Test Methods for Semicon-
ductor Devices

Test Methods and Procedures
for Microelectronics

Wire, Magnet, Electrical

Test Equipment, for Use with
Electronic Equipment, Gen-
eral Specification

Interior Communication
Equipment, Naval Ship-
board, Basic Design Require-
ments for

Electronic Equipment,
Ground, General Require-
ments for

Electronic Egquipment, Air-
craft, General Specification
for

Electronic Equipment, Guided
Missiles, General Specifica-
tion for

Parts, Materials, and Pro-
cesses Used in Communica-
tion Equipment

Electrical-Electronic Equip-
ment, Surface Guided, Mis-
sile Weapon Systems, Gen-
eral Specification for

Electronic Equipment, Naval
Ship and Shore: General Spe-
cification

A comprehensive listing of specifications
and other documents pertinent to air-
craft and aerospace electronic systems.

Establishes standard uniform methods
for testing electronic and electrical com-
ponent parts including environmental,
physical, and electrical tests.

Establishes design principles governing
the fabrication of printed wiring and the
mounting of parts and assemblies.

Establishes the research and develop-
ment objectives, environmental design
requirements for use in current and
future electronic planning.

The basic Department of Defense docu-
ment standardizing the more common
requirements for electronic equipment.

Specification describing tests and envi-
ronmental conditions for semiconductor
devices.

Establishes uniform methods and proce-
dures for testing microelectronic de-
vices, including monolithie, multichip,
film, hybrid microecireuits, and micro-
circuit arrays for Military-NASA uses.

Covers electric magnet wire of various
classes and types used for fabricating
coils and transformer coils.

General requirements for design.and
manufacture of test equipment used in
testing of electronic parts.

Covers the basic design requirements,
test, and operating conditions for inte-
rior communication equipment used on
Naval ships.

Requirements for design and fabrication
of electronic ground equipment.

Gives general requirements for electronic
gear, primarily in piloted aircraft by
classes defined as altitude and tempera-
ture range.

Covers the philosophy of design and gen-
eral requirements for the design and
manufacture of electronic systems for
guided missiles.

Covers the selection, application, and use
of materials and processes in the con-
struction of electronic communication
equipment.

Covers requirements which are common
to guided-missile-systems electronic,
electrical, and electromechanical equip-
ment.
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TABLE 33 Electrical and Electronic Requirements (Continued)

Document Title Description

MIL-T-17296 Test, Checkout and Evalua-| Covers general requirements for guided-
tion Equipment Guided Mis- | missile test, checkout for fixed installa-
siles (Fixed Installations) | tions on board ship or missile depots
General Specification and schools.

MIL-F-18870 Fire Control Eauipment, | Covers general requirements for design
Naval Ship and Shore: Gen- | and manufacture of surface, shore, anti-
eral SBpecification aireraft and underwater fire control

equipment.

MIL-8-19500 Semiconductor Devices, Gen-
eral Specification for

MIL-T-21200 Test Equipment for Use with | Covers general requirements for design
Electronic and Fire Control | and construction of equipment used in
Systems, General Specifica-| testing electronic and fire control equip-
tion for ment.

NEMA, Magnet Wire Gives standards for magnet wire and

MW-1000 wire coatings and acceptance tests.

NEMA Temperature Classifications

for Electrical Insulation

Electron-bombardment Polymerization. In 1954 it was suggested that electron-
beam polymerization could be useful as a new way of depositing ultrathin films;"™
and later, in 1958, the significance of this technique in fabricating microelectronic
circuits and devices was reported.”

Gases or liquids that have been polymerized on electronic devices by electronic
bombardment are normally those containing double bonds (ethylenie groups), such
as monomeric tetrafluoroethylene, vinylidene fluoride, acrylic, methacrylic, acryloni-
trile, styrene, and organopolysiloxanes.

The deposition of thin films may be selective by exposing only certain areas
of a substrate. Hence, by employing a mask or by programming and directing
the beam, very fine lines and areas may be defined.”

Cermanium diodes coated with the liquid monomers, cured with high-energy
electrons for periods up to 3 min at a total dose of 10" showed little effect on
their reverse-current characteristics. The advantages of applying coatings in this
manner is the rapidity with which they can be cured and the fact that heat is
not required, thus obviating the possible deterioration of heat-sensitive devices.™

Glow-discharge Polymerization. The glow-discharge method for depositing and
polymerizing thin films (also known as the electric or silent discharge method)
involves striking an electrical discharge of several hundred to several thousand
volts between two electrodes in the presence of a monomer gas.

Under direct-current conditions, the substrate to be coated is either made the
anode or attached to the anode in some way. In ac discharge, the substrate
is placed between the anode and the cathode. Still a third variation of glow
discharge makes use of radio-frequency (Rf) excited molecules and does not require
the use of electrodes at all.

The physical characteristics of these films depend on the conditions of glow
discharge (voltage, amperage, time) and also on the nature of the surface on
which the coating is deposited. Some surfaces lend themselves to the formation
of strong chemical bonds, whereas others are rather passive and only weak adhesion
results.

The key advantage of the glow-discharge method is the complete coating coverage
which is provided to the part, since the polymers form within and behind all crevices
and cover all surface imperfections resulting in an integral coating.® Other advan-
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tages include: (1) the temperature of the substrate may be kept low, even at
room temperature; (2) the process if fairly simple and rapid—a very high vacuum
system is not necessary as in other methods since vacuum of 10 and 10 torr
only is required; and (3) the choice of the monomer starting material is wide

and not limited to the conventional monomer types.
A large number of monomers have been polymerized by glow discharge, yielding

TABLE 34 Finishing Systems

Document Title Description

MIL-HDBEK-132 | Military Handhook: Details inorganic and organic protective
Protective Finishes tinish systems which have proved satis-

factory at wvarious ordnance corps in-
stallations.

MIL-STD-171 Systems for Preparation, | A comprehensive index of specifications
Painting, and Finishing | and guide to the preparation and finish-
Metal and Wood Surfaces | ing of many tvpes of surfaces.

MIL-STD-186 Painting and Finishing Sys- | Establishes minimum requirements for
tems for Rocket and Guided | procedures, materials, and systems for
Missile Material cleaning, plating, and painting of elec-

tronic ecomponents for rockets and
guided missiles,

MIL-8TD-194 Painting and Finishing Sys- | Establishes minimum requirements for
tems for Fire Control In-| surface preparation, surface treatment,
struments painting, and finishing of fire control

ingtruments.

MIL-T-704 Treatment and Painting of | Covers materials to be used and proce-
Material dures to be followed in cleaning, treat-

ing, and painting surfaces and equip-
ment to provide protection from envi-
ronment and corrosion (including
sources for color call-out).

MIL-F-7179 Finishes and Coatings; Gen- | Specifies coating systems, mainly for the
eral Specification for Pro-| protection on nonelectronic surfaces.
tection of Aerospace Weap-
ons Systems, Structures,
and Parts

MIL-F-14072 Finishes for Ground Signal | Design guide for selection of compatible
Equipment materials and specifications for individ-

ual finishing system by substrate and
severity of exposure to prevent deteri-
oration in the anticipated environments.

MIL-F-18264 Finishes: Organic, Weapons | Gives recommended materials, their
System, Application and | characteristics, application equipment
Control of and procedures, and troubleshooting

painting problems.

MIL-C-22751 Coating System, Epoxy-|Complete coating system for protection
Polyamide, Chemical and| of aluminum and magnesium. Consists
Solvent Resistant, Process | of MIL-C-8514 pretreatment etch
for Application of primer, MIL-P-23377 primer, and MIL-

P-22750 enamel.

films from several hundred to 10,000 A thick.™* Of these, the best films in terms
of electrical and physical properties were those derived from dimethylpolysiloxane,
triethylsilane, diethylvinylsilane, vinyltrimethylsilane, heptene-2, cyclohexene, sty-
rene, valeronitrile, and 2 5-dimethyl-2,4-hexadiene.

The glow-discharge technique has also been used to produce thin polymeric
films from halogenated olefins including fluorinated derivatives.® These films, found
suitable as dielectric and electronic device coatings, were formed by the application
of several hundred volts potential difference between electrodes.”
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Document

Title

Description

TT-L-20
TT-L-32

TT-V-119
TT-E-485

TT-E-489

TT-E-527

TT-E-529

MIL-V-173

MIL-V-1137

MIL-I-2707

MIL-E-5557

MIL-C-7439

MIL-E-7729
MIL-P-7962

MIL-C-8514

MIL-8-8516

MIL-P-8585

MIL-E-14002

MIL-L-14486

MIL-E-15080

MIL-C-15328

Lacquer, Camouflage

Lacquer, Cellulose Nitrate,
Gloss, for Aircraft Use

Varnish, Spar, Phenolic Resin

Enamel, Semi-gloss, Rust-
inhibiting

Enamel, Alkyd, Gloss (for
Exterior and Interior Sur-
faces)

Lustreless Enamel

Semigloss Enamel

Varnish, Moisture- and Fun-
gus-resistant (for Treatment
of Communications, Elec-
tronic and Associated Elec-
trical Equipment)

Varnish, Electrical-insulating
(for Electromotive Equip-
ment)

Insulating Varnish, Electri-
cal, Impregnating, High
Temperature

Enamel, Heat Resisting
Glyceryl Phthalate Black

Rain Erosion Coating

Enamel, Gloss

Primer Coating, Cellulose-
nitrate Modified Alkyd
Type, Corresion-inhibiting,
Fast-drying (for Spray Ap-
plication over Pretreatment
Coating)

Coating Compound, Metal
Pretreatment, Resin-Acid

Coating, Sealing, and Rein-
forcing of Electrical Con-
nectors
Primer Coating, Zine Chro-
mate Low Moisture Sensi-
tivity
Enamel, Corrosion Inhibiting

Lusterless Lacquer, Vinyl

Alkyd Light Gray Equipment
Enamel

Primer, Pretreatment (For-
mula No. 117 for Metals)

Camouflage colors for metal; 18 colors.

Durable cellulose nitrate gloss lacquer.
Clear and 16 colors.

Clear, air-drying spar varnish of the phe-
nolie resin type.

One grade of a semigloss rust-inhibiting
enamel for use on metal; four colors.

Alkyd gloss enamel for use on primed exte-
rior and interior wood and metal surfaces;
43 colors.

Alkyd-type air-drying or baking lustreless
enamel finish; 25 colors.

Alkyd semigloss enamel for exterior and
interior wood and metal surfaces for mili-
tary and special equipment; 47 colors.

Describes a commonly used moisture- and
fungus-resistant wvarnish consisting of
p-phenyl phenol formaldehyde resin com-
bined with tung oil and solvents.

An impregnation varnish used for wire
insulation. Also wused to impregnant
glass fiber.

Used for wire insulation and eoil impregna-
tion.

Air-drying and baking type, black heat-
resistant enamel.

Thermally reflective rain-erosion-resistant
and antistatic coating for glass-fabrie-
reinforeed plastic laminates.

Air-dry and baking types; 16 colors.

Lacquer primer for use only over MIL
(C-8514 and under nitrocellulose or acrylie-
nitrocellulose lacquer.

.

Pretreatment wash primer coating for met-
als to be applied before complete coating
system. Has adhesion-promoting and
anticorrosive properties. Air Force and
Navy-Weps version.

Covers accelerated organic polysulfide lig-
uid polymer for sealing and reinforeing
electrical apparatus.

Anticorrosive primer for aireraft aluminum
(alkyd). (Replaced MIL-P-6888.) (Not
for use on magnesium.)

Quick-drying lustreless synthetic enamel
for steel, magnesium, and aluminum.

For use as finish coat.

Air-drying and baking enamel suitable for
use on equipment, furniture, and switch-
board installation; one color.

Wash primer similar to MIL-C-8514.
Navy-Ships and DOD wversion.
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TABLE 35 Coatings, Paints, and Primers (Continued)

Document

Title R

Description

MIL-P-15929
MIL-P-15930A
MIL-P-16932-6

MIL-I-16923D

MIL-I-17384

MIL-L-19537

MIL-L-19538

MIL-P-22750

MIL-P-22808

MIL-P-23377

MIL-I1-24092

MIL-C-27227

MIL-I-46058

MIL-L-52043
MIL-P-52192
MIL-C-52210

Primer, Vinyl, Red Lead

Primer, Vinyl, Zine Chro-
mate
Enamel,
Alkyd)

Insulating Compound, Elec-
trical, Embedding

Exterior (Vinyl

Insulating Compound, Elec-
trieal, Quick-drying

Lacquer, Acrylic-nitrocellu-
lose Gloss (for Aireraft use)

Laecquer, Acrylic-nitrocellu-
lose, Camouflage (for Air-
craft use)

Coating, Epoxy-Polyamide,
Chemical- and Sclvent-re-
sistant, for Weapons Sys-
tems

Paint, Epoxy,
Fluid Resistant

Hydraulie,

Primer Coating, Epoxy-Poly-
amide, Chem. & Solv. Re-
sist.

Insulating Varnish, Electri-
cal, Impregnating

Coating, Polyurethane, Ther-
mal Resistant for Aircraflt
Application

Insulation Compound, Elee-
trical (for Coating Printed
Circuit Assemblies)

Semigloss Lacquer

Primer Coating, Epoxy

Coating, Epoxy, Spray Type,
for Printed Circuitry

Used for ferrous alloys, only over MIL-
C-8514, MIL-C-15328.

Used only over acid-etch primers MIL-
C-8514, ete.

A vinyl-alkyd enamel for use on pretreatéd
coating, black, white, grays.

Requirements for szeveral types of com-
pounds for embedding or encasing elee-
trical components.

Covers lacquer of several types for use on
electrical panels or cases and for sealing
the edges of phenolic laminates.

General-purpose exterior coating for met-
als, resistant to diester lubricating oils.
Clear and 13 colors.

Same as MIL-L-19537 except in lusterless
camouflage colors. White, black, and
nine colors.

Protective coating for magnesium and
aluminum, over MIL-C-8514, MIL-C-
8514 plus MIL-P-23377, or direct on
metal. Clear, black, white, red, and four
grays.

An epoxy-polyamide enamel for protection
of metals at temperatures up to 500°F.
White and four colors.

Useful over Mg and Al alloys and for
separation of dissimilar metals.

Characterizes insulating varnishes, baking
type for electric coils and structures.

Gloss finish coat. May be used for mag-
nesium.

Covers various types (epoxy, polyurethane,
silicones, polystyrene low-dielectric) con-
formal coatings for printed-circuit assem-
blies.

May be used for magnesium.

Used for magnesium.

Epoxy-polysulfide-type coating having fair
flexibility for use over epoxy laminate
printed-eireuit boards.

General properties of thin-film polymer coatings
polymer thin films are independent of their chemical structure or composition.

Many of the properties of
The

most important of these is the very high dielectric breakdown strengths which

all thin films possess.

The increase of dielectric strength with decrease in film

thickness is a well-known phenomenon previously deseribed.™

Many of the processes for depositing thin films result in films that are pinhole-free
The lack of pinholes and integrity of the film are largely dependent
on the method of deposition, surface treatment, and cleanliness of the surface

and continuous.

and ambient in which the coating is applied.

Still another property common to most thin films is their high degree of purity.
With adequate control, the polymerization reaction may be directed so that no side
reactions or by-products are formed.
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TABLE 36 Solvents, Resins, and Other Coating Ingredients

Document Title Description

TT-R-271 Resin, Phenol-Formaldehyde, Para-
phenyl

TT-T-548 Toluol (Toluene) Solvent for use in organic coatings.
TT-T-775 Tung Qil, Raw (China Wood) Used as a varnish ingredient.
TT-X-916 Xylene Solvent for use in organic coatings.
MIL-M-261 Methyl Ethyl Ketone For use in organic coatings.
TT-E-463 Ethyl Alcohol
MIL-A-6091 [ Aleohol, Ethyl, Specially Denatured
MIL-I-10428 | Isopropyl Alcohol, Technieal
MIL-T-27602 | Trichloroethylene (commercial) Used as a cleaning solvent.

TABLE 37 Cleaning and Surface Treatments

Document

Title

Description

TT-C-490

MIL-M-3171

MIL-8-5002

MIL-C-5541

MIL-A-8625
MIL-T-12879

MIL-C-13335
MIL-C-38334

MIL-M-45202
MIL-M-46080

AMB-2476
AMB-2478

Cleaning Methods and Pre-
treatment of Ferrous Sur-
faces for Organic Coatings
Magnesium Alloy, Processes
for Pretreatment and Pro-
tection of Corrosion

Surface Treatments and Me-
tallic Coatings for Metal Sur-
faces of Weapons Systems

Chemical Films and Chemieal
Film Materials for Alumi-
num and Aluminum Alloys

Anodic Coatings, for Alumi-
num and Aluminum Alloys

Treatments, Chemicals, Pre-
paint and Corrosion Inhibi-
tive, for Zinc Surfaces

Coating for Magnesium and
Magnesium Alloys

Corrosion Removing Com-
pound, Prepaint, for Aireraft
Aluminum Surfaces

Magnesium Alloys,
Treatment of

Magnesium Castings; Process
for Anodic Cleaning and Sur-
face Sealing of

Electrolytic Treatment for
Magnesium Base Alloys

Anodic Treatment of Magne-
sium Base A!]oys

Anodic

Cleaning and pretreatment of ferrous met-
als, and ferrous metals having zinc or
aluminum surfaces.

Covers Dow 1, 7, 9, and 19 treatments.

Preparation, surface treatments, and me-
tallic coatings for metal surfaces of weap-
ons systems prior to application of organic
finishes.

A chromate conversion coating for alumi-
num, covers Alodine,* Iridite,} and other
proprietary treatments.

Covers chromic and sulfuric acid anodiza-
tion processes.

Prepaint and corrosion-inhibitive chemical
treatments for plated, hot-dipped, and
solid zinc surfaces.

Covers HAE anodize treatment.

Covers use of nonflammable phosphoric
acid base liquid.

Covers Dow 17, HAE, and CR-22 anodic
treatments.

Covers fluoride-anodize treatment plus
Dow 7, plus MIL-C-46070, epoxy baking
coating,

Covers HAE anodize treatment.

Covers Dow 17 anodize treatment.

* Trademark of Amchem Products, Ine.
1 Trademark, of Allied Research Products, Ine.
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SPECIFICATIONS

Material Specifications

A coating material specification is written to control the engineering requirements,
to establish receiving tests on batches, or even to establish explicit formulas for
materials to be furnished. When written around engineering requirements, there
may be many or perhaps no qualified materials on the market; whereas when
written as a formulation or narrow performance specification, it may be presumed

that at least one already tested and qualified material exists.

TABLE 38 Test Procedures—General Specifications

Document Title Description
Fed. 8td. 141 Paint, Varnish, Laecquer, | Describes methods to determine physical
(TT-P-141) and Related Materials;| and chemical properties of paint, varnish,
Methods of Inspection,| and lacquer for conformance to Federal
Sampling and Testing and Military Specifications. Covers 278
methods.
Fed. 8td. 406 Plastics: Methods of Test- | A compilation of 76 methods for testing
ing plastics.
MIL-STD-202 Test Methods for Electronic | Establishes uniform methods for testing

MIL-STD-810A

and Eleetrical Component
Parts

Military Standard Environ-
mental Test Methods for

electronic and electrical component parts
such as capacitors, resistors, switches,
relays, transformers, and jacks. Applies
only to small parts such as transformers
and inductors weighing up to 300 lb.

A compilation of methods previously de-
seribed in a variety of other specifications,

Aerospace and Ground| as, for example, MIL-E-5272, MIL-T-
Equipment 5422, and MIL-E-4970.
MIL-E-4970 Environmental Testing, | Procedures for testing ground-support
(UBAT) Ground Support Equip-| equipment under simulated and acceler-
ment (inactive for new de- | ated conditions.
sign)
MIL-E-5272 Environmental Testing, | Procedure for subjecting equipment to
(ASG) Aeronautical and Asso-| simulated and accelerated environmental
ciated Equipment conditions to ensure satisfactory operation
and freedom from deterioration in use.
MIL-T-5422 Environmental Testing for | Testing procedures under simulated and
(ASG) Aircraft Electronic Equip-| accelerated environmental conditions to
ment meet requirements of MIL-E-5400.
MIL-I-16923 Insulating Compound, Elec- | Describes or references many electrical and

ASTM D 115-55

trical Embedding

Methods of Testing Var-
nishes Used for Electrical
Insulation

other tests applicable to plastics and
coatings.

Covers tests for electrical properties, solids
percent, viscosity, dry time, flexibility.

Acceptance Specifications

For electronic parts or assemblies that are coated by vendors, an acceptance
specification detailing requirements and quality control tests to be performed on
the coated parts may be useful. Destructive or nondestructive tests may be called
out to assure that the part is adequately coated to perform the required function.
Examples of tests that are commonly specified are adhesion, dielectric strength,
insulation resistance, humidity, and salt-spray exposures. The fact that a material
meets a military, federal, or trade association specification does not necessarily
assure its suitability for a given application. Additional or tighter requirements
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TABLE 39 Specific Test Methods for Coatings
MIL-STD- | Fed. STD.
Test ASTM | Fed. STD. 141a, method | 202, methad 406, method Others
ADBrasion. ......ooeeiuniiias D 968 6191 (Falling Sand 1091 | Fed. 5td. 601, 14111
o 6192 (Tab:.-rj‘ v i
| S| &% f"l‘npe Test, Wet) 1111 Fed. Std. 601, 8031
D 21907 6303.1 (Scratch Adhesion)
6304.1 (Knife Test)
Are resistance............... D 405 303 4011
Dielectric constant. . ........ D 150 301 4021 Fed, Std, 101, 303
Dielectric strength (breakd D 140 4031 Fed. Std. 601, 13311
Itage) D 115
Dissipation factor. . .... ... 5 L 4021
ing Gme. . .............. D 1640 40611
i D115
TFlectrical insulation resistance | D 220 |-..- oocoowianeeoains 302 4041 | MIL-W-81044,
i O s A ki I P 4.7.5.2
Exposure (exterior).......... D 1014 6160 (On Metals)
e 6161.1 (Outdoor Rack)
Fiash point................. D 56, D 92 4‘201 (Tag Closed CUP) | -oiw  |eroessnanny Fed. Std. 810, 500
D 1310 (Cleveland Open Cup)
(Tag }Open
P
3 e 6221 (Mandrel 1081 | Fed. Std, 601, 11041
5222 (Conical Mandrel)
Fungu Tesistance. . . ......,. DI |aacsarcsaonbren]] Zahic | REsiEvees MIL-15-5272, 4.8
MIL-STD-810, 508.1
MI1L-T-5422, 4.8
Y | BN G211 i!’riat Hardness)
D 1474 6212 (Indentation)
Heat resistance.............. D 115
D132 |60l =
UMY 5 ssa fva smmassaiass D 2247 6071 (100 % RH) T T Mn.-msn. Pmc 1
6201 (Gonlmuoul Conden- B  Nearmemris Fed. Std. 8
sation)
Tmpact resistance............[............ 6226 (G.1. Impact) 1074
Moisture-va| meabili E00
B D 1653 6171 7032
Nonvolatile content..........[.ccccavnnns, 4044
Salt epray (fog)............. B 117 6001 101C 6071 | MIL-STD-810, 509.1
MIL-E-5272, 4.6
Fed. Std. 151, 8111
Fed. Std. 810, 500
T U [T, P [ e ] || [ MIL-E-5272, 4.14
MIL-T-5422, 4.1
MIL-STD-810, 504.1
Thermal conductivity........ R L L e e T MIL-1-16923, 4.6.9
{Cenco
Fitch)
c1m
ﬁoz Plate) e
b ¢ T I —" LT (ST T Y s — MIL-E-5272, 4.3
- MIL-STD-810, 503.1
ickness (dry film)......... D1 6181 (Magnetic Gage) 2111, 2121, | Fed. Std. 151, 520,
D 1186 Glﬂéhlﬂuﬁulg:m} gig%. 2141, | 521.1
Vioooaity s vemointvamenna e D 1545 4271 (Gardner Tubes)
562 4281 (Krehs-Stormer)
D 1200 4282 (Ford Cup)
88 4285 (Saybolt)
4287 Bmkﬁeld)
Weatheriog (accelerated). ... D822 6151 (Open 6024

6152 Eueluod Am)

A more complete compilation of test methods is found in J. J. Licari, "Plastic Coatings for Electronics,”

Baok Company, New York, 1970.
The major collection of complete test methods for eoatmss is "Phys:csl and g}nemlcul Examination of Paints, Yarnishes,

Laequers, and Colors,"” by Gardner and Sward, G

MeGraw-Hill

d. This has gone through many editions,
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may be needed and can be incorporated as extra provisions of a company internal
specification.

Process Specifications

Process specifications are detailed procedures to be used for a manufacturing
operation, but should allow manufacturing as much freedom as possible and still
meet the engineering requirements. As an example, if there are a number of
different cure schedules which have been proved equivalent, the choice of any
one of them should ordinarily be allowed, provided none of the temperatures is
so high as to damage the assembly. An example of such a time-temperature cure
schedule is plotted in Fig. 18. Sources of specifications are listed in Table 32.
Tables 33 to 37 provide lists of many specifications with brief descriptions. Test
specifications and specific test procedures are listed in Tables 38 and 39.
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