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THE EVER-INCREASING speed of jet aircraft,
coupled with the possible use of nuclear-powered vehicles,
has prompted the development of lubricants capable of
withstanding high temperatures in an oxidizing atmosphere
and in the presence of large amounts of radiation. Such
lubricants must possess good oxidation, radiation, and
thermal stability and at the same time be capable of lubri-
cating high-speed bearings and moderately-loaded gear
trains. Furthermore, physical properties must permit oper-
ation over a wide temperature range.

Preliminary experiments established that the antioxidant
activity of conventional inhibited lubricants is very sensi-
tive to radiation damage. For example, lubricants con-
taining as much as 5 weight % of inhibitor lost all
antioxidant activity after irradiation with gamma rays
(cobalt-60 in a nitrogen atmosphere’ to 10" ergs per gram.
At the same radiation level, physical property changes were
small. The combined effect of radiation and high-tempera-
ture oxidation destroyed antioxidant activity before 5 x 10"
ergs per gram was absorbed. In the absence of oxygen, the
antioxidant apparently functions as a scavenger for the
alkyl radicals and is selectively deactivated. In the presence
of oxygen, however, the reaction rate between the radicals
and oxygen (to form peroxy radicals! is so fast that the
inhibitors cannot successfully compete with oxygen for the
radicals. Hence, radiation accelerates the oxidation rate by
initiating alkyl radicals that subsequently form peroxy
radicals so extensively that moderate concentrations of
inhibitors are of little value. It was soon obvious that a
highly oxidation-stable radiation-resistant lubricant would
have to be developed from synthetic chemicals rather than
from existing base stocks and additives.

Because aromatic compounds are much more resistant
to radiation than aliphatic compounds (2, 4, 5), it was
logical to attempt to design aromatic molecules with
optimum physical properties and lubrication characteristics;
the polyphenyl ethers offered the greatest potentialities.
Consequently, many of their properties such as viscosity-
temperature coefficients and oxidation, thermal, and radi-
ation stabilities, as well as lubrication characteristics, were
investigated in detail.

PHYSICAL PROPERTIES

Melting Point. The desired maximum liquid operating
temperature range is of course provided by low melting
point and high boiling point. Whereas the boiling point of
the polyphenyl ethers is highly dependent upon their
molecular weight, the melting point is predominantly a
function of molecular symmetry. Thus, para- and ortho-
linked unsubstituted polyphenyl ethers have a much higher
melting point than do the corresponding meta-linked
ethers (10} (Table I.
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Mixtures of isomeric polyphenyl ethers also possess lower
melting points than do the paraisomers. For example,
1-(p-a-cumylphenoxy)-4-phenoxybenzene has a melting
point of 131° to 135° F. whereas the isomeric mixture,
designated in Table [ as 1-(p-a-cumylphenoxy)-mixed 2-, 3-,
and 4-phenoxybenzene, is a liquid with a pour point of 30°
F. Similarly, attachment of alkyl substituents to the poly-
phenyl ether nucleus in an asymmetrical pattern lowers the
melting point much more than does a symmetrical arrange-
ment. Thus, the melting point of bis[p-(p-tert-butyl-
phenoxyiphenyl] ether is 175-8° F. while the isomeric
tert-butylated bis(p-phenoxyphenyl) ether is a viscous
liquid having a pour point of 85° F.

Viscosity-Temperature Coefficient. In contrast to most aro-
matic compounds, the viscosity-temperature characteristics
of polyphenyl ethers are very good. Chain flexibility
imparted by the ether linkages is undoubtedly responsible
because the corresponding polyphenyls have poor viscosity-
temperature properties—i.e., high ASTM slopes; compare
bis(o-phenoxyphenyl! ether and o,0‘quaterphenyl (Table
II. Some differences in viscosity and viscosity-temperature
coefficients can be noted for isomeric unsubstituted poly-
phenyl ethers (Figure 1. The para-linked isomers have the
highest viscosities and the lowest viscosity-temperature
slopes. Meta-linked isomers have lower slopes than do the
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Figure 2. Viscosities of alkyl-substituted polyphenyl ethers
ortho-linked ethers but still higher than those of para-
linked ethers. Compounds containing both para- and meta-
links are intermediate in slope between the all-meta and
all-para isomers. Incorporation of alkyl groups on the
terminal benzene rings increases the viscosity (Figure 2!
but has little effect on the ASTM slope (Table IT:.

Effect of Radiation on Viscosity. Polyphenyl ethers are less
sensitive to radiation-induced viscosity changes than are
aliphatic hydrocarbons or esters. For example, 1-ip-a-
cumylphenoxy:-4-phenoxybenzene showed only a moderate
increase in viscosity at radiation levels of nearly 10" ergs per
gram. After absorption of 5 x 10 ergs per gram, the
viscosity was high but gelation had not occured. In contrast,
a methyl phenyl silicone became very viscous above 5 x 10"
ergs per gram and gelled at 10" ergs per gram. Di-2-ethyl-
hexyl sebacate was very viscous at 10" ergs per gram and
had gelled at 2.5 x 10" ergs per gram. An aliphatic hydro-
carbon was slightly more resistant to radiation but still a
gelled at 2.5 x 10" ergs per gram (Figure 3:. Other alkyl
substituted polyphenyl ethers were affected similarly while
the imanhatitnted ethers were somewhat more resistant to
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radiation, approaching the stability of polyphenyls, aryl
silanes, and condensed aromatic hydrocarbons such as
phenanthrene (Table IT11.

Volatility and Flash Points. Volatility, like viscosity, is
dictated primarily by molecular weight but is also influ-
enced to some extent by molecular configuration. As shown
in Table III, the ortho-linked unsubstituted polyphenyl
ethers are appreciably more volatile than the meta com-
pounds which are in turn more volatile than the para-linked
isomers. Mixed para-meta ethers have volatilities inter-
mediate between the corresponding all-meta and all-para
ethers.

The flash points of the ethers vary inverselv with their
volatilities. Consequently, the influence of molecular
configuration on flash point is in proportion to its influence
on volatility Table IV,

OXIDATION STABILITY

Because radiation is known to accelerate oxidation, it is
essential for some applications that the potential lubricant
be superior in oxidation stability (7} both in the presence
and absence of radiation. As illustrated in Figure 4, unsub-
stituted polyphenyl ethers, as exemplified by bisip-
phenoxyphenyl: ether, exhibit excellent oxidation stability.
Incorporation of alky groups to lower melting point has a
deleterious effect, the magnitude of which is a function of
the structure of the alkyl group (Figure 4:. In general, the
most stable substituents are free of benzyl, methylene, and
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Table 1.

Physical Properties of Polypheny| Ethers

Molecu- Boiling  Melting Pour Viscosity, Cs.. © F
lar Point,  Point, Point,’ scoaty, 8, -
Ether Structure Weight °F./Mm. °F. °F. 100 210 400 600 700
Unsubstituted Ethers
Bis(m-phenoxy phenyl) ether OO-O-Q-O—O-O 354 518-23/1.0 106 5 60.9 598 134 062 047
Bis(p-phenoxyphenyl) ether (o0 -0 354 473/2 230 v . 2.83° 151 071 0.53
Bis(o-phenoxyphenyl) ether 050 ob 354 365-419/0.4 249 2.84° 1.39 0.60 0.44
m-Phenoxyphenyl p-phenoxy-
phenyl ether Cro OO 354 118 100 718 656 143 066  0.49
m-Bis(m-phenoxyphenoxy)- o o o 0
benzene O 0 O -O- O 447 500-10/0.3 40 332 12.7 2.04 0.86 0.63
mix-Bis(mix-phenoxy- o o o °
phenoxy)benzene* O -O- O— {} O 447 500-535/0.5 40 349 13.0 2.08 0.86
p-Bis(m-phenoxyphenoxy)- OO'O'O'O'O'O'OO
benzene 447 554-585/1 171-4 40° 439 14.0 2.24 0.92 0.69
[e52e32e':
Bis[p-phe[noxyphenoxy‘/- 2
phenyl| ether
. OO0 539 342-5 ... ... .. 420 155
m-Bis(m-(p-phenoxy- Cs
phenoxy)-
phenoxy Jbenzene 9 631 705/0.4 189-91 85° 21,200 524 438 1.54 1.10
OO ’ S
Substituted Ethers
1-(p-tert-Butylphenoxy)-4- e
phenoxybenzene ’*’C'E}pe OO 318 360-369/0.2 127-31 ... ... 51 125 059
1-(p-a-Cumylphenoxy)-4 9“’0 O
-(p-a-Cumylphenoxy)-4- ¢ o 0-CHs
methoxybenzene Oé}h 318 372-405/0.15 e 10 95.9 6.61 1.33 0.59
1-(p-a-Cumylphenoxy)-4- OE%OO‘O
phenoxybenzene (IU'E: O 381 464-491/2.5 131-5 35° e 11.33 1.95 0.82 0.60
1-(p-a-Cumylphenoxy)- CHy
mixed 2-,3- and 4- !
) c
phenoxybenzene O—é}?—o-O-o-O 381 505-9/2 30 284 109 172 076 057
Table Il.  ASTM Slopes of Polyphenyl Ethers methenyl hydrogens. Thus, of the substituents compared

Slope Over Indicated Temperature

Range, ° F.

Ether 100-210 210-400 400-600 600-700
Bis(p-phenoxyphenyl) ether o 0.79 0.83 0.98
Bis(m-phenoxyphenyl) ether 0.84 0.83 0.87 1.03
Bis(o-phenoxyphenyl) ether e 0.95 0.98 1.22

m-Phenoxyphenyl
p-phenoxyphenyl ether 0.86 0.81 0.86 1.06
Bis|[p-(p-tert-amylphenoxy)

phenyl] ether 0.94 0.75 0.79
Bis[p-(p-tert-butylphenoxy)-
phenyl] ether e 0.76 0.78 0.91

Bis[p-(m-methylphenoxy)-
phenyl[ ether
0,0:Quaterphenyl

0.93 0.79 0.85
Di-2-ethylhexyl sebacate 070 079

113 1.28
0.83 decomposes
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in Figure 4, the tert-butyl and «-cumyl groups are the most
stable, tert-amyl next in order, while methyl and longer
alkyl groups are the least stable. The relative stabilities of
various ethers at 500° F. are indicated in Table IV.

The effect of temperature on the oxidation stability of
polyphenyl ethers is illustrated in Figure 5. Whereas
unsubstituted bis(p-phenoxyphenyl) ether is considerably
more resistant to oxidation over a wide temperature range
than either bis{p-(p-tert-butylphenoxy)phenyl] ether or 1-
(p-a-cumylphenoxy)-4-phenoxybenzene, the latter two
ethers are manyfold more stable than conventional anti-
oxidant-containing lubricants. The difference in tempera-
ture sensitivity between the unsubstituted and alkyl-
substituted ethers can be expressed in terms of their
apparent activation energies. For example, the activation
energy for the copper-catalyzed reaction of bis(p-phenoxy-
phenyl) ether is 16.5 kcal. over the temperature interval,
550° to 600° F., while it is in the order of 31 kcal. for
bis|p-(p-tert-butylphenoxy)-phenyl] ether from 525° to 550°
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Table I.  Continued
Molecu- Boiling  Melting Pour . o
lar Point, Point, Point,” Viscosity, Cs.. ° F.
Ether Structure Weight °F./Mm. °F, °F. 100 210 400 600 700
Bis|p-(m-methylphenoxy -
phenyl] ether QO 2 382 482/1 131-6 S 138 8.58 1.69 0.75
CHa
Bis|p-(m-methoxyphenoxy)- 0 0
phenyl] ether ! 441  420-510/0.3 30 236 14.0 2.07
/
CHg 2
?Ha
Bis|p-(p-tert-butylphenoxy)- C-C-< >_o I
pheny!] ether o [, . 467 509/0.1 175-128 75° ... 314 317 119 084
C CHs C
}Ih/c% }% /ﬂ3
tert-Butylated Che—C C\
bis(p-phenoxy- \€> d
phenyl) ether oL 0 CHo 460  545-55/0.6 85 427 333 118 0.83
?I‘b
Bis|p-(p-tert-amylphenoxy)- CHa-C -c-< >.0 0
phenyl] ether fo-Che é}h 2 496 545-63/0.3 70 6270 41.1 3.72 1.32
Cle
Bis(p-(p-a-cumylphenoxy - c 0 0
phenyl] ether Oé}h-o 2 501 680/.001 ... 9 ... 116 640 1.99
Reference Materials
MIL-L-7808 lubricant
(diester base) -75 14.1 3.57
Methyl pheny! silicone
(DC 710) ves 437 46.9
0,0*Quaterphenyl OO‘QO 306 245 463" 1.64 0.60 0.46
m-Terpheny OO 230 690/760 187 ... ... 38 091 043 034

“Small-scale test that can be compared directly with results of large-scale test.

fAt 300° F. instead of 210° F.
dPour point of super-cooled liquid.

A mixture of isomeric ethers. The term mix and the lines inside the benzene rings denote a mixture of ortho-, meta- and para-ether

linkages but they are predominately (about 85%) meta linkages.

phenyl] ether from 525° to 550° F.; the value for mineral
oilis 26 kcal. from 482° to 500° F. and would undoubtedly
be higher at higher temperatures (6).

As a convenient approximation, the simple Arrhenius
equation can be applied—i.e., log t is taken as linear in
1/ T—over small temperature intervals. Activation energies
calculated in this way are by no means constant over the
whole temperature range. It is fortuitous that the deviation
from linearity of log tin 1/ T is such that log t appears to be
linear in T.

Effect of Additives on Oxidation Stability. Although alkyl
groups can effect considerably lowering of the melting
point of para-linked polyphenyl ethers, they concomitantly
decrease the oxidation stability. Some consideration was
therefore given to the possibility or restoring at least a
portion of this stability through the use of oxidation
inhibitors. With bis|p-(p-tert-butylphenoxy)phenyl] ether
as the base stock, it was found that none of the conventional
oxidation inhibitors such as phenyl-a-naphthylamine,
phenothiazine, morpholine tetrasulfide, or morpholine

VOL. 5, No. 2, APRIL 1960

diselenide increased stability by a factor of more than 1.25
at 500° F. for either copper-catalyzed or uncatalyzed
oxidation. Such marginal improvement does not, of course,
begin to compensate for the large difference in stability
between the unsubstituted ether and the tert-butyl deriva-
tive, the former being about 25 times as stable as the
latter under these conditions. From these exploratory
results, it appears that any substantial upgrading of oxida-
tion stability of the alky-substituted ethers cannot be
expected through use of known types of inhibitors.

Effect of Radiation on Oxidation-Stability. The oxidation
resistance of polyphenyl ethers is affected more by radiation
than are physical properties such as viscosity. For example,
unirradiated bis(p-phenoxyphenyl) ether absorbed 0.5 moles
of oxygen per 500 grams [500° F., copper catalyst, Dornte
(7) apparatus] in 470 hours. After irradiation to 2.5 x 10"
ergs per gram the same amount of oxygen was absorbed in
325 hours; 5 x 10" ergs per gram, 170 hours; 1 x 10" ergs per
gram, 65 hours; 2.5 x 10" ergs per gram, 18 hours; 5 x 10"
ergs per gram, 4.4 hours (Figure 6). The tert-butyl and
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Table IV. Performance Properties of Polyphenyl Ethers

Evaporation 0.5 Mole
Ii)o a Panel Initial Dornte (7)
Flash Fire W 83, Coke,’  Thermal Oxidation Time *
Ether Point,* Point,* t. % Mg. at  Decompn. at 500° F.,
, °F. °F.  400°F. 500°F.  800°F. Temp.,°F. Hr.
Unsubstituted Ethers
Bis(m-phenoxyphenyl) ether 465 555 2.9 33.3 0.5 835 280
Bis(p-phenoxyphenyl) ether 500 560 2.2 21.7 2.3 835 400+
Bis(o-phenoxyphenyl) ether 445 505 N 55.1 e 825 -
m-Phenoxypheny! p-phenoxyphenyl ether 465 530 1.8 27.9 1.6 805 265
m-Bis(m-phenoxyphenoxy)benzene 540 610 e 3.6 0.2 870 330
mix-Bis(mix-phenoxyphenoxy)benzene 540 604 e 5.1 - 860 400
p-Bis(m-phenoxyphenoxy)benzene 545 645 . 3.4 0.2 875 400+
Bis|p-(p-phenoxyphenoxy)phenyl ] ether 635 710 . 0.1 - -
m-Bis|p-phenoxyphenoxy )phenoxy Jbenzene 660 775 . 0.1 0.2 860
Substituted Ethers
1-(p-tert-Butylphenoxy)-4-phenoxybenzene 435 489 10.9 98 6.5 cee 21
1-(p-a-Cumylphenoxy)-4-methoxybenzene 430 500 7.4 61 29.3 .. 11
1-(p-a-Cumylphenoxy)-4-phenoxybenzene 509 567 el 12.6 1.1 ca 700 37
1-(p-a-Cumylphenoxy)-mixed
2-,3- and 4-phenoxybenzene 490 565 o 19.6 0.2 .. 40
Bis|p-(m-methylphenoxy)phenyl] ether 538 599 . 14.6 6.4 720 6 (at 400° F.)
Bis[p-(m-methoxyphenozy)phenyl] ether 530 625 Ve 10.6 - 670 20 (at 450° F.)
Bis[p-(p-tert-butylphenoxy)phenyl | ether 572 657 0.3 2.9 1.2 770 17
tert-Butylated bis(p-phenoxyphenyl) ether 525 640 A 3.8 1.9 .. 20
Bis| p-tert-amylphenoxy )phenyl| ether 586 667 e 2.7 s 625 60 (at 400° F.)
Bis|p-{ p-a-cumylphenoxy )phenyl] ether 668 e 0.4 1.2 e e 175 (at 400° F.)
Reference Materials
MIL-L-7808 Lubricant (diester base) 460 S 9 90 37 575 0.3°
Methyl phenyl silicone (DC 710) e s . e 2.2 590 400+
0,0*Quaterphenyl e .. . . ce. . .
m-Terphenyl 400+
? Small-scale tests directly comparable to results of large-scale tests ().
Small-scale test. Coke level is approximately 1/50 of that found in the full-scale Model C coker.
° Time in hours to absorb 0.5 mole of oxygen for each 500 g. of ether using copper catalyst and circulating oxygen.
Extrapolated value.
Table V. Effect of Radiation” on Oxidation Stability
Unirrad-
Radiation dose, ergs/G. iated 1 x 10" 2.5 x 10" 5 x 10" 1 x 10" 2.5 x 10" 5 x 10"
% of % of % of % of % of % of
Time required for absorption of Unirrad- Unirrad- Unirrad- Unirrad- Unirrad- Unirrad-
0.5 moles of oxygen per 500 g. Time, Time, iated Time, iated Time, iated Time, iated Time, iated Time, iated
of compound®. hr. hr. time hr. time hr. time  hr. time hr. time hr. time
Compound
Bis(p-phenoxyphenyl) ether 470" ce - 325° 69 170 36 65 14 18 4 44 0.9
Bis{p-(p-tert-butylphenoxy)-
phenyl] ether 19 6.4 34 57 30 28 15 26 14
1-(p-a-Cumylphenoxy)-4-
phenoxybenzene 35 18 51 9 26 45 13 2.5 7 e e
m-Terphenyl 800° 350° 44 340° 42 230° 29 63 8 22 3 3.1 04
Phenanthrene 210° ... 80 38 ce. ... 86 31
Methyl phenyl silicone (DC 7100  600° . ... . . 30 5 3.0° 0.5
MIL-L-7808C lubricant 0.3°

¢ Samples irradiated with electrons from 3 m.e.v. Van de Graaff generator. All irradiations
were under nitrogen at 320°-375° C. for times from 1/2 to 2 hours.
. Dornte oxidation test, 5-g. sample, copper wire catalyst surface 1 sq. cm./g. of compound,
Extrapolated value. circulated oxygen, 500° F.
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Table VI.

Ether

Bis(p-phenoxyphenyl) Bis[p-(p-tert-butyl-

Effect of Radiation During Oxidation® of Polyphenyl Ethers

Methy! Phenyl

phenoxyiphenyl] Ether m-Terphenyl Silicone (DC-710)

Ether
Test temperature, ° F. 475
Test duration, hr. 51
Total radiation’ absorbed, ergs/g. None 1x 10°
Temp., ° F.
100
210 e c
300 2.83 2.83
400 1.51 1.51
100
210 v C.
300 2.88 2.96
400 1.60 1.55
100
210 L ce
300 2 4
400 6 3
Acid neut. no., mg. KOH/g. 0 0.94
Metal weight loss, mg./cm?,
Cu. +0.06 0
Mg. +0.05 +0.09
Fe. 0 0.06
Ag. +0.09 +0.08
Al 0 0.08
Ti. 0 0.17
Deposits None None

475 450 450
51 48 48

None 1 x 10° None 1 x 10° None 1 x 10°

Viscosities before Oxidation Test, Cs.

234 234
31.3 31.3 3.85 3.85 31.8 31.8
1.63 1.63
3.04 3.04

Viscosities after Oxidation Test, Cs.”

317 358
48.2 48.1 4.08 3.98 38.2 41.1
1.64
3.85 3.73

Viscosity Increase, %

Ce. s .. . 36 54
22 37 5 3 20 29
27 23 . - . ..

1.1 3.6 0.6 0 0.4 0.98
0.85 1.79 0.02 -0.31 +0.06 +0.38
0.06 0.14 +0.20 + 0.05 +0.02 0.06
0.06 0.05 +0.28 + 0.20 +0.15 +0.15
0.11 0.02 +0.42 0.72 +0.20 0.08
0 0.08 0.06 0 0.12 0
0 0.15 0.14 0.03 0.09 0.09
None None None None None None

“Small-scale oxidation-corrosion test using a 5-g. sample of ether, 200 ml. air/hr. and in presence of the indicated 6 metals.

Gamma radiation from 4000 curie cobalt-60 source.

a-cumyl derivatives show a greater decrease in oxidation
stability after absorbing a comparable amount of radiation.
Polyphenyls—e.g., m-terphenyl, have approximately the
same sensitivity to radiation as does bis(p-phenoxyphenyl)
ether while phenanthrene is somewhat more resistant.
Methyl phenyl silicone (DC 710) is considerably more
susceptible, losing essentially all its oxidation stability after
the absorption of 5 x 10" ergs per gram (Table V). Although
loss in oxidation stability due to radiation is great, even
the most highly irradiated samples of polyphenyl ethers
are still more resistant to oxidation than are typical unirra-

SAMPLES OF BIS(p-PHENOXYPHENYL) ETHER IRRADIATED
WITH ELECTRONS FROM 3 MEV VAN DE GRAAFF GENER-

TOR TO THE INDICATED DOSE, ERGS/g. AND THEN
OXIDIZED IN THE 500°F, DORNTE TEST (COPPER
CATALYST, CIRCULATED OXYGEN)

25019

MOLES OF OXYGEN ABSURBED/500 g.OF ETHER

TIME, HOURS

Effect of radiation on the oxidation stability of
bis(p-phenoxyphenyl) ether

Figure 6.
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diated inhibitor-containing diester lubricants—i.e., MIL-L-
7808C oils.

Several of the polyphenyl ethers, when subjected to
simultaneous irradiation (total accumulated dosage about
10° ergs per gram) and oxidation showed only slightly
greater deterioration than that due to oxidation alone
(Table VI). Of these, the unsubstituted ones—e.g., bis(p-
phenoxy-phenyl) ether—were more stable than the alkyl-
substituted ethers—e.g., bis|p- (p-tert-butylphenoxy phenyl]
ether. In no case was the degradation severe enough to
seriously affect viscosity, acid number, or the corresion of
metals. Similarly, m-terphenyl and a silicone (DC 710)
showed only slight deterioration at this level of radiation.
In contrast, a di-2-ethylhexy! sebacate base oil, inhibited
with 1% phenothiazine, was oxidized to a solid at 450° F.
even in the absence of radiation. Although the oxidation
stability of polyphenyl ethers still needs to be examined in
the presence of high dosages of radiation before an upper
limit of stability can be established, the data show clearly
that the ethers are far more resistant to oxidation in the
presence of moderately high levels of gamma radiation than
are conventional lubricants in absence of radiation.

THERMAL STABILITY

Thermal stability was assessed by measuring vapor pres-
sure at various temperatures (with an isoteniscope) and
plotting as an inverse function of temperature. The point
at which volatile fragments are formed is indicated by a
change in slope of the line and is defined as the initial
decomposition temperature (Figure 7). Data on several
polypheny! ethers are compared with other classes of
synthetic lubricants in Table IV. As in the case of oxidation
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Table VII. Coking Tendencies of Polyphenyl Ethers
Coke® Formed at Indicated
Ether Panel Temp., Mg.
700°F. 800°F. 900°F.
Unsubstituted Ethers
Bis(p-phenoxyphenyl) ether 0.2 0.2 2.0
Bis(m-phenoxyphenyl) ether 0.4 0.5 0.9
m-Phenoxyphenyl
p-phenoxyphenyl ether e 1.6 ce
m-Bis(m-phenoxyphenoxy)benzene ... 0.2 0.6
p-Bis(m-phenoxyphenoxy)benzene ... 0.2
m-Bis| m-(p-phenoxyphenoxy)-
phenoxy Jbenzene . 0.2 0.7
Alkyl-substituted Ethers
Bis[p-(p-tert-butylphenoxy)-
phenyl] ether 0.6 1.2 9.0
tert-Butylated
bis(p-phenoxyphenyl) ether - 1.9
1-(p-a-Cumylphenoxy)-4-
phenoxybenzene 0.6 1.1 6.2
1-(p-a-Cumylphenoxy)-mixed 2-,
3-, and 4-phenoxybenzene e 0.2
Mixed methyl-substituted
p-diphenoxybenzene 14.4 36.7 23.0
Reference Fluids
MIL-L-7808 Lubricant
(diester base) 35 37 17
Chlorophenyl silicone (GE 81406) 14 373 267
Methyl phenyl silicone (DC 710) 0 2.2 159

 Determined in small-scale test using 5 g. of oil, air rate through
vapor space, 2 ./hr., test duration 1 hr. Sump temperature, 300° F.
lower than indicated panel temperature—e.g., 700° F. panel or 400°
F. sump. Coke level in this test is approximately 1/50 of that found
in the full-scale test using the Model C coker.

stability, the unsubstituted polyphenyl ethers display better
thermal stability than do the alkyl-substituted ethers; both
are far superior to currently used base stocks. Hence, the
unsubstituted polyphenyl ethers offer a potential operating
temperature advantage of about 200° F. over present-day
mineral oil and ester-base lubricants. This criterion alone
is inadequate for evaluating thermal stability under service
conditions but is probably a safe screening index, because
gross fragmentation of the molecules may not occur in
practice until much higher temperatures are encountered.

COKING TENDENCIES

The tendency of polyphenyl ethers to form coke deposits
in an oxidizing atmosphere at high temperatures was

1000

500

DI-2-ETHYLHEXYL
~ SEBACATE

m-BIS(m- PHENOXY -
PHENOXY)BENZENE
100

BIS[p-{tert-BUTYL-
PHENOXY)-PHENYL]
ETHER

VAPOR PRESSURE, mm.{Hg)

T T TTT]

10 " L L L ; ! L
1000 300 800 700 500 500
TEMPERATURE, *F,

Figure 7. Initial thermal decomposition temperatures of

polyphenyl ethers
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assessed by using a modified panel coke apparatus. The
results, summarized in Table VII, show that bis(p-phenoxy-
phenyl) ether gives essentially no coke deposits at 800° F.
and only a small amount of coke at 900° F. The a-cumyl
and tert-butyl derivatives give low coke levels at 700° and
800° F. The methyl-substituted ethers, like the di-2-
ethylhexyl sebacate base lubricants, give heavy deposits at
600° F., whereas a methyl phenyl silicone does not show
heavy deposits until 900° F. Thus, the unsubstituted
polyphenyl ethers and many of the alkyl-substituted ethers
display better stability under these conditions than any of
the present-day lubricants examined.

The deposit-forming tendencies of polyphenyl ethers are
not greatly affected by irradiation. As shown in Table
VIII, the coke values for either bis(p-phenoxyphenyl) ether
or bis[p-(p-tert-butylphenoxy)phenyl]| ether at 800° F. are
increased by a factor of two or three after irradiation to
10" ergs per gram. The coke level of the irradiated samples
is still far below that of present-day lubricants that have
not been irradiated (Table VII).

Samples were irradiated with electrons from a 3 m.e.v.
Van de Graaff generator. Equivalent damage occured when
the same amount of gamma radiation was substituted for
electrons.

LUBRICATION CHARACTERISTICS

In addition to their excellent oxidation, thermal, and
radiation stability, the polyphenyl ethers also display good
lubrication characteristics. For example, the wear properties
of the unsubstituted polyphenyl ethers, as measured in the
four-ball test (8), are comparable to di-2-ethylhexyl seba-
cate and far superior to those of silicones or unsubstituted
aromatic hydrocarbons such as m-terphenyl or o,otquater-
phenyl (Figure 8). The alkyl-substituted ethers show even
lower wear than do the unsubstituted ethers. Thus, the
polyphenyl ethers are not only superior to their polyphenyl
analogues in physical properties but are also much better
lubricants.

Frictional characteristics of the polyphenyl ethers,
measured under the same conditions in the four-ball
machine, also resemble those of di-2-ethylhexyl sebacate
and again are far better than polyphenyls or silicones
(Figure 9). The frictional characteristics of alkyl-substituted
ethers are also somewhat better than those of the unsubsti-
tuted aryl ethers.

The polyphenyl ethers display satisfactory lubrication
qualities in high-speed bearings; a 25-mm. bearing (9)

Table Vii. Effect of Radiation on Coking Tendencies of
Polyphenyl Ethers
Coke
Radiation Formed®

Level, at800°F.,
Ether Ergs/G. Mg.
Bis(p-phenoxyphenyl) ether None 0.2
2.5 x 10° 2.0
5 x 10° 3.2
1 x 10" 3.5
Bis|p-(tert-butylphenoxyphenyl] ether None 1.2
2.5 x 10° 1.5
5 x 10" 3.2
1 x 10t 4.4

Reference Compound

MIL-L-7808 diester lubricant None 0.3°
1 x 10" 41.4°

¢ Samples irradiated with electrons from 3 m.e.v. Van de Graaff
generator. All irradiations were under nitrogen at 300 to 370° F.
for 0.5 to 2 hr.
See footnotes of Table VII for description of test conditions.
600° F. test temperature instead of 800° F.
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0,0-QUATERPHENYL
METHYL PHENYL [}

SILICONE {DC-710)

m-TERPHENYL

DI-2-ETHYLHEXYL
SEBACATE
S

WEAR SCAR DIAMETER, mm.

RI1S{p- PHENOXYPHENYL)

BIS[ p-{p-tert-BUTYL-
PHENOXY)PHENYL

FOUR-BALL TESTS AT 400°F.
PETROLEUM 600 REM. 1 HOUR, 52-100 STEEL BALLS
WHITE OIL

S BRSO | I | i

Figure 8. Four-ball wear test results with polyphenyl ethers
operated satisfactorily at 40,000 r.p.m., 200 pounds axial
load and temperatures as high as 700° F. with either bis(p-
phenoxyphenyl) ether or tert-butylated bis(p-phenoxy-
phenyl) ether. Under the same conditions a silicone fluid
would not permit operation above 350° F. because of high
friction.

Limited spur-gear performance data on the polyphenyl
ethers are also promising. With 17- and 19-tooth gears of
6 diametral pitch (3), 20° pressure angle, and 0.25-inch
face, operating at 3200 r.p.m. and a bulk oil temperature
of 320° F., the two alkyl-substituted polyphenyl ethers
exhibited better load-carrying capacities than would be pre-
dicted from their absolute viscosities alone. As illustrated
in Figure 10, 1-(p-a-cumylphenoxy)-4-phenoxybenzene and
tert-butylated bis(p-phenoxyphenyl) ether both display
better load-carrying capacity than mineral oils or silicones
of the same absolute viscosity. Although examined at only
one temperature (320° F.), these ethers also carried some-
what higher loads than di-2-ethylthexyl sebacate was capable
of supporting at lower temperatures where the absolute
viscosities of the ethers and the ester are the same. Thus,
the limiting score load of tert-butylated bis(p-phenoxy-

0.4

COEFFICIENT OF FRICTION

0.10
0.08
0.06 —
L
0.04
A. DC-710 SILICONE
B B. m-TERPHENYL
C. BIS[p-PHENOXYPHENYL] ETHER
D. DI-2-ETHYLHEXYL SEBACATE
0.0z E. BIS[p-(p-tert-BUTYLPHENOXY)PHENYL] ETHER
: F. PETROLEUM WHITE OIL
FOUR-BALL TESTS AT 400°E,
600 REM. 1 HOUR, 52-100 STEEL BALLS
0,01 | | | | L |
1 2 5 10 20 50
LOAD, kg.

Figure 9. Coefficient of friction of some polyphenyl ethers
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TEST CONDITIONS
3,200 RRM., 0.25 INCH FACE
SPUR GEARS,

tert-BUTYLATED BIS(p- PHENOXY - SAE 3312 STEEL

PHENYL) ETHER

1-{p-a-CUMYLPHENOXY)-4-
PHENOXYBENZENE

DI-2-ETHYLHEXYL SEBACATE

SAE 30 MINERAL OIL

SCALE LOAD, POUNDS, AT ONSET OF SCORING

O s0°-120°F. ‘
W 180°-190°F.
H 1010 JET ENGINE OIL Qazs0°F.
Q s20°F.
DOW CORNING 200 FLUID
DIMETHYL SILICONE
0 ) —1 1 |- | | | | !
i B 3 6 & 10 20 0 40 60 80
VISCOSITY, cs.
Figure 10. Performance of alkyl-substituted polyphenyl

ethers in solw-speed gear tests

phenyl) ether at 320° F. is slightly higher than that of
di-2-ethylhexyl sebacate at 130° F. where the viscosity of
each fluid is 7 centipoises. Similarly, the score load of
1-(p-a-cumylphenoxy)-4-phenoxybenzene at 320° F. is
higher than that of di-2-ethylhexyl sebacate at 195° F.
where the viscosity of each is 3 centipoises.

Further investigation of lubrication characteristics of the
polyphenyl ethers is underway.

REMARKS

Although the polphenyl ethers were developed for the
general requirements of future turbo-jet engines, their
properties indicate that they may also find application in
other fields where extreme conditions are encountered—e.g.,
high-temperature hydraulic fluids, base stocks for high-
temperature and/or radiation resistant greases, heat-
transfer media, reactor coolants and moderator fluids.
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