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Use and Replaceability of
Polychlorinated Biphenyls’

by Martin G. Broadhurst®

Introduction

On September 1, 1971, an interdepart-
mental task force was formed to coordinate

*Institute for Materials Research National Bureau
of Standards, Washington, D. C. 20234

TEd. Note: This paper was given at the PCBs
Conference reported in Issue humber 1, April 1972,
but was not ready for publication in that issue. Since
it was submitted the Monsanto Company released
PCBs production figures for 1260-1971 (Monsanto
press release of November 30, 1271), Information in
that release further specifies statements in the paper
indicated by a #. Figures from the press release are:

the U.S. Government’s scientific studies of
polychlorinated biphenyl (PCB’s). The task
force was coordinated by the Office of
Science and Technology and the Council on
Environmental Quality. Represented on the
task force were the following agencies: the
Environmental Protection Agency, The Food
and Drug Administration, the National Insti-
tute of Environmental Health Services, and
the Departments of Agriculture, Commerce,
Interior and Justice.

On September 13 individual tasks were
assigned to participating agencies, and the
Commerce Department was asked to critically

PRODUCTION AND SALES
POLYCHLORINATED BIPHENYLS (PCB)
MONSANTO INDUSTRIAL CHEMICALS COMPANY —

{SHORT TONS)
U.s. U.s.

YEAR PRODUCTION DOMESTIC SALES EXPORT SALES

Electrical® All All Uses

Insulating Other

Liguids Uses

Uses -

1971 (Bst) 20236 14417 4401 4938
1970 425627 20268 16263 6826
1969 38194 18564 15034 5312
1968 41427 20568 11990 5616
1967 37656 20387 10846 4062
1966 32925 18897 10642 3426
1965 30240 16203 9695 2117
1964 256417 13769 8666 2048
1963 22367 11448 7618 1824
1962 20986 11683 7339 1809
1961 20333 11108 7661 2078
1960 20786 12444 5163 1827

2 Closed Systems — Transformers and Capacitors

Inciuding Heat-transfer Systems, Hydraulics/Lubricants, Plasticizers
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explore the question of the utility and
replaceability of PCB’s. Dr. Robert W. Cairns,
Deputy Assistant Secretary of Commerce for
Science and Technology requested NBS to
assist him in this task.

This study has included consideration of
the uses and replaceability of PCRB’s in the
following areas.

1. Dielectric fluids for capacitors and trans-

formers.

2. Industrial fluids for hydraulic, gas

turbine and vacuum pump uses.

3. Heat transfer fluids.

4. Plasticizers and miscellaneous uses,

This report is the result of that study. It is
a collation of technical information gathered
from published literature, special reports,
patent reports, and personal conversation
with officials of industrial and utility com-
panies. Such trade information as was used
has come from sources other than the
manufacturer.

The report was prepared through the
efforts of several research scientists in the
Polymers Division at NBS. These people do
not work in the area of commercial appli-
cations and the collection and reporting of
this information represents a significant
departure from their usual responsibilities.
This, together with time limitations, limited
the amount of information which could be
located and included and increased the need
for qualifications and stated uncertainties in
the report. Original sources were referenced
where possible.

The discussion of each of the use categories
listed above includes:

1. The physical properties required for the

application.

2. Advantages and disadvantages of PCB’s.

3. Possibility of replacing PCB’s with other

materials.

Dielectric Fluids

Dielectric (electrically insulating) liquids
are important to the electrical industry for
filling agents or impregnants in transformers,
capacitors, and other devices. Besides their
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electrical functions, the liquids may also be
used for cooling and are quenching functions.
Detailed discussions of dielectric fluid appli-
cations are available(7-4,.

Capacitors

Properties required of capacitor fluids:
Generally, industrially important capacitors
use liguid impregnated cellulose paper as a
dielectric. The required properties of the
liquid are:

1. Non-flammability (important for pre-
venting fires, particularly in indoor use).

2. Dielectric constant matching that of
paper. A good match reduces electric
field inhomogeneities, increases dielec-
tric strength and lifetime and allows
decrease in capacitor size.

3. Low dissipation factor (reduces energy
loss and destructive heating in a capaci-
tor).

4. High dielectric strength (prevents break-
down and allows decrease in capacitor
size).

5. High chemical stability (increases capaci-
tor lifetime and stabilizes its per-
formance).

6. Low vapor pressure (increases physical
stability).

7.Inert decomposition products in an
electric arc (prevents explosion or corro-
sion following breakdown).

8. Low toxicity of the material and its
decomposition products.

9. Low cost.

Advantagesand disadvantages of PCB in capa-
citors: The PCB capacitor liquids, commonly
called askarels, are mixtures of chlorinated
biphenyls and chlorinated benzenes. Several
standard mixtures are specified by ASTM (5).
The askarel capacitor liquids and their decom-
position products are non-flammable. Thus
their use in capacitors greatly reduces fire and
explosion hazards. This characteristic permits
economies where safety codes require fire-
proof enclosures for capacitors containing
flammable liquids.
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Table 1. Typical Properties of Liquids

Mineral Gil Polybutene Askcarels
Uninhib- Capac- Fipe Heavy Pipe Capac-
Ited tranaf. itar cable table cable Paper itor
oil oil 0il oil liquid impregnant  Liguid
Viscouity, SUS 25°C 1,200 82,0000 300,000
a7.8°C 58.24 103+ T63n 23650 4042 44:51 8292 186-240 1800-2600
98-180°C 38n 60w 101 83 1788 22000 3132 3132 34.36 26-37 1448
Viscosity, cs, 25°C
37.8°C 9.78 21 48 [X] 17.2 453 46.4
95-100°C 35 10 21 <18 <18 z.5 2.2 814
Flashgoint open cup, °C 1460 164.4% 188.1v 2433% 184t 1600 262 146.1¥ 153.3¥ 182,27 192,87 None
Acidity, mgm KOHigm o o o [ 0,01 w01t 0.01'  0.010max  0.010 m 0010 mux  0.0:0mar  0.010 max
Pour gaint, "€ -¢3.8¢ -45.6¢ -28.1¢ -17.8¢ -34r -2a¢ .76 1.7¢ -35.6 -18.0 -7.0 18.0
Bpecific gravity, 158°C 0.8984 0.9074 0.928d 0.9264 08620 pA70° 09050
25°C 118 1.26 1.38 145 1.54
Coel of expan. cefee/"C 0.00063 0.00078  0.00078 0.00071 0.00073 0.00088 0.00070 0.00088
Thermal conduc. {gm-cal/seeNcmZ)(" Clem) 0.00031=  0.00031%  0.00030=  0.00030m
{BTUMTKIOCF) 0.078 0.076% 0.0728 0.0728 00620 0.082 0.087 0.063 0.088 0,057 ©.054
Boiling point at 760 mm, *C 25,0 290.0 2250 340.0 365.0
Volatility, weight loss
Dielectric strangth, kvi.1% {0.254 em) ag.5e >30r 30 >300 Daper >aper >36 >35 >an >a5 =35 36
Dielectric constant, §0 Hr
103 He 25°C 45 5.1 5.8 5.6 5.0
108 Hy z14f ziefn 2330
Dicipation factor, $0¢ Hr 0.001ts 0.0011 0.001M C.0005%  0.00050  0.0005
108 He, 20¢°C 0.001 0.001 0.001 0,001 0.001
108 Hz
Volume resintivity, chm<m >1x10U ™ D1r1oMm >1x101Z e 35010 >6rl6 >6r1Q 510 610
Typical Properties of Liguids—continued
Flusrocarbons Siliconas Organic Esters
(C4FqiN *n=1fo=5 CyFy50 Dielectric  Glyceryl Butyl Butyl Butyl Tetra Ethylene  Silicats
Grade Tr-  Stasrate Sebucale Naphth  Hydio Glycol  Ester
Castor Acetoxry- enate furfuryl Base
oit Stearcte Oleste Fhid
Viscasity, SUS, zs:c
37.8.C -136 360 720 180 48 48 81
99-106°C 131.9
Viscosity, 5, 26.C 2.59 0.82 105 100 200 500
37.8°C 1.80 -je7 0.84 g 160 100 7 [ 1¢ 122
38-100°C 0.48 -10.88 ©.30 29 58 148 98 3.85
Flashpoint, apen cup, °C >0 2316 >325 201 167.8 115.0 2019 116 187.8
Acidity, mgm KOH/gm 0.15 max
Pour paint °C -50.0 -154/-84  -1000  -90 -55 ~6L.7 -60.0  -23 a4 0T -10.0 -118 <595
Bpeeific gravily, Iﬁ:C,'C 1.89 1.57/1.82 1.78
%°C 1.88 1.54/1.79 177 0.340 0.970 0971 0973 0959 0595 1.1154 0.887
Coet. of expan. cofee/"C 0012 .DO0B4/.00036 0016 0.00095 00097  0.00097 0.00097 0.00086 ©.000SE 0.00062 000863
Thermal condue.
(gm-calireckem’ X "Clam) 0.00034 0.00037 00083 000327
(BTUhe KL 2K FHI) 0.049 0.070/0.049 ©.081 0.088 0.087 0088 0103 0.103 0.080
Boiling poinl at 766 mm, "G 177.8 40.8/224.2 i02.2 196-200 3711
Valutility, weight loa S1oigt 1orbs Cgopk
Dielec, strength, kvj.17(0.284em) 35 min 28/50 36min  36% 36 35 36 27
Dielectric constant, 60 Hz 1.90 3,02/245 188 2782 374 35 33 44 3.1 4.3
109 Hz 1.89 3.02/245 1.84 275 278 2785 2.85
109 Hz 1.90 1.87 2.7uz 275 2.75 278 a1
Dissipation fnctor, 60 Hz <0.0008¢  <[0.00008 <0.0005¢  .00D15m= 0.06% 0,00975 001 9.01 0.018 0.019
109 He <0.0005  <0.00006 <0.0006 <0.0001 <€0.0001 <0.0001
108 He <10.0005 <0.0006 00001 x 0.00006 000013 000015 0.00015  0.00039 0.0042
Volume resiavity ohm-cin 3x1Q14 ~f>4x101¢ 6x1014 1x10i41 >1x10141 Bigigld >1x1074 3zl0it  £.3x1010s §5x]012 11032 <1x)011 9x1010
FICFCF10),CHFCFy
CF,
v ASTM Dd48  © ASTM DA77 Suitability of D77 ' ASTM Doz2d ! ASTM DGG4 = 0°c W WC u 100 Hz
b ASTM Do2 for high viscoty oils such s ¢ ASTM D974 i ASTM 1169 , ™48 [ £ BO 9 ¥ ASTM D149
© ASTM D87 suble oils and polybutenss lited B Weight lom in o 16 mg sample in % Weight loas after 48 hes. w1 200°C = ARTM D287 ¢ 100°C ¥ 10Hz
4 ASTM D1250 in table has not been determined,  * 60 ml beakerat 150° for 24 . 1 100°F ® ASTMD257 * Hrunknown x ASTM D1B0
¥ Askarels have no true flash point,

The dielectric constant of the askarels is
high compared to other common dielectric
liquids. Doubling the dielectric constant of
the dielectric allows a reduction by half in the
area of the capacitor electrodes, and a
significant saving in the cost of construction
and installation. The dielectric constant of
askarels closely maiches thal of the capacitor
paper.

The askarels are adequate with regard to

dissipation factor and dielectric strength and
have good chemical stability and low vapor
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pressure. The breakdown products, in particu-
lar HCl, have the advantage of being non-
flammable, but are highly corrosive. This
dictates the use of special corrosion resistant
materials inside the capacitors.

The major disadvantage of the askarels is
their suspected toxicity. In ordinary capacitor
usage the askarels are used in closed systems
to prevent contamination from moisture. This
practice also prevents the askarels from
reaching the environment. However, when
electrical failure occurs, sealed capacitors can
leak and are ordinarily discarded.
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Replaceability of PCB in capacitors: Capaci-
tors can be made dry or with gas dielectrics.
These have inferior electrical strength and, for
comparable performance, such a capacitor
must be made much larger in size.

The major disadvantage of alternative
capacitor liquids is their flammability. When
comparing flash point data, as in Table 1,
askarel flash points comparable to those of
other capacitor liquids are sometimes listed.
ASTM states that these are not true flash
points but are pseudo-flash points which
differ noticeably from the flash obtained on
combustible materials and is not indicative of
a fire hazard (5). The requirement of non-
flammability for most capacitor uses is criti-
cal and capacitors with flammable liquids
are forbidden in many cases by the National
Electrical Code (6). In other cases replace-
ment of askarel capacitors with flammable
capacitors requires use of fireproof installa-
tions (6).

The fluorocarbons are one group of non-
flammable liquids which are used for some
dielectric applications (7). The ones listed in
Table 1 have low dielectric constants and
could not directly replace askarels without
increasing capacitor size. The fluorocarbons
have low toxicity but the decomposition
products may be toxic (1). They are generally
more volatile than askarels and are con-
siderably more expensive. The fluorocarbons
are a possible replacement for PCB liquids for
capacitor use but we know of no fluoro-
carbon liquid presently available and accept-
able for this purpose.

Besides the problem of flammability, possi-
ble PCB replacement liquids generally lack
either a sufficiently high dielectric constant to
keep capacitor size down or a sufficiently
high dielectric strength. For example (Table
1) the silicones have the disadvantage of a low
dielectric constant whereas the organic esters
often have poor dielectric strength. Some
silicones deteriorate rapidly under electric
arcing (7).

The acceptance of a PCB substitute is a
complex process invelving not only users but
also various regulatory groups. In most of the
glectrical industry, regulation is non-
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governmental and the primary regulatory
influence comes from Underwriters Labora-
tories, who test products and decide on their
suitability (8). In addition, control over
electrical materials is exercised through com-
panies which insure against fire, utilities
which supply electrical power and building
codes.

Exrent of capacitor use: Presently, almost
all industrial capacitors contain PCB’s. In
1968, 95% of the U.S. production of capacitor
liquids (2.46 million gallons) were PCB’s (9).
Two important types of capacitors are phase
correction capacitors on power lines and
ballast capacitors for fluorescent lighting.
Non-ballast industrial capacitors produced in
1967 had a value of $112 million (10), and
fluorescent lamp ballast capacitors produced
that year numbered 21.7 million units with a
value of $15.5 million (18). In 1970 there
were 50.9 million ballast units produced with
a value of $163 million (71). These ballast
units are in eXtensive use inside buildings
where non-flammability is important.

Phase correction capacitors are necessary
on power circuits to correct for the inductive
loading of much electrical power equipment.
The amount of phase correction capacitance
is ordinarily specified in kilovolt amperes of
reactive current or kvars. Most power capaci-
tors are rated at from 1/2 to 25 kvars so that
the number of capacitors is very roughly the
kvar value divided by 10 (12). As examples of
the extent of power capacitor use, TVA has
2-1/4 million kvars (I13), and a power com-
pany serving suburban New Jersey has 3.6
million kvars on their power lines with 1/2
million kvars on order (14). The value of
these capacitors is roughly $5 per kvar (I14).
Moere than 20 million kvars of power capaci-
tors were produced in 1970 (16).

The procurement lag for these capacitors is
presently 1-1/2 to 3 years and time estimates
for redesigning new systems range from 3 to
10 years according to power company repre-
sentatives to ASTM Committee D-27 (14, 15).
Extensive redesigning is generally anticipated
if distribution capacitors were required to use
presently availabie non-PCB liquids. Askarel
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capacitors have been developed to the point
that failures are considered negligible (13,
15).

Several private sources reported extensive
efforts to find replacements for PCB capacitor
fluids, but none reported having a good
substitute.

Transformers

Properties required of transformer fluids:
Most power transformers contain a liguid to
electrically insulate and remove heat from the
core and windings. The properties required of
these liquids are:

1. Non-flammability (required for indoor
use and desirable in remote location
use).

2. High dielectric strength (prevents break-
down and allows transformer size re-
duction).

3. Low viscosity (promotes convective heat
transfer).

4. High chemical stability (allows higher
temperature operation and reduces
degradation of the transformer).

5. Compatibility with other materials.

6. Inert decomposition products (reduces
fire danger and damage to other
materials following breakdown).

7. Low toxicity of the liquid and its
decomposition products.

8. Low cost.

Advantages and disadvantages of PCBs in
transformers: The PCB transformer liquids,
commonly called askarels, are mixtures of
chlorinated biphenyls and chlorinated ben-
zenes. Several standard mixtures for trans-
formers (differing from the capacitor askarels)
are specified by ASTM (7). These liquids are
used to overcome the fire and explosion
hazards which are present with transformer
oils. For most power transformer applications
where occasional explosions and fires do not
endanger life and property, mineral oils are
still preferred. However, for distribution
transformers which are located near congested
areas and in buildings askarel and dry-type
transformers are required by electrical codes
(6). Other advantages of the askarels include
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1) their superior chemical stability which
eliminates the sludge formation common in
mineral oils, 2} a high dielectric strength
which reduces electrical failures and 3) suit-
able viscosity.

The disadvantages of the transformer
askarels include 1) a poorer resistance to
impulse voltages and production of highly
corrosive HCl during arcing, 2) a tendency to
damage common insulating solids inside the
transformer, 3) probable toxicity and 4)
higher cost {(about $1.80 per gallon compared
to $.25 per gallon for mineral oil) (15, 18).

Replaceability of PCBs in transformers:
Askarel transformers cost about 1.3 times as
much as oil transformers and dry types cost
about 1.5 times as much as oil transformers.
Thus most users prefer to use the oil type
where possible. This preference for oil trans-
formers accounts for the fact that 96% of
transformer liquids in use in 1968 were
mineral oil (9). However, fire underwriters
will not presently accept the use of oils,
silicones and other flammable liquids for
indoor transformers. Dry-type transformers
can be used indoors but are generally larger in
size, require more copper and iron and are
somewhat more expensive as shown above.
Dry-type transformers could possibly replace
askarel transformers in many cases.

We know of no currently available liquid
which wili replace askarels in existing trans-
formers. Possibly, non-flammable fluoro-
carbons could be developed as a substitute
fluid, similar in important properties to the
askarels. Fluorocarbons are currently in use as
convective and evaporative dielectric coolants,
One main disadvantage of the fluorocarbons is
their high volatility and high cost (about 40
times the cost of oil and 6 times the cost of
askarels (18).

Extent of transformer use: In 1967, 1.7
million liquid-immersed distribution trans-
formers of 500 kva and smaller valued at
$350 million were produced (10). These
include askarel-filled transformers placed
under streets to serve 1 - 4 city buildings.
These transformers can fail and cause fire
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damage if filled with a flammable liquid. An
annual report on such failures is compiled by
the Edison Electric Institute (19).

Industrial Fluids For Hydraulic, Gas Turbine, and
Vacuum Pump Uses:

Hydraulic

Hydraulic fluids are liquids used as force
transmitters (20, 21). In general the char-
acteristics of a good hydraulic fluid are (20):

1. High lubricity (lowers heating and in-
creases lifetime of moving compo-
nents).

2. Stability (increases lifetime of use).

3. Appropriate viscosity and high vis-
cosity index (22-24).

4. Low pour point (necessary for mate-
rial to flow at low temperatures)(25).

5. Compatibility (prevents interactions
with other components, for example,
rubber seals).

6. Good heat transfer (reduces local
heating and large temperature gradi-
ents),

7. High bulk-modulus (important for ex-
treme pressure applications).

8. Low volatility (necessary to prevent
malfunctioning due to ‘“‘vapor lock”).

9. Low foaming.

10. Low thermal expansion. Aside from
the implication of a more constant
volume over a wide temperature
range, a low thermal expansion im-
plies a high viscosity index and the
constancy of certain other properties
with respect to temperature.

11. Good demulsihility.

12. Inhibitor (necessary to prevent oxida-
tion of metals or rusting).

13. Good fire resistance (very important
in high temperature environments).

14. Low density (desirable in transporta-
tion, particularly airborne applica-
tions).

15. Good dielectric properties (reduces
arcing or short circuiting should the
fluids come in direct contact with
electrical components).
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16, Non-toxicity (reduces the danger to
human beings from rupture of hy-
draulic equipment or improper dis-
posal and to maintenance personnel
during transfer of these fluids).

Since most commerical hydraulic fluid
mixtures are proprietary, it is difficult to
obtain information with respect to their
composition. The results from inguiries with
respect to PCB content have been somewhat
contradictory. We have no definite knowl-
edge that PCB’s are present in commerical
hydraulic fluids at this time. Since composi-
tion specifications of these fluids are usually
not available to the public, PCB content
should be established by chemical analysis,

PCB’s are useful in hydraulic fluids as
lubricating additives in extreme pressure
applications (26) and as pour point depres-
sants. Although it is true that the pour point
of oils may be lowered by extensive dewax-
ing, the use of additives is much cheaper.
There are other inexpensive additives which
are often used for these applications which
appear to be adequate. For example, TCP
{(tricresyl phosphate) is chemically stable as
an additive in lubricants, and, although quite
toxic, it is more biodegradable than the
PCB’s.

An important requirement f{for many
applications of hydraulic fluids is good heat
and fire resistance (27). Table 2 (28) gives
the ignition characteristics for a large num-
ber of lubricants; however, in view of the
propriety stated earlier, there is no detailed
specification of the compositions of those
fluids which are given by brand names.
PCB’s have excellent fire resistance char-
acteristics. The flash and fire points given in
the literature for the pentachlorobiphenyls
are attributed to the burning of residual con-
taminants (29). At very high temperatures,
however, PCB’s with higher chlorine content
may emit phosgene (a very toxic gas) in the
presence of oxygen. (We have no evidence
that high chlorine content PCR’s are being
used here.)

Aircraft hydraulic fluids are an example
of an application where excellent heat and
fire resistance are necessary in view of mod-
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erately high operating temperatures and fre-
quent accidents involving ruptured hydraulic
components in the proximity of hot metallic
surfaces. Also the fiberglas acoustic blankets
in the jet engines become soaked with leak-
ing hydraulic fluid within as litfle as one
yvear of use {30). Fire resistance in phos-
phate ester type hydraulic fluids has been
related to PCB content (37). Phosphate ester
hydraulic fluids have heen used extensively
for commercial aircraft (32). According to
one manufacturer, no PCB’s are currently
being incorporated in these fluids. PCB’s
have been assumed to be useful as “snuf-
fers” in that they tend to extinguish a fire
supported by other constituents.

The market value of used phosphate ester
type hydraulic fluids is sufficiently high that
they are being recycled (33). The recycled
products are said to satisfy the same speci-
fications as the uncycled fluids,

Considerable research is being done in
connection with fire resistant hydraulic
fluids for military aircraft. Some of the
hydraulic fluids being tested do not contain
PCB additives, but do contain TCP. It is
possible that under appropriate processing,
PCB’s may be replaced by TCP and perhaps
certain other additives to obtain satisfactory
lubrication.

In naval applications current research in-
cludes development of water based hydraulic
fluids (34), which would not contain PCB’s.
The boiling points of these fluids are too
low to permit their use in aircraft.

It is possible that PCB’s are also used in
phosphate ester and other halogenated hy-
draulic fluids for industrial applications at
high temperatures. The requirements here are
similar to but not as stringent as those for
aircraft hydraulic systems.

Table 3. High-Temperature Lubricant Specifications

MIL-L-9236 B MIL-L-27502 DERD 2497
Viscosity, cs at  500°F — 1.0 min -
400°F 1.0 min — 2.0 min
210°F — Report 8.5 max
100°F Report Report —
-30°F — 13,000 max —
-40°F - - 13,000 max
Viscosity stability test temp ~-65°F -30°F ~-65°F
Vis change in 3 hr 6% max 6% max -
Vis after 3 hr, cs 21,000 max 13,000 max —
Vis after 72 hr, ¢s 24,000 max 17,000 max -
Vis at ~40°F after 12 hr — - Report
Shear stability at 212°F — — + 2% KV/210°F
Pour point, °F -75 max -40 max —
Flash point, °F 425 min 500 min 500 min
Spontaneous ignition temp, °F 750 min Report 752 min
Vapor pressure at 500°F, mm Hg — 5.0 max —
Evaporation loss test temp 400°F 500°F 392°F
% Loss 6-1/2 hr at 29.9"" Hg 15 max 10 max Report
% Loss 6-1/2 hr at 5.5 Hg - Report —
Specific heat, BTU/IB/°F at 100°F — 0.35 min -
Specific heat, BTU/Ib/°F at 500°F — 0.45 min —

Rubber swell, 72 hr
Rubber swell, 168 hr —
Foaming sequence 1-2-3, max vol
Foaming collapse time, max, min
Gear scuff at 165°F % reference
Gear scuff at test temp, % reference
Gear fatigue, hr to failure

5-3-5

12-25% at 400°F
100-25-100 m!
56 min (8 sides)

Report (400°F)
Report (400°F}

12-25% at 500°F -

- 15-25% at 158°F
100-25-100 ml 100-25-100 ml
5-3-5 5-3-5
100 min (8 sides) —

Report (500°F) 100 min (392°F)
Report (500°F) (Ref. 0il at 230°F)
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Gas Turbines

The characteristics of a good gas turbine
lubricant are similar to those of hydraulic
fluids except for the additional requirement
of lubricity at high rates of shear (35).
Particular emphasis is placed on heat resist-
ance, high viscosity index, low pour point,
and oxidation and foaming resistance. Sam-
ple U. 8. and U. K. military specifications
are given in Table 3 (36). Usually, dibasic
acid esters containing appropriate additives
meet the above requirements. In the case of
the turboprops, the same lubricant is usually
used for both the turbine and prop-drive
gear.

PCRB’s seem to be useful as additives in gas
turbine lubricants but we have no evidence
that PCB’s are currently used for this pur-
pose, Research along these lines has been
done, and there is some indication that some
PCB’s have on occasion been added to gas
turbine lubricants. The objection to PCB’s
and other chlorinated hydrocarbons is that
they tend to be corrosive at the high tem-
peratures reached in gas turbines. This corro-
sion is accelerated by decomposition of the
PCB’s and the formation of hydrochloric
acid at high temperatures. The corrosiveness
of PCPB’s is a major deterrent against their
use in these lubricants, Since it also has the
desirable property of point depressant and
antioxidant. TCP also has the desirable prop-
erty of reacting with metallic surfaces at
high temperatures to form a protective
coating.

Jdet engines are run for approximately
18,000 hours (37) between overhauls. The
lubricants are not usually changed during
this period; however, the appropriate “oil
level” is maintained at frequent intervals,
Immediately before engine overhaul the
lubricant is drained and discarded. Unlike
the hydraulic fluids used in commercial air-
craft, there appears to be no general re-
cycling facility for gas turbine lubricants
(37). As a result of their increase in acidity
and viscosity during use, recycling of gas
turbine fluids would demand expensive re-
distillation and reblending.

October 1972

Vacuum Pump Applications (22, 23)

Both mechanical and diffusion pump
applications require fluids of one highly frac-
tionated component. Accordingly, additives
generally are not used. However, PCB’s are
used in pure form as a diffusion pump oil in
commercial applications.

The characteristics ({38) of a good diffu-
sion pump fluid are:

1. Relatively high vapor pressure at oper-
ating temperatures.

2. Low vapor pressure at room and lower
temperatures. (The vapor pressure im-
poses a lower limit on the ultimate
vacuum,}

3. Heat resistance (prevents cracking or
molecular degradation at operating tem-
peratures).

4. Narrow vapor pressure range and free-
dom from contaminants like absorbed
gases and liquids with higher vapor
pressures. (This requirement often im-
plies the necessity of a narrow fraction.)

5. Oxidation resistance (important because
air may enter a diffusion pump during
operation either accidentally or through
slow leakage).

6. Nonhydroscopic (absorbed water in-
creases pump maintenance and may
contaminate the vacuum system).

7. Compatibility (must be compatible with
pump and vacuum system components).

8. Stability in the presence of the vapor
being pumped.

Some of the pertinent preperties of many
diffusion pump fluids are given in Table 4
{39). The stability, oxidation resistance,
appropriate vapor pressures, and, in particu-
lar, the relatively low cost of PCB’s make
them a desirable choice for many industrial
applications. Although the ultimate vacuum
using PCB’s is limited by their relatively high
vapor pressure at low temperatures, their use
at high boiler pressures makes possible oper-
ation with poor fore vacuums. Hence they
are useful as booster pump fluids. In this
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respect the vapor pressure-temperature prop-
erties are closely matched by amyl
phihalate.

Except for certain applications where
alternative liquids may be incompatible with
the vapors being pumped, the advantage of
using PCB diffusion pump oils appears to be
mostly an economic one. Other fluids may
often be preferable though considerably
more costly. TCP is used as a commerical
diffusion pump fiuid and is also inexpensive.
Its vapor pressure (40) is lower than that of
the PCB’s making it less desirable in booster
pumps, but in many applications TCP may
be a suitable replacement. PCB diffusion
pump oils can be decomposed after use by
incineration. This service is available mainly
for disposal of Askarel transformer fluids
containing PCB’s.

Heat Transfer Applications

Heat transfer fluids are used to absorb
thermal energy from a source and by cooling
or changing phase, deliver heat to a place of
utilization. The reverse process, using a fluid
as a coolant, requires similar fluid properties.
Summaries of heat transfer fluids and
applications are available (41, 42). The prop:
erties required of heat transfer fluids are
(41):

1. Suitable density and expansion coef-
ficient.

2. High heat capacity or heat content
(increases amount of heat transferred
during cooling or phase change).

3. High heat conductivity (increases heat
transfer).

4, Low viscosity (necessary for fluid
flow through system).

5. Physical stability (will not have un-
predictable phase or property
changes).

6. Chemical stability (will not degrade,
oxidize, etc.).

7. Radiolytic stability (will not suffer
damage from radiation if present),

8. Low cost.
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9. Low surface tension (reduces fluid
flow and heat transfer between fluid
and surroundings).

10. Low corrosion (reduces damage to
metal parts of the system).

11. Low flammability (reduces fire and
explosion danger).

12. Low toxicity.

Electrical properties, refractive index,
appearance and odor may be considered for
some applications.

Advantages and disadvantages of PCB’s as
heat transfer fluids:

The main advantage of the PCB’s as heat
transfer fluids is their fire resistance. This
property is of primary importance where
there is a possibility that fire from high
temperature leakage could endanger life and
property. The other advantages of PCB’s are
low pour points and viscosities and good
thermal stability up to 600°F. PCB’s are
relatively inert and have excellent electrical
properties which makes them wvaluable for
cooling transformers. The cost is relatively
low. Disadvantages of PCB’s include possible
toxicity, a tendency to decompose to form
highly corrosive HCI, a lower decomposition
temperature than some alternate liquids (43)
and relatively poor radiation resistance (44).

Replaceability of PCB’s as heat transfer
fluids:

Increased risk from fire and explosion is a
major disadvantage with most PCB replace-
ment fluids. Other non-flammable fluids are
1) fluorocarbons, which have low toxicity,
high thermal stability and in spite of high
cost are used as convective or evaporative
coolants (1), 2) water, which is quite cor-
rosive, has a high temperature limit of 374°
C and requires extremely expensive high
pressure systems for its use above the at-
mospheric boiling temperature and 3)
molten salts and metals which, because of
their resistance to radiation damage, are use-
ful in reactor applications.

Several liquids are more stable at high
temperatures than the PCB’s. Table 5 (42)
shows the decomposition point range of
liquids in a variety of chemical classes. Few
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Table 5. (42)

Decomposition
Point

Range (°F)

Chemical Class
Crver 800 Unsubstituted Polyaromatiec compounds
Unsubstituted Polyphenyt ethers
Unsubstituted Aromatic amines
Unsubstituted Aryl silicates
Unsubstituted Arylsilanes
Unsubstituted Aryl borates

Lower alkylaromatic ethers

Aromatic phosphates

Aromatie sulfones

Aromatic ketones

Silicones

Halo-substituted aromatic ethers
Halo-substituted polyphenyls {(including PCB’s)
Alkyl borates

Alkyl silicates

Higher alkylaromatic ethers

Highly refined mineral oils

Flucrinated esters

Neopentylpolyol esters

Sebacate esters

Methyl aryl esiers

Aliphatic tertiary amides

700-800

600-700

500-600

of these liquids are non-flammable, however,
as can be seen from Table 2. The phosphate
esters, silanes, and aromatic ethers have high
fire points (around 600° F) but they are
flammable and it is not clear how high the
fire point must be for a fluid to be safe in a
high temperature system, especially in the
event of leakage into a furnace. The details
of specific heat transfer applications are
necessary to evaluate the suitability of PCB
replacement fluids.

Plasticizer and Mistellaneous Uses

A plasticizer is a material incorporated in
a plastic to increase its workability and flex-
ibility (45, 46). The addition of a plasticizer
may lower the melt viscosity and flow tem-
perature (increasing the ease with which the
plastic can be made to flow), or lower the
elastic modulus (making the plastic softer)
(46). Plasticizers are generally non-volatile

*Note that the term compatibility has here a
meaning very different from that used earlier. In the
carlier case, compatibility meant that two materials
could coexist without either being affected by the
other. The present meaning is quite the opposite.
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liquids or low-melting solids. A major re-
quirement of a plasticizer is that it have high
compatibility* (mixes well to form a ho-
mogenous composition with useful prop-
erties}) (42) with the material being
plasticized. Figures are given in Table 6 for
the compatibility of some common plastic-
izers with some common synthetic thermo-
setting or thermoplastic resins (45). Other
properties which are important when con-
sidering plasticizers are specific gravity,
refractive index, color, odor, moisture sensi-
tivity, vapor pressure (volatility), boiling
range, stability (to light and heat) toxicity
and cost (47). Of course the properties of
the final plasticized material are of prime
importance. Certain plasticizers provide
formulations with specific properties such
as:

a. phthalate esters - general purpose.

b. adipates and ozelates - iow temperature
flexibility.

c. highly acromatic esters - fast processing,
strain and extraction resistance.

d.epoxies - heat stabilization during
processing.

e. phosphate esters and PCB’s - fire re-
tardant materials.

Advantages and disadvantages of PCB’s as
plasticizers:

PCB’s are attractive as plasticizers because
of their high compatibility factor. They have
been made with a wide range of properties
as shown in Table 7 (48). The PCB’s are
permanently thermoplastic, chemically
stable, non-oxidizing, non-corrosive, have ex-
cellent solvating powers and are fire resistant
(48, 49). They are not normally attacked by
acids, alkalines or water. They are insoluble
in water, glycerol and glycols and soluble (at
the lower chlorine contents) in organic sol-
vents (48).

The main disadvantages of PCB’s are their
possible toxicity, and relatively high cost.

Adhesives

An adhesive is a substance capable of
holding materials together by surface attach-

Environmental Health Perspectives
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Table 7. General -Properties of Some Aroclors (PCB)

Distillation Flash Fire Pour Softening . s f
Specilic range,” point,?  point,© pngnt,d point. Vfcosuy, sec )
Malteria! Form and color gravity °C (curr) °c ° [} > n”g 37.8°C 98.9°C
Aroclor 1221 colorless, mobife oil 1.ig2-1.192 Z75-320 141-150 178 crystals at 1.6I7-1.618 3R-41 30-31
(25/15.5°C) 1°c

Aroclor 1232 almast colorless, 1.270—1.6‘280 200-325 152-154 238 -36.5 1.820-1.622 44-51 31-32
mobile vil (25/15.5 C)

Arocler 1242 almost colorless, 1.381-1.392  325-366 176-180 none -19 1.627-1.620 §2-92 34-35
mabile oil 125/15.5°C)

Aroclor 1248 yellow-green tinted, 1.405-1.415 340-375 193-196 none -7 1.630-1.631 185-240 36-37
mabile oil (65/16.5°C)

Aroelor 1254 light yellow, viscous 1.495-1.505 365-390 none none 10 1.639-1.641 1800-2500 14-48
ail (65/15.5°C)

Aroclor 1260 Hght yellow, soft, 1.355-1 566 385-420 none aane 31 1.647-1.649 72-78
sticky, resin (96/15.5°C)

Aroclor 1262 light yellow, sticky, 1.572-1.983 395-425 none none 35-38 1.6501-1.6517 £6-100
clear resin [20/15.5 )

Aroclor 1268 while Lo off-while 1.804-1.811 435-450 noue nane 160-170%
powder (25/25°C)

Aroclor 1270 white crystalline 1.944-°1.960 450-460 none none 249-300"
powder {25125 C)

Aroclor 4465 transparent, yellow, 1.670 230-320 none none 60-66 1.664-1.667 9071050
brittle resin (26/25°C) {4 mm Hy) 1130°C)

Aroclor 5442 yellow, Iransparent 1.470 215-300 247 >350 46 46-52 300-400
sticky resin {25/25°C) (4 mm Hyg)

Aroclor 5460 clear, yellow-lo-am- 1.620 280-335 none none 98-105.5 1.660-1.665
ber, brittle resin (25/25 C) (5 mm Hg)

Araclar 2565 black, apaque, 1.734 nane none 66-72
brittle resin (25/25°C)

ZASTM D-20 (modified). *Cleveland open cup, “Cleveland open cup; none indicates no fire poinl up to boiling temperature. 2ASTM D-97. ASTM E-28
fSaybolt Universal, ASTM D-88. “Last two digits indicate approximate chlorine content, ie, Aroclor 1221 contains about 21% chlorine. *Hold peint on solidification.

ment (50-52). The major types of plastic-
ized resin adhesives are emulsion, hot-melt,
delayed tack, solution, pressure-sensitive and
adhesive primers and coatings. Almost every
thermoplastic resin is used individually or in
resin blends as a hoft melt adhesive. This

necessitates a wide range of plasticizers: Of-

special value are the solid plasticizers. They
plasticize the resin while hot and while the
bond is being formed, but solidify at lower
temperatures to overcome the problem of
excessive softness (53). Among those solid
plasticizers used are: o,p-toluenesulfonamide,
N-cyclohexyl-p-toluenesulfonamide, triphenyl
phosphate, and diphenyl phthalates. The
more resinous chlorinated polyphenyls
would also be included in this category. Hot
melt adhesive compositions based on phe-
noli¢ resins are used in brake linings, clutch
faces and grinding wheels. Reactive plastic-
izers, such as the toluenesulfonamides, are
employed because they improve the. flow
properties by reducing the viscosity of the
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phenolic resins (64). They help the resin wet
the fillers and abrasives. Chlorinated poly-
phenyls and aryl phosphates (non-reactive
piasticizers) also improve flow properties of
phenolic resins prior to curing as well as
imparting some flame-proofing character-
istics to the compositions. PCB’s have also
been used in laminating adhesive formula-
tions inveolving polyurethanes and poly-
carbonates (55-57) to prepare safety and
acoustical glasses. The laminates have im-
proved strength and resistance to delamina-
tion over a broad temperature range, and
improved sound-absorption and energy dis-
sipation properties.

Polyarylene sulfides, treated with chlo-
rinated biphenyls, are employed to laminate
ceramics andmetals (58, 59). An ethylene-
propylene copolymer blended with PCB has
been used in- a2 hot melt adhesive having
improved toughness and resistance to oxida-
tive and thermal degradation. It has excel-
lent adhesion to polyethylene films (60).
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Similar adhesives, used to bond polyethylene
to itself or other plastics, were prepared
from styrene, a-methylstyrene or methyl-
methacrylate (61). Washable wall coverings
and upholstering materials, made from films
of polyviny! chloride, are claimed to be im-
proved by the addition of PCB to the ad-
hesive formulation (62). PCB’s can also be
applied in the preparation of polyvinyl alco-
hol adhesive compositions which are used to
manufacture envelopes (63), in self-adhering
films (64), and in preparation of coatings of
pressure-rupturable capsules for adhesive
tape (65).

Textile Coatings

A textile coating for ironing board covers
can be formed from a mixture of chlorin-
ated biphenyl, cellulose acetobutyrate and
aluminum metal particles (66). PCB’s also
can be used as a de-lustering agent for
rayons (67, 68). Poly-w-olefins, (i.e. poly-
propylene) films, when coated with a
mixture of PCB’s, UV light absorbers, and
antioxidants show increased stabilization to
oxidative degradation on exposure to sun-
light and weathering (69, 70). Polyamide
(nylon-type) varns were found to be flame
proofed when treated with PCB (71). Chlo-
rinated biphenyls can also be used as ingredi-
ents in some sealing formulations employed
to waterproof canvas (48).

Surface Coatings

In paints and varnishes, the hard resinous
PCB’s impart increased hardness to films,
and the softer resins give flexibility (48).
The role of these materials is similar to the
oil, except that they do not oxidize and lose
flexibility on aging. In nitrocellulose lac-
quers, PCB’s either alone or in combination
with other plasticizers and resins impart in-
creased weatherability, luster, adhesion, and
decreased burning rates (48, 72).

Some comparison studies have been made
recently on the effects of various plasticizers
upon the overall properties of paints and
varnishes made from acrylic latexes (73).
Films plasticized with tricresyl phosphate
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(TCP) had better stability, tensile strength
and adhesion than did film plasticized with
dibutyl phthalate or PCB (73). For varnishes
prepared from polyvinyl chloride formula-
tions, and plasticized with either di-butyl
phthalate or PCB, the films plasticized with
PCB had better overall properties with or
without pigments (Ti0,) {74).

PCB and other plasticizers can be used in
combination with poly (organosiloxanes) to
prepare film casting solutions. These poly-
meric films could be employed in electrical
coatings, insulating tapes and protective lac-
quers (75-78).

Plastic vessels, i.e. bottles, manufactured
from polyethylene, polyvinyl chloride, poly-
vinylidene chloride or similar resins coated
with an epoxy lacquer (which contains PCB)
make the vessels pliant, impervious, and re-
sistant to aromas, acids and alkalis (78).

Paints at atomic energy installations are
needed for {a) contaminated areas, (b) toler-
ance to high energy radiation, and (c¢) to
meet clean condition standards. Paints for
{a) should be glossy and smooth and should
not transmit contaminants. For this purpose,
the vinyl polymers are preferred over epoxy
lacquers. The best plasticizers for use in this
area are claimed to be the PCB’s (79). The
extent, if any, of their use in this applica-
tion is unknown.

The PCB’s are usually compatible with
epoxy resins, and they give good final hard-
ness and impact resistance equal to the un-
modified resin (80). They also aid in the
acceptance by the resin of larger amounts of
fillers. Epoxy resins in combination with
PCB can be used as protective coatings for
metals, i.e., encapsulating electrical capaci-
tors {81), for ferrite magnet cores (82) (used
in computers), for corrosion resistant re-

sistors (83), for pigmented metal coatings

(84, 85) for winter camouflage coatings
{86), and for pipes and blocks (87).

Sealants

Sealing and caulking compositions include
a wide range of compounds which can be
used to seal joints or voids against water and
water vapor, air and other gases, dust,

97



sound, vermin, heat and cold (88). Special-
ized applications require resistance to certain
chemicals or atmospheric environments.
PCB’s can be used as plasticizers in the
formulation of putties from copolymers of
ethylene-vinyl acetate or styrene (89). The
products are non-hardening, and resistant to
moisture and frost and show good weather-
ability. A non-sticky, non-hardening putty
was also prepared from polysulfide mixtures
which employs PCB as the plasticizer. This
putty gave good bonding to building
materials, had good extrudability and shape
retention (90}. Elastic pavement or concrete
sealing compositions, used for traffic mark-
ings, were prepared from cocal-tar-polysulfide
mixtures which are plasticized with PCB
(91). A sealant, effective for concrete and
asphalt applications, can be formulated froma
mixture of polysulfide, chlorinated rubber,
polyisocyanate, and plasticized with PCB
{92).

Printing

Chlorinated biphenyls have been em-
ployed as part of the formulations used to
prepare pressure-sensitive record (93, 94)
and colored copying papers (95, 96, 102,
103). They have been used to coat papers
used in thermographic duplicating processes
(97-101) as well as in zerographic transfer
processes (104-105). Solvent-free printing on
polyolefin plastics can be accomplished by
heating a mixture of low molecular weight
material, chlorinated biphenyl or terpene
resin, and suitable pigments and dyes. Dura-
ble prints can be made on the surface of the
polyolefin at the time of their thermoplastic
shaping (106). Printing plates, hard enough
for high quality letterpress printing, and suf-
ficiently flexible for wuse as flexographic
plates, can be prepared from compositions
containing a liquid resin such as epoxy,
polyester, urethan, acrylic or vinyl with an
excess of curing agent and PCB as the
plasticizer {107). The extent, if any, of cur-
rent uses of PCB’s in printing applications is
unknown.
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Fire Retardant and Flame-Proofing Com-
positions

When PCB’s are used as plasticizers, they
impart a certain degree of non-flammability
to the objects as described previously. How-
ever, for increased effectiveness in flame
retardant applications, the PCB’s can be ad-
mixed with various metal oxides. Some
flame retardant compositions based upon
these mixtures are: polyolefin yarns (108);
organopolysiloxane sealants (109); thermo-
plastic poly (hydroxylethers) (110); fire-
proof panels made from starch which can be
used for doors, floors, ceilings, and parti-
tions (111); polyamides (112); and in fire-
proof fiberboards (113). Rigid polyurethane
foams (114-116) and hardboard composi-
tions (117), when treated only with PCB’s
do not show any significant increase in
flame retardant activity.

Miscellancous Applications

The wide range of chemical and physical
properties exhibited by the PCB’s (see
Tables 6 and 7) make them desirable for an
assortment of miscellaneous uses. Some of
the more interesting and non-conventional
uses are given below,

1. Catalyst carrier for polymerization of
olefins (178).

2. Conversion of water-permeable soll to
a non-permeable state. Soil is made
non-permeable by applying to the soil
a composition consisting of an
ethoxylene-based resin, polyamide,
camphor and PCB as plasticizer,
The composition had a  density
greater than water and it hardened

under water. It could be applied
to river banks, where it flowed
down the bank, and after harden-

ing, prevented penetration of water
(soil erosion-retardant) (119).

3. Combined insecticide and bactericide
formulations. The composition con-
tains aldrin or dieldrin, naphthalene
hydrocarbons, malathion, methoxy-
chlor, lindane, chlordane, terpineol,
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and chlorinated bipheny! as active
agents (120).

4, Inhibitors of microbial growth in
enamel clay formulations (121 ).

5. Plastic sound insulating materials for
railway cars {122).

6. Plastic (PVC) decorative articles
which give the impression of internal
scintillation (123).

7. Increasing the density of
plates by
(124).

8. Graphite electrodes with low thermal
expansion coefficients and high bend-
ing strengths (125).

9. Increasing the coke yield from coal
pitch. The coke is very hard, dark,
and brilliant (126).

10. As a metal quencher or tempering
agent for steel, alloys and glass {127,
128).

11. As an aid to fusion cutting of stacked
metallic plates without adherence.
The cutting is done with an electric
arc or oxy-gas torch {129).

carbon
impregnation with PCB

Possible replacement of PCB’s in plastic-
izer and miscellaneous applications:

We find no evidence that PCB’s are indis-
pensable to a particular plasticizer or
miscellaneous application. In most of the
formulations and compositions cited, there
were usually alternative plasticizers included
in the citation (see Table 6) which did not
appear to be detrimental to the application.

Summary

The major value of the PCB liquids is that
those with four or more substituted chlo-
rines per molecule are non-flammable as are
their decomposition products. Thus they can
be used as fluids at temperatures up to
700°F without the danger of explosions and
fire. The major disadvantage of the PCB’s is
their possible toxicity danger. The other
comparable class of non-flaimmable fluids are
the fluorocarbons which typically have a
lower vapor pressure and lower boiling point
than the chlorinated compounds.
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PCBs are used in fluids (known as
askarels) for electrically insulating and cool-
ing transformers when the transformers are
used in or near buildings. Mineral oils are
the preferred fluids when fire does not cre-
ate a hazard. Dry transformers can alsoc be
used but are larger and more expensive.
Fluorocarbon liquids require a special trans-
former design. Fluorescent light ballast
capacitors and phase correction capacitors
utilize the high dielectric constant of the
PCB’s to effect significant reduction in
capacitor size and cost. Few suitable fluids
have a comparably high dielectric constant.
Flammable fluids are not allowed by insur-
ance companies and building codes in capaci-
tors used in buildings. Replacement of PCB’s
in capacitors and transformers would require
considerable time and money for reengineer-
ing, manufacture and application of substi-
tute equipment.

PCB’s are useful in hydraulic systems
where leakage onto hot metal surfaces could
cause a dangerous fire. Hydraulic fluids can
also be made with phosphate esters which
are toxic and which will burn at high tem-
peratures. Replacement of PCB’s in some
hydraulic systems could increase loss of life
due to fire. Gas turbines require lubrication
at high temperatures. PCB’s can be used but
tend to be corrosive. Phosphate ester lubri-
cants seem better in this respect. Chemical
stability is more important for high tempera-
ture lubricants than is non-flammability.
PCB fluids are useful in diffusion booster
pumps to produce moderately high vacuums
with relatively poor fore vacuums. Non-
flammability is not especially important for
diffusion pump liquids, and with a few
possible exceptions alternative liquids are
available.

Flammable heat transfer fluids present a
fire hazard if they leak into a furnance or
onto hot surfaces. The use of PCB’s can
prevent this danger. In some cases water is a
suitable substitute at moderately high tem-
peratures. Other heat transfer fluids are com-
merically available and in use. Replacement
of PCB’s is satisfactory in some, but may be
dangerous in other heat transfer uses.
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The PCB’s are good plasticizers for use
with adhesives, textiles, surface coatings,
sealants and copy paper. In some cases the
PCB’s act as fire retardants. There are no
particularly unique properties of PCB’s for
plasticizer uses, and equally effective alter-
natives are generally available (e.g. phosphate
esters are often used as fire retardants). The

extent of current use,
applications has

10,

11.

12.

13.

14.

15.

100
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if any, in such
not been determined.
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