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FOREWORD

This report was prepared by the Petroleum Refining
Laboratory of the College of Chemistry and Physics at the Pennsylvania
State University under Air Force Contract No, AF33(616)~2851. This
Contract was initiated under Project No. 7331, "Hydraulic Fluids",
Task No, 73313, "Hydraulic Fluids", and Project No. 3044, "Aviation
Lubricants", Task No. 7331k, "lubricants". This work was administered
under the direction of the Materials Laboratory, Directorate of
Research, Wright Air Development Center, with Mr. Harold Adams as
project engineer,

This report covers work conducted from January through
December 1956.
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ABSTRACT

This report describes work carried ocut on a continuing project
direpted toward the development of improved hydraulic fluids and jet
engine lubricants for use in the high temperature range of 4L00° to TOQ°F.
With| few exceptions these studies are equally applicable to hydraulic
fluids and jet engine lubricants.

Efforts have been concentrated on the study of mineral oils,
hydrgcarbons, and improved stability esters for application to high tem-
perapure systems, OSuper-refining of mineral oils and hydrocarbons by
hydrogenation, acid extraction, and silica gel percolation has been shown
to improve materially the overall quality of these materials as hydraulic
flui¢s and lubricants. Selection of the molecular configuration of esters
has peen shown to affect their thermal stability and hence their overall
utility as high temperature fluids,

A number of new and improved test techniques have been developed
or applied to the high temperature evaluation of hydraulic fluids and jet
engipe lubricants. These tests include: (1) high temperature density
measyrement, (2) the controlled atmosphere panel coker test, (3) a
modified thermal stability test including catalyst metals, (4) a high
tempg¢rature PRL thin film oxidation test, and (5) a single pass high
temperature lube rig,

A number of large scale blends designed for use in bench, mock-
up, and actual service equipment (jet engines and high temperature
hydraulic systems) have been formulated for evaluation by WADC and industry.
Used | samples of fluids from actual tests in jet engines and high tempera-
ture |hydraulic systems have been evaluated. HResults of these evaluations
offer some insight into the actual behavicr of fluids in service and the
degrge of realism in various labcratery tests in policing fluid quality
necegsary for adequate service behavior,

Some additional miscellaneous duties have been performed at the
request of the Wright Air Development Center. These duties include:

(1) qgistribution of Laboratory reports, (2) fluid formulation, (3) distri-
butign of standard fluid samples, (4) preparation of WADC Technical
Reports and papers on specific topics of interest, and (5) svaluation of
specific fluid properties.

PUBLICATION REVIEW

This|report has been reviewed and is approved.

FOR THE COMMANDER: &[‘—r" Seli=s

R. T. SCHWARTZ

Chief,Orgaric Materials Branch
Materials laboratory
Directorate of Resesrch
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SUMMARY

RIGH TEMPERATURE HYDRAULIC FLUID AND JET ENGINE LUBRICANT
STUDIES. Studies for this pericd have been concentrated on the formula-
tion of high temperature hydraulic fluids and jet engine lubricants for
use at temperatures as high as 400° to 700°F. The same materials have
been considered for both hydraulic fluid ang Jjet engine lubricant appli-
cations. Hydraulic fluids are used in closed systems where air or oxygen
is eliminated or severely limited. High temperature tests involving
severe oxidation do not apply to the study of hydraulic fluids. The
lubricity demands of the turbo-prop engine are more severe than those of
the hydraulic system and the turbo Jjet engine., With these exceptions,
the studies are equaliy applicable to both hydraulic systems and jet
engines,

Paraffinic, naphthenic, and aromatic mineral 0ils, and paraffinic
and aromatic hydrocarbons are discussed as base stocks for high tempera-
ture hydraulic fluids and lubricants. The beneficial effects of super-
refining the mineral oils by hydrogenation, acid extraction, and silica
gel percolation are demonstrated, Hydrogenation has alsc been applied to
pelyolefin and aromatic hydrocarbons. Improvements from super-refining
by hydrogenation are brought about by saturation of unsaturated moclecules
and the removal of non-hydrocarbon impurities from the mineral oils and
hydrocartons. Hydrogenated condensed ring aromatic hydrocarbons {cycle
stock extract) offer the optimum in thermal stability with good oxidation
benavior for hydraulic fluid application. Hydrogenated paraffinic mineral
oil and polyolefin hydrocarbon show excellent overall stability for use
as high temperature jet engine oils.

A number of esters including: bis tridecyl sebacate, isosebacic
acld esters, Hercules Synthetics J-20 (necpentyl glycol type ester), and
bis (l-methyl cyclohexyl methyl) sebacate are discussed as base stock
materials., Tridecyl sebacate and the isosebacic acid esters exhibit
overall stability properties in the same class as di-2-ethylhexyl sehacate.
The latter two neopentyl type esters show improved thermal and oxicdative
stability properties similar to those of Hercoflex 600,

Two chlorine-containing aryl phosphate esters have been evaluated.
Esters of this type appear to ke susceptible to catalytic deterioration
in the presence of metals under high temperature oxidative and thermal
conditions,

Two heavy mineral oil fracticns (Kendall resins) have been
evaluated in thermal and oxidative tests at high temperatures.,

Oxidation and corrosion characteristies at 347°F. are compared
for various classes of conventionally refined and super-refined mineral
oils.and hydrocarbons. Partial inhibitor response for the conventionally
refined paraffinic and naphthenic mineral oils is compared with the
improved inhibitor susceptibility of the super-refined mineral oils and
hydrocarbons. The complete lack of inhibitor effectiveness in the

WADC TR 55-30 Pt V - xviii -



polyolefin is shown. The polyolefins demonstrate excellent oxygen tolerance,

The effect of air rate as a variable in the 347°F, oxidation test
has been evaluated. Increased oxidative deterioration with increased air
rate is demonstrated for 347°F. evaluations in which the stable 1ife is
exceeded.

A number of oxidation inhibitors have been evaluated in conven-—
tionally refined and hydrogenated mineral oils. By the proper cheilce of
additives (phenyl-alpha-naphthylamine and dithiocarbamate) in a hydro-
genated stock, oxidative vehavior at 347°F. superior to that of good
quality Spec. MIL-L-78C8 synthetic engine oil has been demonsirated. A
mmber of additional experimental compounds have been studied as oxidation
inpibitors and a number of specially treated cils have been evaluated for
oxidation stability. :

Oxidation and corrosicn studies of mineral oils and hydrocarbons
at 500° and 600°F. are discussed. The excellent high temperature behavior
of mineral oils and hydrocarbens both before and after super-refining
techniques is shown. The contribution of effective low temperature oxida-
tion inhibitors to increased high temperature dirtiness is discussed.

The superiority of polyolefins over hydrogenated polyolefins and mineral
oils in high temperature oxygen tolerance is shown. The effectiveness of
using polyolefin-mineral blends for increagsed oxygen tclerance is also
illustrated.

The use of Acryloid dispersant additives to reduce dirt and
sludge formation in esters and mineral oils is demonstrated. These dis-
persant additives are effective in all cases evaluated at 347° and 500°F,
The Acryloid dispersants are shown.to be ineffective in altering the panel
coking tendencies of the base fluid., The effectiveness of the Acryloid
dispersants after subjection to panel coker tests is demonstrated by 347°F.
oxidation tests. The effect of thermal instability of the dispersants at
700°F. is illustrated.

The effect of tricresyl pnosphate and diiscpropyl acid phosphite
as lubricity additives on the oxidation stability of a naphthenic mineral
0il is discussed. These lubricity additives are shown to have much less
effect on the oxidation stability of mineral 0ils than on esters under
similar conditions.

Oxidation tests at 500°F. and thermal tests at 6C0°F. with esters
are used to demonstrate the differences in steel corrosion as a function
of alloy type. SAE 1010 and 52-10C bearing steels are readily corroded
while stainless and M-10 tool steels resist corrosion by the esters under
these test conditions.

The dirtiness behavior of some fluids and lubricants has been
evaluated in a thin film oxidation procedure. The effect of such variables
as gas rate, fluid circulation rate, test temperature, and type of metal
surface on the dirtiness characteristics of scme fluids and lubricants is
discussed. The air rate studies and the tests conducted with nitrogen
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instead of air point out the advantage to be gained by eliminating or
restricting the amount of air in contact with fluids and lubricants at
these operating temperatures.

The development and use of a controlled atmosphere panel coker
is described. Esters with and without additives and mineral oils are com—
pared in this unit under essentially thermal as well as oxidative test
conditions. In general, the esters show much less advantage over mineral
01l compositions in this unit than in the Model C panel coker,

Panel coker studies indicate that phosphoric or phosphorous acid,
in trace quantities, can materially affect the coxing tendencies of Spec.
MIL~1-7808 type compositions. It is also pointed out that oxidation
inhibitor type can alter markedly the coking tendencies of esters con-
taining acidic phosphorus additives. A comparison of Conradson carbon
residues and panel coker values for varicus mineral oils is presented.

Increased coking values have been demonstrated for blends of
bulk constituents in the panel coker. Additives, in addition to those of
the phosphorus class, have also been shown to be effective in raising the
panel coking value.

The effects of mineral oil volatility and panel temperature on
coking values are also demonstrated. A sharp rise in coking values for
Spec. MIL-1-7808 type fluids due to a change in panel temperature from
600° to TOO°F. is compared with little or no change in coking values for
several mineral oils under similar conditions.

Panel coker values at 600°F. panel temperature have been deter-
mined in both the Model C and controlled atmosphere cokers for 12 one-
hundred gallon mineral oil and hydrocarton blends.

The modification of the PRL fuel dirtiness rig to a single pass
high temperature lube rig is described., The test fluid in this rig is
heated to 700°F. on a metal surface in the presence of air, Mineral oils,
hydrocarbons, dibasic acid esters, pentaerythritol esters, silicate esters,
and silicones have been studisd. Mineral cils, hydrocarbons, and pentaery-
thritol esters give substantially lower deposit and sludge values than the
other three classes, The effect of mineral 0il volatility on deposit
formation is demonstrated in this unit. The effect of air rate on deposit
has been demonstrated., Increased air rate has been shown to expand the
differences in deposit formation noted at lower air rates.

A stainless steel pressure cylinder ocperated at 700°F. for six
hours in the presence of a one-half inch diameter ball bearing each of
52-100 steel, M-10 tool steel, and Naval bronze has been chosen as a single
test to evaluate the thermal stability and corrcsion behavior of scme
mineral oil fractions. The effect of additional refining (hydrogenation)
on the thermal stability of various mineral oil types has been determined.
Hydrogenated mineral oils have been shown to have the best overall corrosion
behavior in the 700°F. thermal test of any class of fluids evaluated.
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The thermal stability of several batches of pclyolefins before
and after hydrogenation are reported.

A satisfactory procedure for the determination of ligquid censity
over a temperature range of 100° to 500°F. has been demonstrated for a
variety of fluid types. Measured densities at 500°F. are in good agree-
ment with density values cobtained from exirapolated values using low
temperature density values.

Vapor pressure measurements cn five silane samples are repcrted.
These materials appear to be thermally unstable at £50° to 750°F.

A discussion of procedures for the ewvaluaticn of foaming is
presented. A series of tests in accordance with one of these procedures
points out the effectiveness of a high molecular weight methyl silicone as
an anti-foam agent in several classes on mineral oils and synthetic
hydrocarbons.,

Good lubricity characteristics of mineral oils and the continued
effectiveness of diisopropyl acid phosphite in mineral oils is demeonstrated
in Shell four-ball wear tests at 700°F. using M-1C balls. A technique
for the addition of test fluid during the 70C°F. four-ball tests has heen
developed.

Oronite High Temperature Hydraulic Fluid 8515 has been evaluated
in the PRL high temperature pump test unit at 400° and 500°F, Test
results indicate the same behavior for 8515 as for silicate fluids MLO
8200 and 0.8. 45,

The procedure used by this Laboratory for the preparation of
diisopropyl acid phosphite is outlined. Thisg material is used in the
preparation of MLO 7010 and GTO 120 lubricants of the high gear loading
type. The composition and preperties of 12 one~hundred gallon blends of
mineral oils and hydrocarbons are given, These blends have been prepared
for mock-up and engine testing by the Power Plant Laboratory of WADC.

The properties of several used samples of Grade 1065 and ester-
base jet engine oil from J-57 engine tests are discussed. Deterioraticn
in the engine is shown to be more severe than that predicted by Spec.
MIL-1-78C8 bulk oil oxidation tests., A progran designed to correlate
deterioration in the engine with bench type oxidation and thermal stability
tests is discussed. Thermal stability and panel coker tests are shown to
have little effect on subsequent oxidation stability. High temperature
(400° to 500°F.) bulk oil, thin film, and successive cxidation tests
appear to be more closecly related to the type of oxidative deterioration
noted in the engine,

The properties of several used samples of Spec, MIL-L-6387
ester-base high temperature hydraulic fluid are presented. The fluid has
been tested in a high temperature aircraft type hydraulic system. The
similarity of used fluid property changes to changes noted in themmal
stability tests is demonstrated., Thermal stability properties of Spec.
MIL-1-6387 and Spec. MIL-1~-7808 type fluids are compared.
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MISCELLANEQUS. Five papers have been prepared for presentation
before technical meetings. Two of these papers have been issued as WADC
Technical Reports. The other three have been published in the proceedings
or minutes of the technical meeting.

The preparation of a number of experimental blends designed for
hydraulic fluids, Jjet engine lubricants, and turbo-prop lubricants are
discussed,

Results of cooperative wear tests in the Shell four-ball wear
tester are shown.

The measurement of the effect of shearing stress on the non-
Newtonian properties of four silicone fluids is described.

A sample of Acryloid HFS~5 proposed for use in the preparation
of Spec. MIL-F-5602 shear stability reference fluid has been evaluated.
It is recommended that Acryloid HF-5 be qualified for use in the prepara-
tion of this fluid,.

Distribution of low temperature viscesity standards and wear
tester standards is listed, '
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I. HIGH TEMPERATURE HYDRAULIC FLUID AND
JET ENGINE LUBRICANT STUDIES

A. GENERAL. High temperature studies for this period have been
centered about fluid formulations for two types of hydraulic fluid and two
classes of jet engine lubricant. The severity of operating conditions for
these fluids has been tentatively defined by the Wright Air Development
Center. Briefly, the two types of hydraulic fluid comprise a fluid suit-
able for extended use in hydraulic systems at 500° to 550°F. and a fluid
suitable for use at TOO°F. for relatively short periods. The two types of
Jjet engine oil comprise an oll for use at 350°F. bulk oil temperature with
improved lubricity over Spec. MIL-L-7808 fluid and an oil suitable for use
at bulk oil temperatures of 500° and 600°F.

High temperature studies of fluids and lubricants have been con~
ducted by this Laboratory for several years under Air Force Contracts
AF33(038)18193 and AF33(616)2851. Several of the previous annual reports
including WADC TR 55-30 parts 1, 2, 3, and 4 have dealt with the develop-
ment of preliminary high temperature test proceduresg and techniques as
well as a preliminary survey of high temperature behavior of a large num-
ber of chemical classes of fluids.

The properties studied at elevated temperatures in these reports
include:
Viscosity
Volatility
Thermal stability
Lubricity
Corrosiveness to metal
Oxidation stability
Oxidation rate
Oxygen tolerance
Depcsit formation

O 03 ~3 O B\ pY

The chemical classes of flulds surveyed in these reports include:

Mineral oils

Hydrocarbons

Dibagic acid esters

Neopentyl type esters
Complex- and poly-esters
Chlorinated aromatic hydrocarbons
Halocarbons

Polyglycol ethers

Silicate esters

10. Phosphate esters

11. Silicones

12, Chlorine-containing silicones

Manuscript released by authors 1 February 1957 for publication as a WADC
Technical Keport.
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The preliminary evaluations indicated several promising fluid

classes based on an overall high temperature evaluation. The more prom-—

ising fluid types on this basis are mineral oils, synthetic hydrocarbons,
esters of improved thermal stability (neopentyl type), improved lubricity
silicones, chlorinated aromatic hydrocarbons, and silicates.

Emphasis during the period covered by this report has been
placed on the more detailed evaluation of mineral oils, hydrocarbons, and
esters of improved thermal stability. The improvement and simplification
of preliminary high temperature test techniques as well as the development
of new test techniques for the measurement of high temperature fiuid
stability have also been studied in some detail.

The same base stocks have been considered for both hydraulic
fluid and jet engine lubricant applications. The hydraulic fluids are
used in closed systems where air or cxygen is essentially eliminated or
severely limited. High temperature tests involving severe oxidative con-
ditions do not, therefore, apply to the study of hydraulic cils. The
lubricity demands of the turbo-prop lubricant are more severe than the
needs of the hydraulic fluid or jet engine cil. With these eXceptions
the studies reported are equally applicable to both hydraulic fluids and
jet engine lubricants. Property evaluation is discussed in this report
without particular reference to either program.

B. BASE STOCK EVATUATION. A number of base-stocks have been
evaluated for high temperature application. These studies have been
designed primarily to evaluate the high temperature stability properties.
Exhaustive study of low temperature properties was not inciuded in these
preliminary evaluations. In several cases, specific base stocks were
studied under conditions requested by the Materials Laboratory, WCRTRI,
of the Wright Air Development Center.

1. Mineral Oils and Hydrocarbeng. Mineral oils and hydrocar-
bons have shown very good overall high temperature stability in the pre-
liminary evaluations. For a given mineral oil type, a wide range of
viscosity, volatility, and molecular weight grades can be obtained. A
typical series of paraffinic mineral cils, arranged in increasing vis-
cosity grades are shown on Table 1,

The mineral oil fractions with viscosity properties approaching
Spec. MIL-L-7808 and M1L-1~-6387 requirements at low temperatures exhibit
initial atmospheric boiling points below 7C0°F. The materials with satis-
factory veclatility characteristics at 700°F, exhibit 13,000 centistokes
viscosity at temperatures of 27° to 105°F. These low volatility, high
viscosity mineral oils also show advantages over low viscosity, high
volatility oils in nigh temperature coking or deposit tests and high tem-
perature oxidation characteristics, These data indicate the need for
design changes in hydraulic and lubricant systems for use over the -65°
to 700°F. temperature range.

The data suggest the use of a two oil system in which a light
0il would be used for start up and a viscous, non-volatile oil used for
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the high temperature portion of the flight. On the basis of the mineral

cil properties studied, a bulk oil temperature of 100° to 200°F. would be

the point at which the high temperature oil would begin to function as a
lubricant.

a. sSuper-Refined Mineral 0ils and Hydrocarbons. A number of
well refined mineral oils and hydrocarbons have been subjected to further
refining by silica gel adsorption or hydrogenation over a nickel catalyst.
The properties of various mineral oils and hydrocarbons before and after
this additional treatment are shown on Table 2,

The silica gel treatment comprises percolation of approximately
one gallon of each fluid through a column containing 28-200 mesh silica
gel. The column is 84 inches high, 1.6 inches in diameter and holds 2000
grams of silica gel. The tower was maintained at a temperature of 150°F.
by circulating not water through a jacket surrounding the tower, The
heating reduces the viscosity of the oils and consequently increases the
rate of percolation through the silica gel.  The heating method to reduce
viscosity is preferred to dilution of the oils with a non-viscous solvent,
The use of a solvent requires a prolenged stripping operation to recover
the oil from the sclvent. During the stripping operation the oil is sus-
ceptible to oxidation and contamination.

Approximately 70 per cent of the one gallon charge is recovered
as product from the column. The remaining 30 per cemt of the charge
remains in the column as adsorbed material (aromatic and polar groups)
and normal holdup. The fraction passing through the column has been
evaluated as the silica gel treated fluid.

The mineral oils and hydrocarbons have been hydrogenated using
10 to 20 weight per cent U.0.P. nickel catalyst. The temperatures used
range from 450° to 600°F, and the pressures from 600 to 1800 p.s.i. Hydro-
genation time varies from 4 to 14 hours. Following the hydrogenation,
the gaseous preoducts from the hydrogenation of polar impurities as well as
the excess hydrogen are vented from the system. The liguid product is
removed from the catalyst by filtration.

Hydrogenation under these conditions tends to saturate olefinic
and aromatic linkages and removes sulfur, oxygen, and nitrogen-containing
impurities from the oil. The relative degree of severity of hydrogenation
is indicated by the amount of hydrogen absorbed. This value is expressed
in Table 2 as moles of hydrogen absorbed per 500 grams of oil. It can be
seen that the amount of hydrogen absorbed by conventionally refined
mineral oils of the naphthenic and paraffinic types is of the order of
one to two moles of hydrogen per 500 grams of oil.

The catalytic cycle stock extract was hydrogenmated to two
degrees of saturation. In one case, a partial hydrogenation was carried
to 2.5 meles of hydrogen per 500 grams of fluid. Catalyst poisoning
stopped the hydrogenation at this point. The product from one of the
partial hydrogenations was subjected to further hydrogenation over a new
batch of U.0.P. nickel catalyst. The total hydrogen absorbed in the two
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step hydrogenation was 10.5 moles per 500 grams of oil,

The hydrogenation of the polyolefin hydrocarbong of the Indopol
type proceeded smoothly under these conditions., In addition to the hydro-
genated polyolefin prepared by this Labcratory, samples of the saturated
Indopol have been obtained from the Standard 0il Company c¢f Indiana.

Property evaluation after the super-refining treatments
includes the measurement of viscosities, viscosity-temperature character-
isties, pour polnts, thermal stability, oxygen tolerance and oxidation
rate at 500° to 700°F., susceptibility to oxidation inhibitors at 347°F.,
corrosion characteristics at high temperatures, and deposit forming tend-
encies, For the conventionally refined naphthenic and paraffinic mineral
oils, the data show little or no significant change in viscosity level or
viscosity-temperature characteristics due to hydrogenation or silica gel
percolation. The naphthernic mineral oil shows essentially no change in
pour point due to these additicnal refining techniques. In general, the
paraffinic mineral cils show a significant increase in pour point with
hydrogenation. Hydrogenation of the polyolefin shows the same trends in
viscosity level and viscosity-temperature characteristics as the conven-
tionally refined mineral oil.

The hydrogenated cycle stock and lube oil extracts show a sub-
stantial lcowering of viscosity level and pour point with hydrogenation.
These changes are also accompanied by a substantial improvement in
viscosity-temperature characteristics.

The changes in Inhibitor susceptibility and high temperature
behavior will bé discussed in detail in subsequent sections. A brief
sumary of the effect of hydrogenation and silica gel adsorption on these
properties is given here. Hydrogenaticn has shown little effect on the
thermai stability, oxygen tolerance, and oxidation rate at or above 500°F,
Preliminary results indicate that hydrogenation of mineral oils may reduce
coking or deposit formation, This may be due primarily to the removal of
polar impurities from the mineral oil.

Metal corrosion in high temperature thermsi and oxidative tests
is relatively very good for mineral oils compared with the other classes
of fluids evaluated in this range. Hydrogenation tends to improve still
further the corrcosion characteristics cf mineral c¢ils at high temperatures.
Hydrogenation and silica gel percolation improve substantially the sus-
ceptibility of mineral oils and hydrocarbons to oxidation and corrosion
inhibitors at 347°F. or in the intermediate temperature range. It is in
this range that Spec. MIL-L-7808 fluids currently enjoy the biggest quality
margin over minersgl oils. Hydrogenaticn is more effective than silica gel
adsorption In improving both oxidation and corrosion characteristics in
this intermediate temperature range.

A number cf new conventicnally refined, and several super
refined, mineral olls have been obtained from commercial sources for inclu-
sicn in the high temperature program. These materials will be discussed
in detail in the sections on inhibitor susceptibility and high temperature
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stability properties. These properties are of primary interest for the
evaluation of new high temperature lubricants and hydraulic flulds.

2. Hercules Synthetics J-20. A fluid (MLO 7047) designated
as Synthetics J-20 has been received from the Hercules Powder Company.
This material is believed to bz a neopentyl glycol type ester. This fluid,
MLO 7047, has been evaluated for thermal stability at 600° and 700°F., and
for oxidation and corrosion stability at 500°F,.

Thermal stability tests have been conducted at 600°and TOO°F.
in the glass thermal stability apparatus. These data are shown on Table 3.
Similar data for Hercoflex 600, a pentaerythritol ester, are also included
for purposes of comparison.

The results of these tests indicate that MLO 7047 has good
thermal stability at both 600° and 7C0°F. Steel corrosion is obtained in
the thermal stability tests at 600°F. with the metal catalysts, but no
appreciable changes in viscosity or neutralization number are ncted, and
no volatility loss is incurred.

In the 700°F. thermal stability test, MLO 7047 shows some
decrease in viscosity and an increase in neutralization number, but the
loss due to volatility is substantially less than that incurred by Herco-
flex 600 under comparable conditions.

MLO 7047 has also been evaluated for oxidation and corrosion
stability at 50C°F. An oxidation test has been conducted for a LO-hour
test period with an air rate of five liters per hour using the conventional
copper, steel, and aluminum metal catalysts. The results of this test are
shown on Table 4. Comparable data for Hercoflex 600 have again been
included for purposes of compariscn.

The results of this oxidation test indicate that MLO 7047 has
good oxidation and corrosion stability at 50CC°F. The rate of oxidation,
that is, the amount of oxXygen absorbed per unit time, for MLO 7047 appears
to be comparable to that of dibasic acid esters and pentaerythritol esters
evaluated previously. Evaluation of the fluid properties after completion
of the test also indicates an oxygen tolerance of the same order of magni-
tude as that for a dibasic acid ester and a pentaerythritol ester. That
is, the neutralization number increase, the formation of insolubles, and
the volatility loss are about the same for the Synthetics J-20 and for
Hercoflex 600. However, the viscosity increase for the Synthetics J-20
is somewhat less than for Hercoflex 600. A significant tendency to corrode
steel is observed for both fluids. This steel corrosion in oxidation
tests at 500°F. has been noted previously with dibasic acid esters and
pentaerythritol esters.

3. Bis (I-Methyl Cyclohexyl Methyl) Sebacate. This ester
(MLO 7106} has a neopentyl type configuration in the alcohol portion of
the molecule. Previous studies have shown that esters containing this
neopentyl configuration in the alcohol cor polyhydroxy portion of the mole-
cule exhibit imprecved thermal stability characteristics over simple dibasic
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acid esters of the type used to prepare Spec, MIL-1-7808 jet engine oil.
This sample of bis {(l-methyl cyclohexyl methyl) sebacate has been supplied
by the Materials Laboratory of the Wright Air Development Center under

the sample designation of MLO 55-7%6, batch No, 2, Metal corrosion and
thermal and oxidative stability of this ester have been measured and com-
pared with a typlcal dibasic acid ester of the Spec. MIL~L-7808 type and
severa]l esters prepared from di- or tetrahydroxy alcohols and monobasic
acids. These latter esters contain the neopentyl or substituted neopentyl
configuration in the alcohol portion in the same fashion as the bis (1-
methyl cyclohexyl methyl) sebacate.

Thermal stability data for these esters in the presence of
metals are shown on Table 5 at 600°F. in the pressure cylinder and Table 6
at 600° to 700°F. in the glass apparatus. Data at 60C°F. in the pressure
cylinder in the presence of metals (bronze, 52-10C steel, and M-10 tool
steel), indicate that the ester MLO 55-796 shows good thermal stability
and metal corrosion characteristics. Data at 700°F. show the bis (l-methyl
cyclohexyl methyl) sebacate ester to be about comparabie in metal corro-
siveness with the other improved stability esters. The mechanism of ther-
mal deterioration differs for the two classes of improved stability esters
evaluated. However, both the bis (l-methyl cyclohexyl methyl) sebacate
and the other neopentyl type esters show thermal instability at 700°F. in
the presence of metals., In all cases, stability at 700°F. is improved in
the absence of metals,

It should be noted that the bis (l-methyl cyclohexyl methyl)
sebacate, upon thermal decomposition at 700°F., produces a solid rubbery
product with little volatility loss. Some of the other neopentyl type
esters decompose thermally at 700°F, to form some volatile product with a
substantial quantity of liquid products remaining, These residual liquid
products show only moderate changes in physical properties. Synthetics
J~20 is an example of the neopentyl diol and monobasic acid type ester
which shows comparable or better thermal stability and cerrosion charac-
teristics than bis (l-methyl cyclohexyl methyl) sebacate in the 600° to
70C°F, temperature range.

Oxidation and corrosion characteristics of the various esters
are compared at 347°, 500°, and 600°F, on Tables 7, 8, and G, respectively.,
A plot of the stable life at 347°F. is shown on Figure 1.

Oxidation stability of bis (l-methyl cyclohexyl methyl)
sebacate and di-Z-ethylhexyl sebacate are compared on Figure 1 and Table 7.
These data Indicate a good response to phenothiazine for the bis (l-methyl
cyclohexyl methyl) sebacate at 347°F. The resultant stable life of 150
hours is typical of a high quality Spec. MIL-L-7808 ester of about two
years ago. The di-2-ethylhexyl sebacate shown on Figure 1 is typical of
the improved quality ester available currently.

Oxidation and corrosion characteristics at 500°F. for 20 hours
are compared for three ester types on Table 8, Under these conditions,
all of the esters have about the same rate of oxidation and oxygen toler-
ance. At 6C0°F, in the presence of metals, only necpentyl itype esters
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have been compared in a 20-hour oxidation and corrosion test. Under these

conditions, as shown on Table 9, all of the esters show reduced oxygen

tolerance, a high oxidation rate, and severe corrosive attack on steel.
Again, as in the case of thermal stability, other neopentyl type esters
show oxidation rates, oxygen tolerance, and metal corrosion properties

which are at least as good as those of bis (1-methyl cyclohexyl methyl)
sebacate.

4o Bis Tridetyl Sebacate. This ester (PRL 3600) is a typical
dibasic acid ester of the type used in the preparation of Spec. MIL-L-7808
but has a somewhat higher molecular weight and viscosity level than gi-2-
ethylhexyl sebacate., The oxidation, corrosion, and thermal behavior of
bis tridecyl sebacate have been determined and compared with that shown by
di-2-ethylhexyl sebacate and pentaerythritol type esters. Thermal stability
has been measured at 600° and -650°F. in the glass apparatus both with and
without metals. Oxidation and corrosion characteristies have been deter—
mined at 347°, 500°, and 600°F. in a Spec. MIL-L-7808 type test. Thermal
stability data are shown on Table 10. Oxidation and corrosion data are
shown on Tables 11, 12, and 13.

In general, the bis tridecyl sebacate sample shows essentially
the same themmal and oxidation characteristics as those shown by di-2-
ethylhexyl sebacate under comparable test conditions. The higher vis-
cosity level of the bis tridecyl sebacate does not measurably affect the
basic stability pattern of the sebacate esters.

Some comparable data for pentaerythritol type esters are shown
on Tables 10, 11, and 13. Hercoflex 600 and Synthetics J-7 have been used
in this comparison. The pentaerythritol esters appear to be superior to
the bis tridecyl sebacate in thermal stability and 600°F. oxidation studies.

5. BEvaluation of Isosebacic Acid Esters. The Materials
Laboratory, WCRTR1l, of the Wright Air Development Center has requested
that this Laboratory evaluate the thermal and oxidative stability of two
isosebacie acid esters. The two esters are designated as MLO 7080 (di-
2-ethylhexyl isosebacate) and MLO 7081 (diisooctyl isosebacate).

Thermal stability tests at 600°F. on these esters are shown on
Table 14. Comparable data for di-2-~ethylhexyl sebacate are also presented
as a basis of comparison. These tests were conducted in the PRL glass
thermal stability apparatus for a six-hour test period. Tests were con-
ducted with and without metal catalysts for each of the fluids evaluated.
Thermal stability of the isosebacate esters is in all cases essentially
the same as for the esters of sebacic, azelsit, and adipic acids. That
is, the chain branching in the dibasic acid does not, in this case, affect
materially the thermal stability. The isosebacates, like the other
diesters evaluated, do cause severe steel corrosion in the 6C0°F. thermal
stability test. The phenomenon of high temperature steel corrosion by
dibasic acid esters and pentaerythritol esters in themmal and oxdidative
tests is discussed in Annual Report WADC TR 55-30 Pt 4.
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Oxidation and corrosion tests with the isosebacates are shown
on Tables 15, 16, and 17, and Figure 2. Conventional Spec. MIL-i-~78C8
oxidation and corrosion tests for di-2-ethylhexyl sebacate and the two
isosebacate esters are shown on Table 15. 411 of the esters contain 0.5
weight per cent phenothiazine as the oxidation inhibitor. These data
indicate that the two isosebacate esters fail the specification test in
neutralization number increase. The neutralization number increase of
the isosebacate is about itwice that of the di-z-ethylhexyl sebacate. ALl
other property changes are within the specification limits.

Stable life test data at 347°F. for these esters are shown on
Table 16 and Figure 2. In the case of the isosebacate esters, no sharp
break in the curve of neutralization number increase with time was noted,
The tests were terminated after 210 hours. At this point the neutraliza-
tion numbers of the two iscsebacates were 6.5 and 7.2. Values of this
order of magnitude are obtained after the induction period for the con-
ventional dibasic acid esters studied. Di-2-ethylhexyl sebacate is typi-
cal of this behavior, The data indicate that there ig a sharp rise in
neutralization number and other property changes following the induction
period. This period of rapid property change for di-2-ethylhexyl seba-—
cate, as shown on Figure 2, is between 200 to 214 hours. At the end of
~10 hours the isosebacate esters do not show evidence of exceeding the
stable 1ife in the changes in physical properties noted. The high
neutralization number noted does not result in metal corrosion in this
test. It appears that neutralization number increase is a severe limita-
tion in the use of phenothiazine-inhibited igosebacic acld esters as
pase materials for the preparation of Spec. MII~L-7808 lubricants.

Oxidation and corrosion data for the iscsebacic acid esters
at 500°F, are shown on Table 17. There are no 500°F, oxidation and cor-
rosion requirements in Spec, MII-1~7808. Since oil film temperatures of
this order of magnitude in the presence of air are probably encountered
in the use of this lubricant, comparative oxidation and corrosion data
at 500°F. are considered pertinent.

The 500°F, oxidation and corrosion tests were conducted for a
period of 20 hours using the test procedures and techniques of the Spec.
MIL-L-7808 oxidation and corrosion test. The rate of oxidation of all
three esters is essentially the same under these test conditicns. The
oxygen tolerance of the {sosebacates appears to be somewhat poorer than
that shown by di-2-ethylhexyl sebacate. That is, for approximately the
same oXygen absorption, property changes such ag insolubles formation
and metal corrosion are more severe in the case of the isosebacates.

On the basis of this evaluation, it would appear that these
isosebacate esters offer no particular advantage and may have some dis-
advantages relative to esters of the di-2-ethylhexyl sebacate type for
use in Spec. MIL-L-7808 fluids.

6. Phosphate Esters, Two phosphate type esters have been
received from the Wright Air Development Center (WADC) for high tempera-
ture evaluation. These fluids are designated by the WADC as MLO 9574
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and MIO 9553. MLO 9574 is diphenyl (o-chlorophenyl) phosphate, and
MLO 9553 is tris (meta-chlorophenyl) phosphate.

These two phosphate esters have been evaluated for oxidation
and corrosion stability at 500° and 600°F., and for thermal stabllity at
6C0°F. In addition, the high temperature viscosity properties for these
esters have also been determined, This is essentially the same procedure
used to evaluate earlier samples of phosphate type esters, These earlier
evaluations are discussed in Annual Report WADC TR 5530 Pt 4.

The composition and viscosity properties of these materials are
shown on Table 18, The viscosity levels of these two materials are some-
what lower for a given temperature than the phosphate esters evaluated
previously. The viscosity-temperature characteristics of all of the
chlorine-containing phosphate esters evaluated are of about the same order
of magnitude. In all cases the viscosity levels at both 500° and TOC°F.
are quite low. In addition, the ASTM slopes are relatively poor for these
fluids when compared to some of the silicates and esters made from
dibasic acids.

The oxidation and corrosion tests conducted at 500° and 600°F.
are summarized on Tables 19 and 20. The 500°F., tests were conducted for
a 60-hour test period, and the 6C0°F, tests were conducted for a 20-hour
test peried. In all cases, the air rate was five liters per hour, and
the conventional copper, steel, and aluminum metal catalysts were used.

The results of the tests at 500°F. indicate that both phosphate
fluids show severe oxidative deterioration and cause excessive metal
corrosion. In the case of MLO 9533, the aluminum test specimen was com-
pletely removed by corrosion. The tests conducted at 600°F, also show
severe oxidative deterioration and metal corrosion. In both the 500°
and 600°F. oxidation tests, MLO 9553 and MLO 9574 show the same general
trends as the phosphate esters evaluated previously. That is, these
phosphate esters show a relatively low rate of oxidation, but a very
poor oXygen tolerance as compared with diesters, mineral oils, and
silicates,

The thermal stability tests conducted at 600°F. are shown on
Table 21. These tests were conducted in the conventional glass themmal
stability apparatus for a six-hour test period using copper, steel, and
aluminun catalysts.

The results of these thermal stability tests indicate that both
phosphates show evidence of incipient metal corrosion and thermal insta-
bility under these test conditions. These results are alsc in good agree-
ment with thermal stability tests conducted previously on chlorine-
containing phosphate esters. That is, previous thermal stability tests
show that esters of this type have relatively good thermal stability at
both 600° and 700°F. when the tests are conducted in an all glass system.
However, in the presence of metals these esters show some fluid deterior-
ation and metal corrosion at both 600° and 700°F,
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7. Evaluation of Two Kendall Resins, Two high molecular weight
resins (MLO 7072 and MLO 7073) obtained from Pennsylvania crude oil and
supplied by the Kendall Refining Company have been evaluated for thermal
and oxidation stability. MLO 7072 is designated as a light resin and MLO
7073 is a heavy resin. Resins of this type are of interest as mineral
0il thickening agents for high temperature applications because they
appear to be more stable thermally than the synthetic polymers {poly-
butenes, pclyesters, and Aeryloids) used conventionally as thickening
agents and viscosity-index improvers.

The blending efficiency and thermal stability for a petroleum
resin have been discussed and compared with conventional polymer thick-
eners previously. These data are found in Annual Report WADC TR 55-3C
Pt 4.

The oxidation and corrosion characteristics for the two Kendall
resins have been determined at 347° and 500°F. The 347°F. tests were
conducted for the standard 72-hour test period using Spec. MIL-L-7808
test procedure and techniques. These tests were conducted using an air
rate of five liters per hour and copper, steel, aluminum, and magnesium
catalysts. The results of these tests are summarized of Table 22.

Both of the resins show reascnably good oxidation stability
under these conditions. A substantial increase in viscosity (69 per cent
for MLO 7072 and 137 per cent for MLO 7073) is obtained, but the vola-
tility loss, neutralization number increase, and the amount of sludge
formed are low for both fluids. No significant metal cerrosion is
obtained in these tests,

The 5C0°F. tests were conducted for 20 hours at an air rate of
five liters per hour using copper, steel, and aluminum catalysts. These
results are found on Table 23. Again, both resins show good oxidation
stability under these test conditions, The rate of oxidation is low for
both MLO 7072 and MLO 7073 and the fluld deterioration is not severe in
either case. No metal corrosion is obtained for elther fluid under these
conditions at 500°F.

Thermal stability tests have been conducted at 600° and TOO°F.
with MLO 7072 and MLO 7073. The thermal stability tests at 600°F, were
conducted in the glass apparatus, The tests at 700°F. were conducted in
both the glass apparatus and in the stainless steel pressure cylinder,

In the pressure cylinder tests at 700°F., metal catalysts which consisted
of a one-half inch diameter ball bearing each cf 52-100 bearing steel,
M-10 tool steel, and Naval bronze were used. The thermal stability tests
were conducted for a six-hour test period. The results of these tests
are found on Table 24.

The thermal stability tests at 600°F. show that the two Kendall
resins have reasonably good thermal stability at this temperature. In
each case no loss due to the formation of volatile decomposition products
is incurred and the viscosity decrease is moderate. MLO 7072 shows a
viscosity decrease of 16 per cent and MLO 7073 a decrease of 14 per cent
during the six-hour test,
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The thermal stability of the resins is somewhat poorer at T700°F,
In the glass thermal stability tests, both resins have about eight per
cent loss due to the formation of volatile decomposition products, and
the decrease in viscosity was greater than 90 per cent for both materials.
Similarly, in the pressure cylinder MLO 7072 could not be run for the
six~hour test pericd because the gas pressure became too high. This test
had to be terminated after a two hour test period. At this time the
system pressure was 280 p.s.i. The safe limit for the stainless steel
pressure cylinder is considered to be 300 p.s.i.

The six-hour test period in the pressure cylinder was completed
with the heavy resin (MLO 7073). Both fluids show the same large
decrease in viscosity (greater than 90 per cent) in the pressure cylinder
that was obtained in the glass thermal stabllity apparatus at 700°F. No
gerious amount of catalyst corrosion is cbtained for the metals in the
thermal stablility tests at 7OC°F.

The results of these thermal stability tests for the twc Ken-
dall resins indicate that these materials are not as stable thermally
at 700°F. as lower molecular weight paraffinic oils. The relative ther-
mal stability of a series of paraffinic mineral oils refined from a
Permsylvania crude oil are listed in order of decreasing thermmal stability
which also 1ines up the oils in the order of increasing molecular weight
and boiling point: 1ight neutral > heavy neutral > bright stock > resin
fracticns. However, these resins are somewhat more stable thermally than
the synthetic polymers used as thickening agents and viscosity-index
improvers. These materials are reasonably stable at 600°F,, whereas poly-
esters and Acryloids exhibit incipient thermal instability at about 500°F.
Polyisobutylene becomes unstable at about 60C°F,, and is extremely
unstable at 700°F,

It is of interest to note that, in general, with naphthenic or
paraffinic mineral oils, an increase in molecular weight or viscosity
grade will result in a decrease in dirt-forming tendencies under severe
high temperature oxidation conditions. There is some evidence available
in previcus reports to indicate that the same generality may be applied
to simple, complex, and polyesters of increasing molecular weight,

C. OXIDATION AND CORROGSION STUDIES AT 347°F. A large number
of oxidation and corrosion tests have been conducted under essentially
Spec. MIL-1-7808 test conditions with conventionally refined mineral oils.
Under these test conditions, the esters have shown a marked superiority
over conventionally refined mineral oils for use in Spec, MIL-L-7808 jet
engine oil and Spec. MIL-1-6387 hydraulic fluid. The use of super-refined
(hydrogenated) mineral oils and hydrocarbons has improved additive sus-
ceptibility substantially. Oxidation inhibitors have, therefore, been
re-evaluated in hydrogenated mineral oils and hydrocarbons. The more
effective additives have also been evaluated in mineral cils refined by
other special techniques.

1. Effect of Air Rate on 347°F, Oxidation. All tests reported
in previous annual reports have been conducted at an air rate of 10 t
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Table 4

OXIDATION AND CORROSION CHARACTERISTICS OF HERCULES
SYNTHETICS J-20 AT 500°F.

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MiL-L-7808,

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 F 59F,; TEST TIME = 40 HOURS; AIR RATE = 5t
0.5 LITERS PER HOUR; TEST FLYID CHARGED = (00 ML.; CATALYST = A | INCH SQUARE EACH OF COPPER, -
STEEL, AND ALNMINUM.

NOTE: ALL FLUIDS CONTAIK 0.5 WT.% PHENOTHIAZ JNE,

TEST FLUID (COMPOSITION IN WT .4} D 1-2-ETHYLHE XYL SYNTHET IS J-20 HERCOFLEX 60D
SEBACATE
LIQUID CHARGED, GRAMS 90 .90 97
LIQUID LOSS, wi.% 5 13 15
APPROX, AMOUNT Op SUPPLIED, ?M?.(ll 52,4 52,4 52.4
APPROX. AMOUNT 0, USED, GMS. (! 1.6 12.9 13.7
MOLS 0, USED/426 GRAMS OF FLUID(2) 1.72 1.92 1.95
4 CHANGE 1IN CENT ISTOKE VISCOSITY
AFTER REMOYAL OF OJL INSOLUBLE
MATERIAL(3
AT 130°F, +164 272 +4550
AT 0°F, +328 +900 SOL1D
HEUT. NO. (MG. KOH/GM. OIL)
OR1G INAL 0.l 0.1 0.2
FINAL 17.1 15,4 17.7
WT.% 01L INSOLUBLE MATERIAL{3) 0.9 0.7 7
FINAL CATALYST CONDITION
APPEARANCE
COPPER CORRODED DuLL DULL
STEEL DULL CORRODED CORRODED
ALUMENUM BRIGHT DULL DULL
WT. LDSS (MG./50. CM.)
COPPER 0.75 0.16 0.13
STEEL 0.09 117 12.05
ALUMINUM 0,00 +0.05 0.03

(1) AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR, AT S.T.P.} K TIME (HR.) X
03 CONTENT (FRACTION) X 1.43 (GM./LITER). AMOUNT OF OXYGEN CONSUMED DETERMINED BY FREQUENT
SAMPLING OF EXHAUST GASES AND ANALYSIS FOR Oy,

(2} THE MOLS OF 0o FOR 426 GRAMS HAS BEEN TaBULAFED AS A COMMON BAS|S FOR COMPARING THE 0p
ABSORBED. THE MOLECULAR WEIGHT OF D)-2ETHYLHEXYL SEBACATE 1S 426,

{3} OIL INSOLUBLE MATERIAL IS REMOVED BY CENTRIFUGING OXID{ZED FLUID IMMED{ATELY AFTER COMPLE-
TION OF TEST. THE OIL INSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAPHTHA AND DRIED

BEFORE WE !GHING. |
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Table 7

OXIDATION STABILITY OF BIS (i-METHYL CYCLOHEXYL METHYL) SEBACATE AT 347°F.
Test procedure and technigques in accordance with Spec. MIL-L-7808,

Test conditions include: Test temperature = 3471 3°F.; Test time as in-
dicated; Air rate = 101 1 liters per hour; Test fluld charged = 100 mi.;
Catalyst = a 1 inch square each of copper, steel, aluminum, and mag-
nesium.

Test Fluids: MLO 7106

Bis (1-Methyl Cyclohexyl Methyl) Sebacate
(MLO 55-796, Batch No. 2).

MLO 7038 = Di-2~Ethylhexyl Sebacate

Both fluids contain 0.5 wt. per cent phenothiazine.

Test Fluid MLO 7106 MLO 7038
Test time, hours 192 280
Approx. stable life, hours (1) 160 270
% Change in Centistoke Viscosity
At 130°F, +10 +11
At O°F. +14 -
ASTM Union Color .
Original 1 2
Final >8 >8
Neut. No. (mg. KOH/gm. oil)
Original 0.1 0.2
Final 4.2 8.5
Wt.% Insoluble Material 0.4 1.2
Final Catalyst Condition
Appearance .
Copper correded dull
Steel dull dull
Aluminum dull coated
Magnesium dull dull
Wt. Loss (mg./sq. cm.)
Copper 0.34 0.03
Steel +C.08 +0.04
Aluminum +0,08 +0,11
Magnesium +0,08 +0.03

(1) The stable life of a fluid is taken as the point at which there is
a rapid increase in neutralization number with test time.
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Table 8

OXIDATION AND CORROSION CHARACTERISTICS OF SEVERAL ESTERS AT 500°F,
TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC, MIL-L-7808,
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 I 5°F,; TEST TIME = 20 HOURS: AIR RATE = 5 * 0,5

LITERS PER HOUR; TEST FLUID CHARGED = 100 ML,: CATALYST = A | INCH
SQUARE EACH OF COPPER, STEEL, AND ALUMINUM,

TEST FLYIOS: MLO 7106 = BIS (I-METHYL CYCLOHEXYL METHYL) SEBACATE (MLO 55-796, BATCH NO, 2).
PRL 3483 = DI-2-ETHYLHEXYL SEBACATE.
MLO 7018 = HERCULES SYNTHETICS J-7.

ALL FLUIDS CONTAIN 0.5 WT. PER CENT PHENOTHIOZINE,

TEST FLUID ~MLO 7106 PRL 3483 MLO 7018
LIQUID CHARGED, GRAMS 95 9l 98
LIQUID LOSS, WT.% I 7 4
APPROX. AMOUNT 0, SUPPLIED, GMs, (1) 26,2 26.2 26.2
APPROX. AMOUNT 05 USED, GMS. (1) 3,8 5.3 4.7

MOLS 0o USEDf426 GRAMS FLUID{2) 0.53 0.86 0.65

% CHANGE [N CENTISTOKE VISCOSITY AFTER
REMOVAL OF OfL INSOLUBLE MATERIAL(3)

- AT 130°F, +39 +44 +51
AT  0O°F, +90 +48 +126
NEUT. NO, {MG. KOH/GM, QL)
ORIGINAL 0.0 0.1 0.1
FINAL 8.3 15.4 13.5
WT.% DIL INSOLUBLE MATERIAL(3) 0.2 .1 TRACE
FINAL CATALYST CONDITION
APPEARANCE
COPPER CORRODED BULL DULL
STEEL DULL DULL COATED
ALUMINUM BRIGHT BRIGHT DULL
WT. LOSS {M3./50. CM.)
COPPER 0.24 0.10 0.12
STEEL 0.00 0.07 +0.57
ALUMINUM +0.02 0.00 : +0.02

————— -

{}) AMOUNT 0p SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR. AT S.T.P.} x TIME {HR.} x Op
CONTENT %FRACTIGN) x t.43 (6M./LITER). AMOUNT Do CONSUMED DETERMINED BY FREGUENT SAMPLING
OF EXHAUST GASES AND ANALYSIS FOR Os.

{2} THE MOLS OF 0o FOR 426 GRAMS OF FLUID WAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING THE
02 ABSCRBED. THE MOLECULAR WEIGHT OF DI-2-ETHYLHEXYL SEBACATE 1S 426,

{3) OiL INSOLUBLE MATERIAL 15 DETERMINED BY CENTRIFUGING OXIDIZED FLUID IMMEDATELY AFTER

COMPLETION OF TEST. THE OiL INSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAPHTHA
AND DRIED BEFORE WEIGH ING.
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Table 12

OXTDATION AND CORROSION CHARACTERISTICS OF SEVERAL ESTERS AT 500°F,

TEST PROCEDURE AND TECHNYQUES !N ACCORDANCE WITH SPEC. MiL-L-7808.

TEST CONDITIONS INGLUDE: TEST TEMPERATURE = 500 ¥ 5°F.; TEST TIME = 20 HOURS; AIR RATE = 5 *
0.5 LITERS PER HOUR; TEST FLUID CHARGED = 100 ML.; CATALYST = A | INCH SQUARE EACH OF
COPPER, STEEL, AND ALUMiNUM,
ALL FLUIDS CONTAIN 0.5 WT.% PHENOTHIAZINE.
TEST FLUIDS: PRL 3103 = D1-2-ETHYLHEXYL SEBACATE
PRL 3600 = 818 TRIDECYL SEBACATE
- TEST FLUID PRL 3103 PRL 3600
L1QUID CHARGED, GRAMS 91 88
LIQuid LOSS, WT.% 7 2
APPROX. AMOUNT Op SUPPLIED, gMs.t1) 26,2 26.2
APPROX. M1OUNT Op USED, GMS. (I} 5.3 4.6
MOLS Op USED/426 GRAMS FLUID(2) 0.86 0.69
% CHANGE IN CENTISTOKE VISCOSITY
AFTER REMOVAL OF OIL INSOLUBLE MATERJALL3)
AT 130°F ., +44 +57
AT O°F. +88 +174
NEUT. NO, {MG. KOH/GM. OIL)
OR1G ENAL 0.1 0.1
F ENAL 15.4 13,1
WT.4 0L (NSOLUBLE MATERIAL(D) 0.1 0.2
FINAL CATALYST CONDITION
APPEARANCE
COPFER DULL DULL
STEEL BULL COATED
ALUMINUM BRIGHT DULL
WT. L0SS (MG./S0Q. CM.)
COPPER 0.10 0.15
STEEL 0.07 +2,44
ALUMINUM 0.00 0,02

(1) AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (Lo/HR. AT S.T.P.} X TIME (HR.) X
0o CONTENT (FRACTION} X 1,43 {GM./LITER). AMOUNT OF OXYGEN CONSUMED DETERMINED 8Y FREQUENT

SAMPLING OF EXHAUST GASES AND ANALYS1S FOR Op.

{2} THE MOLS OF O FOR 426 GRAMS OF FLUID HAS BEEN TABULATED A3 A COMMON BAS!S FOR COMPARING

THE Op ABSORBED. THE MOLECULAR WE|1GHT OF D1-2-ETHYLHEXYL SEBACATE 15 426,

(3) OIL INSOLUBLE MATERIAL IS REMOVED RY CENTRIFUGING THE OXIDIZED FLUID IMMEDIATELY AFTER
COMPLETJON OF TEST. THE OIL INSOLUBLES ARE WASHED WITH A LOW BOIL{NG PETROLEUM NAPHTHA AND

DRIED BEFORE WEIGHING.

WADC TR 55-30 Pt V
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Table 15

OXIDATION AND CORROSION CHARACTERISTICS OF SEVERAL DIBASIC

ACID ESTERS AT 347°F.

Test Procedure and Techniques in Accordance with Spec MIL-L1-7808,
Test Conditions Include: Test Temperature = 34733 °F.; Test Time = 72

Hours; Air Rate = 10¥1 Liters per Hour; Test Fluid Charged = 100
ml.; Catalyst = a 1 Inch Square Each of Copper, Steel, Aluninum,
and Magnesium,
Test Fluids: MILO 7080 = Di-2-Ethylhexyl Isosebacate
MIO 7081 = Diisococtyl Isosebacate
PRL 3207 = Di-2-Ethylhexyl Sebacate
A11 Fluids Contain 0.5 wt.% Phenothiazine
4:
Test Fluid MLO 7080 MLO 7081 PRL 3207
Overall Liquid Loss, wt.% 1 1 3
% Change in Centistoke Viscosity
at 130°F, ' +3 +3 +3
at O°F. +6 +7 +'7
Neut. No. (mg. KCH/gm. oil)
Original 0.1 - 0.1 0.1
Final 2.7 3.0 1.5
A.5.T.M. Union Color
Original 1 1 2
Final >8 >8 >8
Wt.% Insoluble Material 0.3 0.4 0.3
Final Catalyst Condition
Appearance
Copper Coated Dull Dull
Steel Coated Coated Dull
Aluminum Coated Dull Dull
Magnesium Coated Dull Dull
Wt. loss (mg./sq. cm,)
Copper +0.09 +0,05 +0.02
Steel +0,17 +0,09 +0,03
Aluminum +0,11 +0.,07 +0,02
Magnesium +0.16 +0,07 +0.01

WADC 1R 55-30 Pt V



Table 16

OXIDATION CHARACTERISTICS OF SEVERAL ESTERS AT 347°F.

Test Procedure and Techniques in Accordance with Spec. MIL-1-7808,

Test Conditions Include: Test Temperature = 347 ¥ 3°F.; Test Time =
as Indicated; Air Rate = 10 2 1 Liters per Hour; Test Fluid Charged=
100 ml.; Catalyst = a 1 inch Square Each of Copper, Steel, Aluminum,
and Magnesium.

Test Fluids: MLO 7080

Di-2-Ethylhexyl Isosebacate

MLO 7081 = Diiscoctyl Iscosebacate
PRL 3483 = Di-2-Ethylhexyl Sebacate
All Fluids Contain 0.5 wt.? Phenothiazine as an Oxidation Inhibitor.
Test Fluid MO 7080 | MLO 7081 | PRL 3483
Test time, hours 210 210 21,
% Change in Centistoke Viscosity ‘
at 130°F. +6 +6 +15
at  Q°F. +42 +4,2 +37
Neut. No. (mg. KOH/gm. o0il)
Original 0.1 0.1 0.1
Final 7.2 6.5 11.3
A.S5.T.M. Union Color
Original 1 1 2
Final >8 >8 >8
Wwt.% Insoluble Material 0.3 0.2 0,6
Final Catalyst Condition
Appearance
Copper Coated Coated Bull
Steel Coated Coated Coated
Aluminum Coated Coated Coated
Magnesium Coated Coated Coated
Wt, Loss {(mg./sq. cm.)
Copper +0. 24 +0.12 +0.03
Steel +0.14 +0,16 +0,18
Aluminum +0,10 +0,2], +0.33
Magnesium +0.12 +0.14 +0.26
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Table 17

OXIDATION AND CORROSION CHARACTERISTICS OF SEVERAL
DIBASIC ACID ESTERS AT 500°F.

TEST PROCEDURES AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808,

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 ¥ 5°F.; TEST TIME = 20 HOURS; AIR RATE = § %
0.5 LITERS PER HOUR; TEST FLUID CHARGED = 00 ML.; CATALYST = A | INCH SQUARE EACH OF
COPPER, STEEL, AND ALUMINUM.

TEST FLUIDS: MLO 7080 = Di-2-ETHYLHEXYL [SOSEBACATE

MLO 7081 = DI§SOOCTYL [SOSEBACATE
PRL 3207 = D|~2-ETHYLHEXYL SEBACATE

ALL FLUIDS CONTAIN 0.5 WT.% PHENOTHIAZINE AS AN OXIDATION INHIBITOR.

TEST FLUID PRL 3207 MLO 7080 MLO 7081

LIQUID CHARGED, GRAMS g1 89 89

LIQUID LOSS, Wi.% 7 8 10

APPROX. AMOUNT Op SUPPLIED, ?M?.(') 26.2 26,2 26.2

APPROX. AMOUNT 05 USED, @MS. () 5.8 5.5 5.3

MOLS 0, USED/426 oMs. FLUID(3) 0.86 0.82 0.79

4% CHANGE IN. CENTISTOKE VISCOSITY

AFTER REMOVAL OF OIL !NSOLUBLE

MATER(AL (2
AT 130°F. +44 +51 +52
AT ToeF. +48 +153 +162

NEUT. NO. {MG, KOH/GM. OIL)

OR1G FNAL 0.1 0.1 0.1
FiNAL 15.4 20,0 28.6
WT.% 01t INSOLUBLE MATERIAL(2) 0.1 3.8 T
FINAL CATALYST COND)T[ON
APPEARANCE.
COPPER DULL DULL CORRODED
STEEL DULL CORRODED CORRODED
ALUMINUM BRIGHT DULL DULL
WT. LOSS (MG./SG. CM.)
COPPER 0.10 0,19 0.42
STEEL 0.07 0.98 3,21
ALUMINUM 0,00 +0.06 +0.02
{1) AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR., AT S.T.P.) X TIME (HR.) K

0, CONTENT (FRACTION) X 1,43 (GM./LITER). AMOUNT OXYGEN CONSUMED DETERMINED BY FREQUENT

SAMPLING OF EXHAUST GASES AMD ANALYSIS FOR 0o,

{2} OtL INSOLUBLE MATERIAL 1S REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLE=

TtON OF TEST. THE OIL INSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAPHTHA
BEFORE WEIGH{NG.

AND DRIED

{3) THE MOLS OF OXYGEN FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPAR-

ING THE 02 ABSORBED. THE MOLECULAR WE1GHT OF DI-2-ETHYLHEXYL SEBACATE (S 426,
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Table 18

VISCOSITIES OF TWO PHOSPHATE ESTERS AT VARIOUS TEMPERATURES

(100° to 210°F.)
= —

Tris Diphenyl
(meta-chlorophenyl) | (o-chlorophenyl)
Phosphate Phosphate
Fluid (MLO 9574) (MLO 9553)
Centistoke Viscosity at 100°F. 18.9 27.5
130°F, 13.3 10,2
210°F, 3.45 3.92
L90°F, 0,69 0,72
707°F. 0.39 o.h41
ASTM Slope 0,832 0.875
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Table 19

OXIDATION 4ND CORROSION CHARACTERISTICS OF TWO PHOSPHATE
TYPE ESTERS AT S00°F,

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808,

YEST CONOITIONS INCLUDE: TEST TEMPERATURE = 500 * 5°F.; TEST TIME = 60 HRS.; AIR RATE = 5 T
0.5 LITERS PER HOUR; TEST FLUID CHARGED = 100 MLI; CATALYST = A 1 INCH SQUARE EACH OF COPPER,
STEEL, AND ALUMINUM,

TEST FLUIDS: MLO 9574 = TRIS (META-CHLOROPHENYL) PHOSPHATE

MLD G533 = DIPHENYL (C-CHELOROPHENYL) PHOSPHATE

Test Fluid MIO 9553 MLO 9574
Liquid Charged, grams 127 137
Liquid Loss, Wt.% 2 0
Approx. Amount Op supplied, grams(l) 78.6 78.6
Approx. Amount Op used, grams (1) 6.5 6.6
Mols Op used/L26 grams of fluid(2) 0.68 0.6l
4 Change in Centistoke Visc, at 130°F, ~(3) -(3)
Neut, No. (mg. KOH/gm. o0il)
Original 1.3 0.3
Final h2.2 34.5
Wt.% 0il Insoluble Material(l) -(L) =(L)
Pinal Catalyst Condition
Appearance
Copper Corroded Corroded
Steel Correoded Corroded
Aluminum Corroded Corroded
Wt, Loss (mg./sq. cm.)
Copper L8.41 S047
Steel 37,02 48,16
Aluminum 105.23(5) 55,22

{t) AMOUNT OXYGEN SUPPLEIED CALCULATED AS FOLLOWS: AIR RATE (L./HR.. AT S.T.P,} X TIME {HR.} X
0o CONTENT {FRACTION) ¥ 1,43 (GM./LITER), AMOUNT OXYGEN CONSUMED DETERMINED BY FREQUENT
SAMPLING OF EXHAUST GASES AND ANALYSES FOR 02,

{2) THE MOLS OF OXYGEN FOR 426 GRAMS OF FLUID %AS BEEN TABULATED AS A COMMON BASIS FOR COM-
PARING THE Op ABSORBED. THE MOLECULAR WEIGHT OF Di-2-ETHYLHE XYL SEBACATE 15 426,

(3} OXIDIZED FLUID WAS AN INTIMATE MIXTURE OF OIL INSOLUBLE MATERIAL AND OXiIDIZED FLUID. THE
VISCOSITY OF THIS MIXTURE COULD NOT BE DETERMINED.

(4) OIL INSOLUBLES WERE NOT DETERMINED FOR THESE TESTS SINCE THE TEST FLUID WAS INSOLUBLE IN
THE LOW BOILING PETROLEUM NAPHTHA USED TO SEPARATE THE INSOLUBLE MATERIAL FROM THE
GXIDIZED LICUID.

{5) THE ALUMIKUM CATALYST WAS COMPLETELY CORRODED DURING TH1S TEST. THE WEIGHT LOSS RECORDED
1S THE TOTAL WEIGHT OF THE CATALYST USED FOR THE TEST.
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Table 20

CXIDATION AND CORROSION CHARACTERISTICS OF TWO PHOSPHATE TYPE
ESTERS AT 600°F,

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 600 + 10°F,; TEST TIME = 20
HOURS; AIR RATE = 5 + 0.5 LITERS PER HOUR; TEST FLUID CHARGED = 100 ML.;
CATALYST = A | INCH SQUARE EACH OF COPPER, STEEL AND ALUMINUM.
TEST FLUIDS: MLO 9574 = TRIS (META-CHLOROPHENYL) PHOSPHATE
MLO' 9553 = DIPHENYL -(O-CHLOROPHENYL) PHOSPHATE

Test Fluid MLO 9553 MIO 9574
Liquid Charged, grams 138 128
Liquid Loss, Wt.% 0 0
Approx. Amount O, supplied, graTs(l) 26.2 26.2
Approx., Amount O, used, grams{l 2.8 6.8
Mols Op used/L26 grams of r1uida(?) 0.27 0.70
% Change in Centistoke Visc. at 130°F. -(3) +890
Neut. No. (mg. KOH/gm. o0il)
Uriginal 0.3 1.3
Final 4.7 41.2
Wt.% 0il Insoluble Material(h) —(1) ~(4)
Final Catalyst Condition
Appearance
Copper Corroded Corroded
Steel Corroded Corroded
Aluminum Corroded Corroded
Wt. Loss (mg./sq. cm.)
Copper 0.31 19.75
Steel L8.60 L9.45
Aluminum 101.10(5) 57.65

- — ool

(1)

(2)
(3}
{4

{5)

WADC

AMOUNT OXYGEN SUPPLIED CALCHLATED AS FOLLOWS: AIR RATE (L./HR, AT S.T.P.} X TIME (HR.)

X Oo CONTENT (FRACTION} X 1.43 (GM./LITER). AMOUNT OXYGEN CONSUMED DETERMINED BY FREQUENT
SAMPLING OF EXHAUST GASES AND ANALYSIS FOR 02,

THE MOLS OF OXYGEN FOR 426 GRAMS HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING THE
Op ABSORBED. THE MOLECULAR WEIGHT OF DI-2-FTHYLHEXYL SEBACATE IS 426,

OXIDIZED FLUID WAS AN INTIMATE MIXTURE OF OIL INSOLUBLE MATERIAL AND OX(DIZED FLUID. THE
V1SCOSITY OF THIS MIXTYRE COULD NOT BE OETERMINED.

01L INSOLUBLES WERE NOT DETERMINED FOR THESE TESTS SINCE THE TEST FLUID WAS INSOLUBLE IN
THE LOW BOILING PETROLEUM NAPHTHA USED TO SEPARATE THE INSOLUBLE MATERIAL FROM THE
OXIDIZED LiQUTID.

THE ALUMINUM CATALYST WAS COMPLETELY CORRCDED DURING THIS TEST. THE WEIGHT L03S RECORDED
IS THE TOTAL WE'GHT OF THE CATALYST USED FOR THE TEST.
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Table 22

OXIDATION AND CORROSION CHARACTERISTICS OF TWO KENDALL RESINS AT 347°F.

‘TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC., MIL-L-7808.

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 347 * 3°F,; TEST TIME = 72 HOURS; AIR RATE = 5 %

0.5 LITERS PER HOUR; TEST FLU(D CHARGED = 100 ML,; CATALYST = A |
OF COPPER, STEEL, ALUMINUM, AND MAGNES UM,

TEST FLLHDS: MLO 7072

L]

A L{GKT RESIN GBTAINED FROM THE KENDALL REFINING COMPANY,

INCH SQUARE EACH

MLO 7073 = A HEAVY RESIN OBTAINED FROM THE KEWDALL REFINING COMPANY.
TEST FLUID MLO 7072 MLD 7073
OVERALL LiQUID LOSS, WT.% | I
% CHANGE IN CENTISTOKE VISCOSITY
AT 130°F. +69 +137
NEUT. NO. (MG. KOH/GM. OiL)
OR1GINAL 1.1 0.9
FINAL 3.0 2.2
ASTM UN1ON COLOR
OR1G INAL >8 >8
FINAL >4 >8
WT.% INSOLYBLE MATERIAL TRACE TRACE
FINAL CATALYST CONDITION
APPEARANCE
COPPER DULL DULL
STEEL DULL BULL
ALUMIENUM DULL BRIGHT
MAGNES UM DULL DULL
WT. LOSS (MG./SC. CM.}
COPPER 0.08 0,14
STEEL 0.00 0.02
ALUMINUM +0,0) 0,00
MAGNES 1UM 0.00 +0,02

|
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Table 23

OXTDATION AND CORROSION CHARACTERISTICS OF TWOQ KENDALI, RESINS AT 500°F.
TEST PROCEDURE AND TECHNIQUES IN ACCORBANCE WITH SPEC, MIL-L-7808,

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 * 5°F,; TEST TIME = 20
LITERS PER HOUR; TEST FLUID CHARGED = 100 ML.; CATALYST = A

COPPER, STEEL, AND ALUMINUM,
TEST FLUIBS: MLO 7072

= A LIGHT RESIN OBTAINED FROM THE KENDALL REFINING COMPANY.
MLO 7073 = A HEAVY RESIN OBTAINED FROM THE KENDALL REFIMING COMPANY.

OURS; AIR RATE = 5 + 0,5
INCH SQUARE EACH OF

TEST FLUID MLO 7072 MLO 7073
LiQUID CHARGED, GRAMS 87 85
LIQUID LOSS, WT.% 0 2
APPROX. AMOUNT 0, SUPPLIED, gMs.(t) 2642 26,2
APPROX. AMOUNY 0, USED, GMS.(1) 3.0 2.4
MOLS Op USED/426 GRAMS FLujD{2} 0,47 0.38
% CHANGE IN CENTISTOKE VISCOSITY
AFTER REMOVAL OF OIL INSOLUBLE MATERIAL(3)
AT |30°F, +61 +89
NEUT. HO. (MG. KOH/GM. OIL)
ORTG I NAL 1.1 0.
FINAL 1.1 0.
WT.% OIL INSOLUBLE MATER|AL(3) TRACE TRACE
FINAL CATALYST CONDITION
APPEARANCE
COPPER DULL DULL
STEEL DULL ouLL
ALUMINUM BRIGHT BRIGHT
WT. LOSS (MG./SQ. CM.)
COPPER +0.02 +0.05
STEEL 0.00 0.00
ALUMINUM 0.0l +0,01

[T} AMOUNT OXYGEN SUPFLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR. AT S.T.F.) X TIME (HR.) X

Oi CONTENT {FRACTION} X 1.43 (GM./LITER). AMOUNT OXYGEN CONSUMED DETERMINED BY FREQUENT
SAM

PLING OF EXHAUST GASES AND ANALYSIS FOR 02,

(2) THE MOLS OF OXYGEN FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING

THE Op ABSORBED. THE MOLECULAR WEIGHT OF Bi-2-ETHYLHEXYL SEBACATE 1S 426,

{3} OtL INSOLUBLE MATERIAL 1S REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLETION
OF TEST, THE QIL INSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAPHTHA AND DRIED BEFORE

WE | GH ING.

WADC TR 55-30 Pt V - 36 -
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liters of air per hour in the 347°F. oxidation and corrosion test. This
air rate (10 1./hr.) has been standard for oxidations of this type for
the past 15 years. Studies of varying air rates in oxidation and corro-
sion tests where stable life is the c¢ritical measurement indicate that
test results are essentially independent of air rate over the range of 5
to 15 liters per hour.

On the basis of these studies, 10 liters per hour air rate was
maintained for intra-laboratory standards when a value of five liters per
hour was chosen for inclusion in the Spec. MIL-L-7808 oxidation and cor-
rosion test at 347°F. These conditions are satisfactory for the ester-
base fluids where stable life exceeds the 72 hours test time. However,
preliminary tests with conventionally refined mineral oils, as shown in
Tables 25 through 27, indicate that the 72-hour tests at 347°F. are
exceeding the stable life of the fluid. This is evident for all of the
0ils and additive combinations tested at the 10 liters per hour air rate,
All future tests at 347°F., will be conducted at five liters of air per
hour,

The effect of differences in air rate with one conventionally
refined naphthenic and two paraffinic mineral oils is shown on Table 28,
Bach of the test fluids contains 1.0 weight per cent phenyl-alpha-
naphthylamine as the oxidation inhibitor. These data indicate that,
while the wvelatility loss, viscosity change, and neutralization number
change are somewhat greater for the ten liter per hour tests, the forma-
tion of insolubles is slightly less in each case where the air rate is
ten liters per hour., These 1s no appreciable catalyst corrosion in any
of the tests. It should be emphasized that the relationship between the
test results at five and ten liters cof air per hour shown in Table 28 can
not be used to apply to other fluids. The remaining 347°F. oxidation and
corrosion tests with mineral oil fluids discussed in this report, unless
specifically noted, have been conducted at an air rate of five liters
per hour,

2, QOxidation Characteristics of Polyolefin Hydrccarbons.,
Oxidation and corrosion studies at 347°F. have been conducted with poly-
olefin hydrocarbons before and after hydrogenation. All of the poly-
olefins used in this study were obtained from the Standard Oil Company
of Indiana. Three fractions were used in this study.

OUne is the commercially available lndopol L-50 and the second
is a specially prepared narrow boiling fraction of polyolefin (MLO 7123)
tc mateh the 100°F. viscosity properties of L-50. The third is a low
viscosity fraction of about 15 centistokes at 100°F,(PRL 3473). The
hydrogenated L-50 was prepared by this Laboratory in accordance with the
hydrogenation conditions described in the preceeding section. The hydro-
genated materials from MLO 7123 and PRL 3473 were prepared by the
Standard 0il Ceompany of Indiana and are designated in this report as
MLO 7124 and PRL 3474, respectively., These materials are assumed to be
pure hydrccarbons. In this respect they differ from conventionally
refined mineral oils which may contain small quantities of polar non-
hydrocarbon impurities. These impurities contain, in addition to carbon
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and hydrogen, one or more-of such elements as sulfur, nitrogen, and
oxXygen.

The polyolefins and saturated polyclefins have been evaluated
in the 347°F. oxidation and corrosion test with various inhibitors as
shown on Tables 29 through 32. Inhibitors used in this study include:

a combination of a hindered phenol (Antioxidant 2246) and a dialkyl acid
phosphite, phenyl-aipha-naphthylamine, and two dithiccarbamates. It
should be noted that the tests shown on Tables 29 and 30 were conducted
at an air rate of 10 liters per hour.

The unsaturated polyolefins without additives show evidence of
oxidative deterioration in the form of viscosity and neutralization num-
ber increases. The oxidized polyolefin after 72 hours at 347°F. shows
little or no evidence of dirt or sludge and metal corrosion. The addi-
tive studies with the polyolefin indicate that the additives evaluated
are completely ineffective in preventing oxidative deterioraticn. The
additives do appear to contribute materially to-the fluid degradation
and metal corrosion. The phenyl-alpha-naphthylamine shows only a slight
increase in sludge or dirtiness and no metal corrosion. The combination
of hindered phencl and dialkyl acid phosphite and the dithioccarbamates
cause a substantial increase in sludge or dirtiness. The dithiocarba-
mates cause substantial copper corrosion while the hindered phenol-
dialkyl acid phosphite combinations produce a protective coating on the
metals.

The hydrogenated polyolefins show excellent inhibitor sus-
ceptibility with all of the additives tested. Tests conducted on the
hydrogenated polyolefin without additives show. excellent property values
after the oxldation test. The only substantial property change noted
for the non-additive hydrogenated polyolefin is that of neutralization
number increase., All three additive types adequately control oxidaticn
and metal corrcsion for the 72-hour test period at 347°F., The resultant
property changes are well within the Spec. MIL-L-7808 oxidation and cor-
rosion test limits, with the exception of metal coatings in the test
involving the additive combination of the hindered phenol and dialkyl
acid phosphite,

Tests with phenyl-alpha-naphthylamine in the hydrogenated
polyclefin have been conducted for 144 hours at 347°F, This test severity
is about equivalent to the stable life of a high quality ester-base Spec,
MIL-L-7808 fluid under these conditions. The properties from this
extended test indicate that the fluid is still within the stable life
period after 144 hours. This means that oxidation-wise the hydrogenated
polyclefin can be prepared to be on a par with the ester-base fluid in
the intermediate temperature range. The data from the hydrogenated poly-
olefin may also be of value in pointing up the optimum properties to be
obtained by super-refining of certain mineral oil fractious.

3. Oxidaticn Characteristics of Paraffinic Mineral Oils. A
series of conventionally refined paraffinic stocks have been evaluated in
the 347°F, oxidation and corrosion test. These oils include Barosa 43
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and Aviation Bright Stock obtained from the Esso Standard Oil Company, a
heavy neutral prepared by the Kendall Refining Company, and a 300 neutral,
2 180 neutral and an SAE 30 (neutral-bright stock blend) prepared from
Pennsylvania type crude oil.

The effects of additives on these stocks before and after hydro-
genation are shown on Tables 33 through 38. Silica gel treatment has
been used as an additional refining step with the Pennsylvania extracted
180 and 300 neutrals., Data for these materials are shown on Table 39.

The additives or oxidation inhibitors evaluated in these paraf-
finic stocks include phenyl-alpha-naphthylamine (PAN), three dithio-
carbamate additives from the R, T. Vanderbilt Company, a thiophosphate
additive from the Lubrizol Corporation, and a thiophosphate and a hindered
phenol from the American Cyanamid Company.

Several of the paraffinic mineral oils have been evaluated with-
out additives in the 347°F. oxidation test. Severe cxidative deteriora-
tion has been obtained for these evaluations. The use of the various
additives in the conventionally refined paraffinic stocks results in an
improvement over the non-additive fluid in the magnitude of the property
changes. In all cases, however, there is evidence that the stable life
of the fluid had been exceeded in the 72-hour test period. Oxidative
deterioration is apparent in most cases from the change in neutralization
number, viscosity increase, and sludge formation. Metal corrosion is
also noted in many cases. Substantial differences are apparent in the
effectiveness of additives and the type of detericration noted in the
various conventionally refined stocks.

The several neutrals evaluated show relatively high sludge
values and low values of viscosity change. The bright stock (MLO 7094)
on the other hand shows a high viscosity change value and low sludge
formation, This trend toward decreasing sludge formation with increasing
molecular weight has previously been noted with conventionally refined
mineral oils., The bright stock (MLO 7094 ) shows considerably more metal
corrosion than de the neutrals,

The relative effectiveness of the additives in the conven-
tionally refined stocks appears to vary. For example, PHL 3605, the
dithiocarbamate, is more effective than PAN in Barosa 43 but about the
same or less effective in Kendall heavy neutral. In gereral, PAN and
the hindered phencl type additive are more effective in controlling
metal corrosion than are the thiophosphates and dithiocarbamates at 347°F.
There is some evidence that these latter types may contribute to increased
copper corrosion.

In all of the cases where hydrogenated paraffinic mineral cil
fracticns have been evaluated, substantially improved oxidative and cor-
rosion behavior are obtained. The improved properties include a lower-
ing of the neutralization number change, viscosity increase, sludge
formation, and metal corrosion. The hydrogenated stocks evaluated with
either 1.0 weight per cent phenyl-alpha-naphthylamine or 2.0 weight per

WADC TR 55-30 Pt V ~ 40 -



cent of a dithiocarbamate solution meet the property requirements of the
Spec, MII~L~7808 oxidation and corrosion test,

These data indicate that the stable life of these hydrogenated
paraffinic oils with additives is now greater than 72 hours at 347°F.
The hindered phencl type additive is less effective than PAN and the
dithiocarbamate in the hydrogenated stocks at 347°F. In general, hindered
phenol type inhibitors also fail to protect Spec. MIL-L-7808 type fluids
for the 72-hour test period at 347°F.

The silica gel treated Pennsylvania 180 and 300 neutrals have
been evaluated with PaN or a dithiocarbamate (PRL 3605) additive., The
silica gel treated stock shows a substantial reduction in sludge forma-
tion. However, viscosity change, neutralization number increase, and
corrosion of copper remain unchanged from the unhydrogenated stock. That
ig, silica gel percolation is not particularly effective in improving
additive susceptibility.

There are twc important types of molecules present in the con-
ventionally refined paraffinic mineral oil which are affected by hydro-
genation and silica gel percolation. These two groups are the unsatu-
rated (oclefinic and aromatic) molecules and the polar meclecules (con-
taining sulfur, nitrogen, and oxygen). The silica gel tends to remove
both types of compounds by physical adsorption, while hydrogenation
converts the unsaturates to saturates and removes some of the non-
hydrocarbon components as volatile reaction products such as hydrogen
disulfide, smmonia, and water.

On the basis of the polyclefin hydrocarbon and conventionally
refined mineral oil oxidation data at 347°F. obtained thus far, the polar
impurities may contribute more substantially to sludge and metal corro-
sion while the unsaturates may act to reduce inhibitor effectiveness and
cause viscosity and neutralization number increase. Hydrogenation appears
to be more effective in producing an overall improvement in the paraf-
finic stocks than silica gel treatment.

4o Oxidation Characteristics of Naphthenic Mineral 0ils., Two
highly refined naphthenic mineral oils, Necton 45 and Necton 50, have
heen evaluated in the 347°F. oxidation and corrosion test before and
after hydrogenation or silica gel adsorption. Primol D which is an acid
extracted white 0il has also been evaluated in this program. The Nectons
and Primol D were obtalned from the Esso Research and Engineering Company.

Oxidation and corrosion test results with the Necton samples
are shown on Tables 40 and 41. The dithiocarbamate and phenyl-alpha—
naphthylamine additives are not particularly effective in the Necton 45
and 50 stocks. In general, all property changes and metal corrcsion are
sufficiently high to indicate oxidative deterioration beyond the stable
life,

Silica gel treatment of the Nectons does not significantly
change the inhibitor effectiveness, The amount of sludge formed is
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substantially lower following silica gel treatment. Other property
changes cn oxidation have not been significantly altered by the silica
gel treatment, This is the same behavior noted with the paraffinic
mineral cil on silica gel treatment.

Oxidation and corrosion data are also shown for the hydrogenated
Necton 50. The dithiocarbamate additives appear to be very effective in
controlling corrosion and all property changes. The thiophosphate type
additive shows a relatively low order of effectiveness in both metal cor-
roslon and property change in this type of stock. The effect of PAN and
the hindered phenol are intermediate between the dithiccarbamate and the
thiophosphate. :

The PAN-inhibited hydrogenated or silica gel treated Necton 50
shows the same order of protection in the 347¢F. oxidation test. The
additive effectiveness in the hydrogenated Necton is lower than in the
hydrcgenated paraffinic stocks evaluated. This Iow order of inhibitor
effectiveness may again be due to the incomplete hydrogenation of the
unsaturated linkages in the Necton,

Primol D is a naphthenic base oil which has been acid treated
to produce a white cil. The 347°F., oxidation and corrcsiocn data shown
on Table 42 indicate good inhibitor response with phenyl-alpha-naphthyla~-
mine or dithiocarbamate. The behavier of Primel D in the 347°F. oxida-
tion and corresicn test compares favorably with that of the hydrogenated
polyolefin,

5. Oxidation Characteristics of Aromatic Mineral Oils and
Hydrocarbens. Several alkylated aromatic hydrocarbons and arcomatic con-
centrates from mineral oils have been evaluated in the 347°F. oxdidation
test. These data are shown on Tables 43 and 44. The butylated naphtha-
lene, diamyl naphthalene, and teiraamyl hbenzene are essentially pure
hydrocarbons prepared synthetically by alkylation. The mineral oil frac-
tion is an aromatic type heat transfer oil marketed by Socony Mobil 0il
Company. These oxidation data are characterized by high viscosity
increase, moderate sludge, and copper corrosion. The synthetic hydro-
carbons appear to be slightly better than the heat transfer oil under
comparable test and additive conditions,

Some 347°F. oxidation tests have been made cn hydrogenated
arcmatic fractions of mineral oil. In general, these stocks are highly
arcmatic concentrates prepared by liguid extraction. These fractions
exhibit excellent thermal stability in the 700°F. temperaiure range.
Hydrogenation is a useful step in the refining of these extracts, which
contain the non-hydrocarbon impurities that tend to be concentrated with
the arcmatic fractions by liquid extraction. Partial hydrogenation
reduces or eliminates these non-hydrocarbon impurities.

MLO 7079 is an example of a partially hydrogenated stock.
MLO 7087 and MLO 7091 are more completely hydrogenated materigls in which
the arcmatic rings are also saturated. Data on Table 44 show that these
hydrogenated aromatic fractions show relatively good overall behavicr in
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OXIDATION AND CORROSION CHARACTERISTICS OF A NAPHTHENIC
MINERAL OIL AT 347°F.

Test Procedure and Techniques in Accordance with Spec. MIL-L-7808.

Test Conditions Include: Test Temperature = 347 * 3°F.; Test Time = 72
Hours; Air Rate = 10 £ 1 Liters per Hour; Test Fluid Charged = 100
ml,; Catalyst = a 1 Inch Square each of Copper, Steel, Aluminum, and

Magnesium,

Test Fluid: PRL 2052 = Necton 50, a Well Refined Naphthenie Mineral 0il
of 65.2 Centistokes Viscosity at 100°F,

PRL 2052 + 1.0

Phenyl-alpha-
Test Fluid (Composition in Wt,%) PRL 2052 naphthylamine
Overall Liquid Loss, Wt,% 1 5
# Change in Centistoke Viscosity
at 130°F, +103 +12
Neut, No. {mg. KOH/gm. 0il)
Original 0.1 0.1
Final 8.7 2.3
ASTM Union Color
Original 2 5
Final >8 >8
Wt.% Insoluble Material 5.3 2.2
Final Catalyst Condition
Appearance
Copper Corroded Dull
Steel Corroded Dull
Aluminmum Dull Dull
Magnesium Pull Dull
Wt., Loss (mg./sq. cm.)
Copper 1.28 0,09
Steel 0.L49 +0,06 -
Alumirum +0,06 +0,0L
Magnesium +0,06 +0.06

WADC TR 55-30 Pt V
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Table 28

EFFECT OF ATR RATE ON THE OXIDATION BEHAVIOR OF SOME MINERAL OILS

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808,

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 347 %
INDICATED; TEST FLUID CHARGED = 100 Mi.; AND CATALYST = A ONE-INCH
SQUARE EACH OF COPPER, STEEL, ALUMINUM, AND MAGNESIUM,

TEST FLUiID: PRL 2052

= NECTON 50 {A HIGHLY REFINED NAPHTHENIC MINERAL OIL).
MLO 7026 = A PENNSYLVANIA 300 NEWTRAL MINERAL OlL.

3°F.; TEST TIME = 72 HOURS; AIR RATE AS

. MLO 7027 = A PENNSYLVANIA 180 NEUTRAL MINERAL QiL.
NOTE: ALL TEST FLUIDS CONTAIN 1.0 WEIGHT PER CENT PHENYL-ALPHA-NAPHTHYLAM|NE.
TEST FLUMD PRL 2052 MLD 7026 MLO 7027
AIR RATE, L./HR, 5 10 5 10 5 10
OVERALL LIQUID LOSS, WT.% 0 5 0 5 | 4
4, CHANGE IN CENT [STOKE
VISCOSITY AT 130%F, +§ +2 +33 +81 +15 +36
| NEUT. NO. {MG. KOH/GM. DiL)
ORIGINAL 0.1 | 0.1 0.1 0.1 0.1
FINAL la4 2.3 4,6 6.2 3.0 5.7
WT.% INSOLUBLE MATERIAL 2.9 2.2 2.3 2.0 i.9 Fod
FINAL CATALYST CONDITION
APPEARANCE
COPPER DULL DULL DuLL DULL pULL DULL
STEEL HULL DULL DULL DULL DULL DtL
AL UM | NUM BULL DULL DULL DULL pULL BULL
MAGNES | UM BULL DULL puLL DULL DULL DULL
WT. LOSS {MG./SQ. CM.)
COPPER 0.05 0.0 0.li 0,02 0,11 0.06
STEEL +0,03 +0.0 +0.02 +0.02 +0.01 +0.02
ALUM [NUM +0.05 +0,04 +0.01 +0.04 +0.01 +0,02
MAGNES | UM 40,02 +0,08 +0,02 +0.04 +0.04 +0.05
WABC TR 55-3C Pt V - L6 -
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Table 30

OXIDATION AND CORRCSION CHARACTERISTICS OF A POLYBUTENE AND
A HYDROGENATED POLYBUTENE AT 347°F.

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808, .
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 347 ¥ 3°F,; TEST TIME = 72 HOURS; AIR RATE = i0 _
| LITERS PER HOUR; TEST FLUID CHARGED = (00 ML.; CATALYST = A | INCH SCUARE EACH OF COPPER,
STEEL, ALUMINUM, AND MAGNESIUM.
TEST FLUIDS: PRL 3473 = SAMPLE LF-0741 (POLYBUTENE POLYMER OF |5 CENTISTOKES VISCOSITY AT 100°F.).
PRL 3474 = SAMPLE LF-0742 POLYBUTENE POLYMER (PRODICT OF HYDROGENATION OF PRL -3473).

WADC TR 55-30 Pt V

TEST FLUID {COMPOSTTION IN WT.%) BRL 3473 + 1.0 PRL 3474 + I.0
ANTIOXIDANT 2246 ANTIOX1DANT 2246
+ 0,5 DLISOPROPYL + 0,5 DI1SOPROPYL
ACID PHOSPHITE ACID PHOSPH ITE
OVERALL LIQUID LDSS, WT.% 8 2
4 CHANGE IN CENTISTOKE VISCOSITY
AT 130°F, +100 +3
AT 0°F, +368 +B
NEUT. NO. {MG. KOH/GM. QIL)
ORIGINAL 0.5 0.5
FINAL 9.8 0.3
ASTM UNION COLOR
ORIGINAL | !
FINAL >8
WT.% INSOLUBLE MATERIAL 3.5 0.5
FINAL CATALYST CONDITION
APPEARANCE
COPPER COATED COATED
STEEL COATED COATED
ALUMIHUM COATED COATED
MAGNES IUM COATED pULL
WT. LOSS (MG./SQ. CM.)
COPPER +0.30 +0,51
STEEL +0.30 0,17
ALUMINUM 40,27 +3,93
MAGNES IUM +0,20 0,00

- 48 -



€00+ £0%0+ vO0+ 90°0 10°0+ y0*0+ 00°0 WIS NIV

- 49 -

20°0 10°0+ 200+ 00*0 00°0 00°0 g0°0 WINEWTY
10°0 £€0°0+ 600+ 00*0 00°0 200+ 160 73318
£cte Lot 200+ 20°0 80°0 80°0+ 60'0 ¥3ddDJ
_ (*W3 *DS/*DW) 58071 *im
T4 1M Tne anil] auil] Ting 1H9 148 WA 1 SINDYW
Tne Tna TIna 1na Tne Tng 1H91¥g HANEWATY
Tme gpili] a31v03 10 T T1ng TNa 13318
03008409 43004409 IH9148 1H91¥g e Tma Tna 4 3dd09
) 2INYEY IddY
NOTLIONDD LSATVIYS TYNiJ
11 90 [°0 Enl R 1*0 2°0 IvHL WIYILYA 3T9NT05N) %7 IR
< 8< < < £ 5 4 TN 4
| l ¥ | [ ¥ ! TYNI9tH0
40107 NOIND WLSY
£'g £ 2°s 6y 1*0 0°0 14 TNt
0*0 1*0 0o 1*0 0°0 0°0 1°0 TYNI 91 H0
{0 "WI/HOX "9W) °"ON "LAIN
901+ 101+ 02+ e+ Fl+ Liv - *da0EL 1Y
ALISDISIA IH0LSTINID NI FONYHD %
v ¥ ¥ 1 £ £ g % 1M 88071 GINDIT TIyHIAD
MIWYTAHLHAYN INTWY T/ HLHAYN
909¢ Md 0*2 G09€ Td 0°2 =“¥HdTY=1ANIHd 0°| ION S09¢ Wd 0°2 =yHdTY=TANIHd 07| INON %° 1M “HOLIGIHNT NOTLyaixo
W S - I T L e R L Lr A I~ T gIn1d isit

"ANVIWOD LTVRH3ONYA "L Y WOHA GINIVLE0 SIAILICOY JdAL ILYWYEHVIOIHLIC = Q09C Tud ONy $09€ Td  3AILIQOY
“20IL 0W 031YN3SOHOAH = 101 OW
“ANYAWOO TYOIWIHD TIOONS 361 WOM3 Q3NIYIE0 (N14310AT04) 0S=1 1040ONI = 2014 OTW :SOIATY 1831
WNISISYW ONY “WONIWNTY ©733LS “¥3dd0D 40 HOYI 3WWADS HONI | y = LSATYLVD
“°WW 001 = 0394YHD QINT4 1631 “UNOH ¥3d MILIT §*0 3§ = 30vM ¥Iy FSHNOH 2L = FWIL 1831 $°dof T L7€ = MNLYHIdW3L 1S3 £ 30MIONI SNO LI1ONOD 1831
*808L=T=1IW *23dS HLIA 3IINVOHOIOY Ni SINDINKOIL ONV NGIJONd 1531

"dole LY SAINTI TVHHAES 40 SOTISTHLIOVYVHO NOTSOUMOD GNY NOILYQTXO
TE eTqBL

WADC TR 55-30 Pt V



Tavle 32

OXIDATION AND CORROSION CHARACTERISTICS OF A HYDROGENATED
POLYOLEFIN AT 347°F.

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808.

TEST COMDITIONS INCLUDE: TESY TEMPERATURE = 347 ¥ 3°F,; TEST TIME AS INDICATED; AIR RATE = 5 ¥
0,5 LITERS PER HOUR; TEST FLUID CHARGED = 100 ML.; CATALYST = A | INCH SQUARE EACH OF
COPPER, STEEL, ALUMINUM, AND MAGNESIUM.

TEST FLUID: MLO 7124 = HYDROGENATED POLYOLEFIN OBTAINED FROM THE INDOIL CHEMICAL COMPANY.

ADDITIVE: PRL 3605 = A DITHIOCARBAMATE TYPE ADGITIVE OBTAINED FROM THE R, T. VANDERSILT COMPANY,

TEST FLUID .- -cereco-- MLO 7124 - - - - - - - e - - - >
OXIDATION INHIBITOR, WT.% - }.0 PHENYL-ALPHA- 2.0 PRL 3605
NAPHTHYLAM [ NE
TEST TIME, HOURS 72 144 72 ] 144 72 {44
OVERALL LIQUID LOSS, WT.% 4 - 3 | - 2 -
4, CHANGE 1N CENT ISTOKE VISCOSITY l
AT 130°F, -4 +13 +7 +8 +B +3
NEUT. NO. (MG. KOH/GM. CIL) |
ORIGINAL 0.1 0.t 0.1 0.1 0.} 0.!
F INAL 5.3 4,2 0.1 0.2 0.2 0.2
ASTM UNION COLOR
ORIGINAL [ I 3 3 I |
FINAL 5 >8 5 >8 3 5
WT.% INSOLUBLE MATERIAL TRACE 1.3 | TRACE 0.2 0.! 0.)
FINAL CATALYST CONOITION
APPE ARANCE
COPPER BRIGHT | CORRODED | DULL DULL DULL  |CORRODED
STEEL DuLL pULL | DwLL DULL puLL DULL
ALUMINUM DULL BRIGHT | DULL DULL DULL DULL
MAGNES [UM COATED COATED | DULL |, BRIGHT | BRIGHT ‘ BRIGHT
WI. LOSS (MG./SQ. CM,)
COPPER 0.05 0.61 0.04 +0,03 0.17 0.21
STEEL 0.02 0.15 | 0,02 0.02 +0.03 0.00
ALUM I NUM 0402 0,06 | 0.04 0.05 +0.04 +0,03
MAGHNES UM +0, 10 +0,10 | 0,00 +0,02 0.00 | +0,03

WADC TR 55-30 Pt V - 50 -
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Table 42

OXTDATION AND CORROSION CHARACTERISTICS OF PRIMOL D AT 347°F,

TEST CONDITIONS {NGLUDE: TEST TEMPERATURE = 347 £ 3°F.; TEST TIME = 72 HRS.; AIR RATE = 5 + 0.5

LITERS PER HOUR; TEST FLUID CHARGED =
COPPER, STEEL, ALUMINUM, AND MAGNESIUM,

100 MLS.; AND CATALYSTS = A |-INGH SQUARE EACH OF

TEST FLUIC: MLO 7144 = PRIMOL D, A WHITE OIL OBTAINED FROM THE ESSO RESEARCH AND ENGINEERING

COMPANY.

ADDITIVE: PAN = PHENYL-ALPHA-NAPHTHYLAMINE

PRL 3605 = A DITHIOCARBAMATE TYPE ADDITIVE

TEST FLUID A MLO 7144« = = = = = = = >
OX{DATION IKHIBITOR, WT.% 1.0 PAN 2.0 PRL 3605
OVERALL L10UID LOSS, WT.% 2 I
4, CHANGE 1N CENTISTOKE VISCOSITY
AT 130°F, +5 +2
NEUT, NO. {MG. KOH/GM. OIL)
ORIGINAL 0.0 0.2
FINAL 0.3 0.1
A.S5.T.M. UNION COLOR
ORIGINAL 2 0
FINAL >8 3
WT.% INSOLUBLE MATERTAL a,0 TRACE
FINAL CATALYST CONDITION
APPEARANCE
COPPER DULL puLL
STEEL DULL GULL
ALUM I NUM DULL BULL
MAGNES UM BRIGHT pULL
WT. LOSS (MG./S0. CM.)
COPPER 0.04 .09
STEEL 0.00 .02
ALUMINUM 0.05 0.02
MAGNES UM 0.03 0.04

|

WADC TR 55-30 Pt V
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the 347°F. oxidation test. Viscosity change appears somewhat higher for

these fractions than for conventicnally refined naphthenic and paraffinic
stocks.

6. Oxidation Characteristics of Special Mineral Oils from
Phillips Petroieum Company. The Phillips Petroleum Company has submitted
a series of seven mineral oils for evaluation of the effect of super-
refining techniques. The samples are described in the fecllowing
tabulation:

MLO Viscosgity in Centistokes at
Designation Lubricant Description 21C°F, 10GeF,

7125 Charge Stock for Sample A 8.5 £8.6
7126 Highly Treated 0il

Sample A 7.9 57.5
7127 Charge Stock for Sample B 23.1 318
7128 Highly Treated 0il

Sample B 19.7 230
7129 Charge Stock for

Samples C and D 43.2 861
7130 Highly Treated 0il

Sample € 30,2 44T
7131 Highly Treated 0il

Sample D 32.7 507

Oxidation and corrosion test results at 347°F. are shown on Table 46.
Phenyl-alpha-naphthylamine in 1.0 weight per cent concentration has been
used in all of these fluids. The charging stocks show relatively good
overall stability in this oxidation and corrosion test. In general, the
highly treated oils show little improvement over the charging stocks.

It should be noted that all of the highly treated oils exhibit high
neutraiization numbers, The high neutralization numbers may influence
adversely the copper corrosion and property changes noted with the
highly treated oils.

7. Oxidation and Corrosion Characteristics of Minersl 0il-
Polyolefin Blend., Blends of polyolefins and paraffin mineral oils have
been evaluated as shown on Tables 47 and 48. The data on Table L7 were

obtained at an air rate of 10 liters per hour. The two Pennsylvania
neutrals used in these tlends form a solid sludge-like product when sub-
Jected to this oxidation test without additives. These data have pre—
viously been shown on Tables 26 and 27.
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The results of the two blends without additives indicate that
the polyolefin alters significantly the course of the oxidation. The
overall results appear to be essentially the same as the oxidation
characteristics of the polyolefin as shown on Table 29, As in the case
of the polyolefin, the phenyl-alpha-naphthylamine is not effective as
an oxidation inhibitor for the 50:50 blends of mineral oil with poly-
olefin.

Data for polyolefin and hydrogenated polyolefin blends with
Barosa 43 and Kendall heavy neutral are shown on Table 48. As a refer-
ence point similar data for the blend components are shown on Tables 31
and 33. It can be seen from the data on Table 48 that 50:50 blends of
Indopol L-50 with Barosa 43 and Kendall heavy neutral do not respond to
the dithiocarbamate inhibitor. The resultant property changes and copper
corrosion values are in both cases intermediate between the values
obtained for the two components of the blend tested separately. A blend
of hydrogenated Indopol L-50 with Barosa 43 has been evaluated with PAN
in the 347°F. test. The results indicate gcod overall stability and no
metal corrosiomn,

8, Study of Additives in Mineral Oils and Esters at 347°F.
A group of 10 chemicals have been obtalned from the Monsanto Chemical
Company for evaluation as oxidaticn and corrcsion inhibitors. It should
be emphasized that these materials were not prepared specifivally as
oxidation inhibitors, Sclubility in a paraffinic mineral oil and di-Z-
ethylhexyl sebacate 1s shown in Table 45,

Table 45
SOLUBILITY OF MONSANTO ADDITIVES IN MINERAL OILS AND ESTERS
SOLUBILITY OF 1% ADD. IN SOLYBILITY OF 0% ADD. IN
ADDITIVE MELTING BARCSA 43 DI-2-ETHYLHEXYL SEBACATE
DESIGNATICN POINT, °F, AT 200°F, (1) AT 80°F.{2) AT 200°F,. (I} AT 80°F.(2)
MLO 7153 <80 SOLUBLE INSOLUBLE PARTIALLY INSOLUBLE
SOLURLE
MLO 7t54 >480 INSOLUBLE INSOLUBLE INSOLUSLE INSOLUBLE
MLO 7155 >480 INSOLUBLE INSOLUBLE INSOLUBLE INSOLUBLE
MLO 7156 383 PARTIALLY INSOLUBLE INSOLUBLE INSOL UBLE
SOLUBLE
MLO 7157 198 SOLUBLE INSOLUBLE SOLUBLE INSCLUBLE
MLO 7158 385 PARTIALLY INSOLUBLE INSCLUBLE INSCLUBLE
SOLUSLE
ML 7}59 316 PARTIALLY INSOLUBLE INSOLUBLE INSOLUBLE
SOLUBLE
MLO 7160 >400 INSOLUBLE INSOLUBLE INSOLUBLE INSOLUBLE
MLO 7161 <80 SOLURLE SOLUBLE PARTIALLY PARTIALLY
SOLUBLE SOLUBLE
MLC 7162 <80 SOLUBLE SOLUBLE PARTIALLY PARTTALLY
SOLUBLE SOLUBLE

(1) SOLUBILITY WAS OBSERVED AFTER MIXING AT 200°F. FOR ONE HOUR.

(2} SOLUBILITY WAS CBSERVED AFTER COOLING TO BO°F. AND STORAGE FOR 24 HOURS AT
TH1S TEMPERATURE.
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Seven of the ten additives show partial or complete solubility
in Barosa 43 after one hour of stirring at 200°F, These materials were
evaluated at 1.0 weight per cent concentration in Barosa 43 at 347°F.
The data are shown on Table 49, Comparable data for 1.0 weight per cent
phenyl-alpha-naphthylamine in Barosa 43 are shown for comparison. All
of the additives evaluated, with the exception of MLO 7153, are at least
as effective as phenyl-alpha~-naphthylamine in reducing neutralization
number increase and/or dirtiness. Only MLO 7158 is effective in elim—
inating copper corrosion.

The six compounds showing some solubility in di-2-ethylhexyl
sebacate have beentested for stable life at 347°F. The stable life
curves are shown on Figure 3. The fluid properties after 72 hours or
longer are shown on Table 50, Five of the compounds evaluated show a
finite stable life in cne weight per cent concentration in di-2-ethyl-
hexyl sebacate. The additive (MLC 7155) which shows no stable life is
inscluble in the ester. Additive MLO 7153 shows a stable 1life of the
order of S0 to 100 hours. MLO 7154 shows a relatively high neutraliza-
tion number increase but no sharp break indicative of the break peint in
the stable life after 72 hours. The remaining three fluids exhibit a
stable life of the order of 20 to 40 hours. All of these additives
show excessive copper corrosion in the ester,

The Monsanto compounds, in spite of relatively pcer solubility
characteristics, show the properties of antioxidants in both mineral
oils and esters.,

D. HIGH TEMPERATURE OXIDATION AND CORROSION STUDIES. Oxdda-
tion tests at 347°F. are designed to be primarily a measure of inhibitor
effectiveness and stable life, High temperature oxidation and corrosicn
tests at 500°, 600°, and 700°F. are used to measure oxidation rate and
oxygen tolerance. Inhibitors in this temperature range are, in general,
ineffective and may contribute to property changes and corrosion because
of the thermal and oxidative instability of the additive itself, 4 pre—
liminary evaluation indicates that the mineral oils show excellent high
temperature oxidation and corrosion characteristics relative to the
various classes of fluids evaluated. Additional studies in the mineral
0il class have been made to evaluate the effects of mineral 0il and
hydrocarben type, additional super-refining techniques, and additives.

1. Oxidation and Corrosion at 500°F. A number of mineral oils,
hydrocarbons, and additives have been evaluated in a 20-hour oxidation
test at 500°F. using Spec. MIL-L~7808 oxidation and corrosion procedures
and techniques. Paraffin, naphthene, and aromatic types of mineral oil,
and polyolefin and aromatic hydrocarbons have been included in this study.
Essentially all of the mineral oil and hydrocarbon materials discussed
in the preceeding section have been included. The data for these tests
are shown on Tables 51 through 62,

Data are presented for the polyolefins before and after hydro=
genation. The effect of additives has also been studied. These data
are shown on Tables 51 and 52. The rate of oxidation for the polyolefing
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Figure 3

OXIDATION STABILITY AT 347°F. OF DI-2-ETHYLHEXYL SEBACATE
CONTAINING VARIOUS ADDITIVES

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC, MIL-L-7808,

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 347 } 3°F,; TEST TIME AS iNDICATED: AIR
RATE = 5 * 0.5 LITERS PER HOUR; AND CATALYSTS = A )-INCH SQUARE EACH OF COPPER,
STEEL, ALUMINUM, AND MAGNESIUM,

TEST FLYID = Di=-2-ETHYLHEXYL SEBACATE (MLO 7038).

ABDITIVES: MLO 7153, 7154, 7155, 7157, 7161, AND MLO 7162 = A SERIES OF EXPERIMENTAL
ADDITIVES -OBTATNED FROM THE MONSANTO CHEMIGAL COMPANY.
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at 500°F, is about the same before and after hydrogenation. The use of
phenyl-alpha-naphthylamine (PAN) or a dithiocarbamate antioxidant does
not significantly lower the oxidaticn rate for these materials. There
is some indication that oxygen tolerance ig altered somewhat by hydro-
genation and/or additives. Hydrogenation of the polyolefin tends to
increase slightly the insclubles formed but decreases the change in
viscosity noted. The use of PAN or dithiocarbamate increases slightly
the formaticen of dirtiness in both base stocks.

In the case of the dithiocarbamate, the dirt formed is an
orange colored finely divided material. This same type of deposit can
be cobtained from the thermal treatment of the dithiocarbamate additive
in a thermally stable mineral oil or hydrccarbon.

In terms of overall behavior at 500°F,, hydrcgenation and addi-
tives do not improve the oxidative stability properties of the pelyolefins.
The use of the dithiccarbamate additive, PRL 3605, tends tc promote copper
corrosion in both the polyolefin and the hydrogenated stock.

A nmunber of paraffinic mineral coils have been evaluated in the
500°F. oxidation test as shown in Tables 53, 54, 55, 56, and 57. A num—
ber of these paraffinic mineral oils have been studied before and after
hydrogenation or silica gel adsorpticn, without additives. The results
of these tests show that the hydrogenated and unhydrogenated oils have
about the same oxidation stability at 500°F. That is, the rate of oxi-
dation and the oxygen tolerance are not altered substantially by hydro-
genation. 1In addition, both the hydrogenated and unhydrcgenated mineral
oils show good cerrogion properties,

The effect of inhibitors on a paraffinic¢ neutral are shown on
Table 55. At best, the additives show a slight reduction in oxidation
rate, In all cases this is accompanied by a reduction in cxygen tcler-
ance based cn dirtiness. Copper corrosion trends at 500°F. are less
severe than at 347°F.

In addition to the tests at 500°F., with single inhibitors, a
series of tests were conducted with a combination of hindered phenol and
dialkyl acid phosphite as an oxidation inhibitor. This combination has
been shown to Have a synergistic effect as an oxidation inhibitor in the
347°F, tests with mineral oils and esters.

Oxidation tests at 500°F. have been conducted with Indopcl
L-50 (MLO 7014) and the two Pennsylvania extracted neutrals (MLO 7026
and MLO 7027) using a dialkyl acid phosphite-hindered phenol combination
as an oxidation inhibitor. In one case Antioxidant 2246 was used as the
hindered phenol, and in the other two cases Parancx 441 was used. Diiso-
propyl acid phosphite was the dialkyl acid phosphite used in all cases,
These tests were conducted for 20 hours at an air rate of five liters
per hour with the conventional metal catalysts. The results of these
tests are compared on Table 58 with tests in which no oxidation inhibi-
tor was used.
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in general, no substantial improvement in cxidation stability
is observed for blends containing the hindered phenol-dialkyl acid phos-
phite combination compared to the unblended fluids. The rate of oxida-
tion, that is the amount of oxygen absorbed, is somewhat less in all
cases, for the inhibited blends compared to the uninhibited fluids.
However, the fluid properties after oxidaticn are not substantially
different for the inhibited and the uninhibited fiuids. In addition,
there is a marked increase in the formation of insolubles for the blends
containing the hindered phenol-dialkyl acid phosphite oxidation inhibi-
tor compared to the uninhibited fluilds. This same trend toward an
increased formation of insclubles has alsc been noted for the cases
where phenyl-alpha-naphthylamine was used as an oxidation inhibitor.

The effect of additives on Necton 50, a naphthenic mineral oil,
is shown on Table 59, In no case are the overall properties of the fluid
in this 500°F. oxidation test improved by the addition of additives. In
several cases increased dirtiness and/or copper corrosion are noted.

Table 6C shows that hydrogenation of Necton 50 does not signif-
icantly alter the behavior in this oxidation test or the additive sus-—
ceptibility of 500°F. Primol D, a highly refined white oil of the
naphthenic class, exhibits good oxidation and corrosion characteristics
at 5C00°F.

Two degrees of hydrogenation in an aromatic extract of cycle
stock are compared with a butylated naphthylene in the 500°F. oxidation
test on Table 61, MLO 7079 has been hydrogenated to the extent of 1.6
moles of hydrogen per mole of oil compared with 6.6 moles per mole for
MLO 7087. The synthetic aromatic hydrocarbon MLO 7075 shows the lowest
rate of oxidation and the smallest quantity of dirt formation. In the
case of the hydrogenated cycle stock extracts, the higher the degree of
hydrogenation the more severe the results of oxidation appear toc be in
this 500°F. test,

The seven mineral oils obtained from the Phillips Petroleum
Company have been evaluated without additives at 500°F. as shown on
Table 62. The highly refined oils MLO 7126, MLO 7128, MLO 7130, and
MLO 7131 show akout the same rate of oxidation as their respective base
stocks. In all cases oxygen tolerance, as judged by dirtiness, is
reduced for the highly treated oil over the base stock. No copper cor-
rosion is noted at 500°F,

2. Oxidation and Corrosion at 600°F. Oxidation and corrosion
tests at 600°F. have been conducted on the various mineral oil types
listed above, both without additives and with 1.0 weight per cent phenyl-
alpha-naphthylamine. These tests were conducted for a 20~hour test
period with an air rate of five liters per hour using copper, steel, and
aluminum catalysts. The results of these tests are found on Table 63.

In general, all of the fluids evaluated show reasonébly good
oxidation stability at 6C0°F. under these test conditions. The rate cof
oxidation, that is the amount of oxygen abscrbed, is of about the same
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order of magnitude for all mineral oils. Also, in terms of oxygen

tolerance (the amount of fluid deterioration per unit of oxXygen absorbed),
there are only minor differences between the various fluids. The poly-
butene oil (MLO 7014) and the 50:50 mixtures of MLO 7014 with the Penn-
sylvania extracted neutrals tend to have a higher volatility loss than
either the Pennsylvania neutrals alone or the naphthenic mineral oil (PRL
2052). The formation of oil insoluble material is not excessive for any
of the neat fluids,

The addition of 1.0 weight per cent of phenyl-alpha-naphthyla-
mine to each of the mineral oils does not improve the oxidation stability
at 600°F. Phenyl-alpha-naphthylamine is an oxidation inhibitcr which
is effective at moderate temperatures, No significant reduction is
observed in the rate of oxidation for blends containing the oxidation
inhibitor compared to the non-additive fluids. In addition, a comparisen
of fluid properties after oxidatiocon indicates that the oxygen tolerance
is not improved by the presence of phenyl-alpha-napnthylamine. In some
cases, a substantial increase in oil insoluble material is noted for
fluids containing the oxidation inhibitor compared to the non-additive
mineral oils.

E. EFFECT OF ACRYIOID POLYMERIC THICKENERS ON DIRTIN®SS AND
SLUDGE DISPEHRSING PROPERTIES. It has been reported by the Wright Air
Development Center that Spec. MIL-L-7808 fluids containing certain Acry-
loid thickeners show improved engine cleanliness over fluids without
pelymers in full scale engine testing. The improved engine cleanliness
is attributed to the sludge dispersing characteristics of the polymer
additive.

Other advantages of polymer thickened lubricants cof the Spec.
MIL-1-7808 type have been discussed in previous reports from this labor-
atory on the development of PRL 3161 prior to the issuance of Spec. MIL-
1-7808., These advantages are the improved viscosity-temperature charac-
teristics resulting in higher viscosity at high temperature and a stable
viscosity at -65°F. which is not subject to appreciable change with
storage time. Since the development of PRL 3161 in 1950 and 1951,
several additional Acryleid polymers of improved sludge dispersing types
have become available. The Acryloid used in PRL 3161 is Acryleid HF-25,
The additional Acryloids in this comparison are Acryloid HF-829 and Acry-
loid 966.

Oxidation and corrosion tests on typical Spec. MIL-1-7808
type fluids prepared with the various thickeners have been conducted at
347° and 500°F. to determine any evidence of reduced dirtiness found in
engine tests., All of the Acryloids evaluated have been obtained from
the Rohm and Haas Company. As a basis for comparison, Spec. MIL-L-7808
type flulds have been prepared from the same components except that no
Acryleid was added.

The results of the 347°F. oxidation tests are shown on Table 65,
These tests were conducted for the conventional 72-hour test period with
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Table 52

OXIDATION AND CORROSTION CHARACTERISTICS OF A HYDROGENATED
POLYOLEFIN AT 500°F.

TEST PROCEDURE AND TECHNIQUES N ACCORDANCE WITH SPEC. MIL-L-7808.
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 ¥ 5°F,; TEST TIME = 20 HOURS; AR RATE = 5 F
0.5 LITERS PER HOUR; TEST FLUID CHARGED = 100 ML.; CATALYST = A 1 INCH SQUARE EACH OF

COPPER, STEEL, ARD ALUMINUM,

TEST FLUID: MLO 7124 = HYDROGENATED POLYOLEFIN OBTAINED FROM THE {NDOIL CHEMICAL COMPANY.
ADDITIVE: PRL 3605 = A DITHIOCARBAMATE TYPE ADDITIVE OBTAINED FROM THE R. 7. VANDERBILT COMPANY.

| TEST FLUID - -----¢ MLD Jigd - - - -- - ~~- =
OXIDATHON INHIBITOR, WI.% - 1.0 PHENYL-ALPHA- 2.0 PAL 3605
NAPHTHYLAM| NE
L10UID CHARGED, GRAMS 8l 80 80
L1GUID LOSS, WT.% 16 17 10
4, CHANGE N CENTISTOKE VISCOSITY (1)
AFTER REMOVAL OF QJL INSOLUBLE MATERIAL
AT 130°F, +6 +2 -14
NEUT, NO, {MG. KOM/GM. OIL)
OR1G1KAL 0.t 0.1 0.1
FINAL 3.8 2, t.8
WT.4 oiL insoLusLe materiAt!) 0.5 1.3 i.5
FINAL CATALYST CONDITION
APPEARANCE
COPPER ouLL pULL CORRODED
STEEL ouLL DULL DULL
ALUMINUM BRI GHT DULL BULL
WT. LOSS (MG./SC. CM.)
COPPER 0,05 0,02 0.51
STEEL 0.04 | 0.02 0.02
% ALUM{ NUM 0.05 +0.01 0.02
1] OfL {NSOLUBLE MATERIAL IS REMOVED BY CENIRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLE-

TION OF THE TEST. THE INSOLUBLE MATERIAL 15 WASHED WITH A LOW BOILING PETROLEUM NAPHTHA

AND DRIED BEFORE WEIGHING.
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EFFECT OF HYDROGENATION ON THE OXIDATION AND CORROSION

Table 52

CHARACTERISTICS OF TWO MINERAL OILS AT 500°F,
TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. M)L-L-7808.

TEST CONDITHONS INCLUDE: TEST TEMPERATURE = 500 Y 5°F.; TEST TIME = 20
0.5 LITERS PER HUUR; TEST FLUID CHARGED = 100 ML,; CATALYST = A

COPPER, STEEL, AND ALUM|NUM,

CIRS; AIR RATE = 5 F
INCH SQUARE EACH OF

TEST FLUIDS: MLO 7093 = BARDSA 43, A PARAFFINIC MINERAL OIL OBTAINED FROM THE STANDARD OIL

COMPANY OF NEW JERSEY.

MLO 7113 = HYDROGENATED MLO 7093.

MLO 7094 = AVIATION BRIGHT STOCK OBTAINED FORM THE STANDARD OIL COMPANY OF NEW
JERSEY.
MLO 7118 = HYDROGENATED MLO 7004,

e e o
TEST FLUID MLO 7093 MLO 7113 MLO 7054 MLO 71i8
L1QUID CHARGED, GRAMS 84 83 83 82
LIQUID LOSS, WT.% 3 6 | 0
APPROX, AMOUNT 0p SUPPLIED, Mi.{|) 26.2 26.2 26.2 26.2
APPROX. AMOUNT 0, USED, GMS,!I 8.8 7.8 3.9 5.0
MOLS 0p USED/426 GRAMS FLy|D(2) .40 h.24 0.62 0.84
% CHANGE N CENTISTOKE V1§COSITY

AFTER REMOYAL OF OIL [NSOLUBLE MATERJAL (3!
AT 130°F. +60 +59 +38 +{7
NEUT. NO. {MG. KOH/GM. OIL}
ORIG INAL 0.2 0.1 0al ol
F INAL 2.9 4,2 1.3 4,3
WT.% 6IL tNSOLUBLE MATER|AL(D) TRACE TRACE TRACE 0.4
FANAL CATALYST CONDITHON
APPEARANCE
COPPER DHLL DULL COATED DULL
STEEL BR I GHT DuLL DULL DULL
ALUM | NUM BRIGHT DULL BRIGHT BRIGHT
WT. LOSS (MG./SQ. CM.}
COPPER +0,06 0.03 +0.34 0,02
STEEL 0.08 0.00 +0,04 +0,02
ALUM| RUM 0,00 +0,01 0.00 0.00

{1} AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS:
0o CONTENT (FRACTION) X t.43 {GM./LITER }.

SAMPLING OF EXBAUST GASES AND ANALYSIS FOR 0p.
{2} THE MOLS OF OXYGEN FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPAR-
ING THE 06 ABSORBED, THE MOLECULAR WEIGHT OF DI-2-ETHYLHEXYL SEBACATE IS 426.

B

(3) OIL INSOL

AR RATE (L./HR. AT S.T.P.) X TIME {HR.) X
AMOUNT OXYGEN CONSUMED DETERMINED BY FREQUENT

LE MATERIAL S REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLE-

TION OF TEST. THE OIL INSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAPHTHA AND DRIED

BEFORE WEIGHING,

WADC TR 55-30 Pt V

- 77 -




"ONIHDI3M 3H0438 QIIHA ANV VHLIHJYN WR3IT0ULA4 INIT108 MOT ¥V HLIM OIHSYM §1 TYIYILVH

JWNI0SNT 0 IHL  °1S3IL 4C NOILIdWOJ H3L4Y AT3LVIGIWAI QINT3 63Z101X0 ONIONALYLINID AB GIAOWIY Si IVi¥3LYW 378NT0SNT 110 (€)
‘92t 81 3iVI¥E3IS TAXIHTAHLI-Z-10 30 LHOJ3M

BYIN03I0W 3HE  TOIBHOSEY ©0 IHL DNIUYSWOD ¥D4 SI1SYA NOWWCY ¥ SV (ILVINGVL N3IE SvH QIN14 40 SWYED 9Ev HOd 20 40 STOW 3L {B)
*2p o4 SISATYNY ONY S3ISVD LSNVHXAI 40 -ONITdWYS ININDIYA AQ QANIWEILI0 GIWNSNOD N3IDAXO 40 LNNOWY .hmuh_J\.zwy £r*1

X [NOILOVHA) INILNGD €0 ¥ (“¥H) FWIL X {*d*1°§ LV *HH/"T) ALYY HIY ISMOTIC4 SV CILYTIAIWD O317ddNS NIDAXD 40 LNoowy (1)

¥0°0 80*0 20° 0+ £0°0 WNIWNTY
£0°0 8070 €0°0 900 13318
£2°0 0170 710 0T+ ¥3dd0J
i (*WY "0S/°9W) 8507 "1M
11na LHY 48 1104 LHS 148 WINIWN Y
7ina ajle! 100 1104 73318
03004802 11na 03005409 TN ¥3dd09
FINVYY IdaV
NOELIANOD LSATWLVD TWNIA
9°0 30v4L £°C _ "0 (€} WidILlyW 378NT0SNI UG LA
9°i £°€ i L€ NS
0°0 A 0% L0 N9 HG
{7110 "WO/HOA*IW) *ON “LNIN
22+ 75+ Er+ b9+ "3q061 1Y
(g) VIUILYI 3TBATOSN] 1O 40 TWAOW3Y Y34V
ALISOOSIA IA0LSILNID NI FINYHO %
69°0 98*0 o 41| (z) 01074 SWYHS 92v/a3sn 40 sow
vy 9°¢ 0§ 7L (1) *SW9 ‘0350 S0 LNNOWY "X0Uddy
2°92 2°92 2792 2'92 (1) SWo ‘a31ddns 20 LNROWY *X0YddY
i £ 2 “ %L *e501 ainptl
44 98 L 98 SWYHD ‘0I9HYRY 010017
$09€ Sogt _ .
THd 0°2 INCN Td 0°2 INOM % 1M ‘HOLEGIHNL NOILVOIXO
<= ====9l0L 0= """ > <----Uolom - gini4 1831

il

*09 LTIEYIANYA “L1°¥ WeM4 G3INIVLIE0 3ALLI00Y 3JAL 3LyWyayydoiHiia ¥
L0l 0W Q3LYN3ID0HARH
{110 TyHINIW JINTJdvivd) OF 3vs VINYATASNNId v

409€ TMd  rIATLICOY
Lol 0w
Lol 6 isaInd 1831

]

"WANIWNTY Ny ©13318 ‘¥3dd0D 40 HOY3 JWWNDS HONI | Y = LSATYiYD *°W 0O = 030YH]
0INT4 1S3L HNOH ¥3d SHIALIT §°0 T § = Juv¥ ¥IY SSHNOW 02 = IWIL 1SIL *'dob + 00G = IYNy¥IJWIL LS3IL  IANTONI SNOILICNED LS3L
*G0SL-T1=HW °03d5 HLiM JOWyau020Y NI S3NDINHI3L ONy 3uN0300¥d 1§

*de006 1Y TIO TYHEENIH 0¢ FVS VINVATASNNEL ¥V AC SOLLSIYAIOVUVHC NOISOUHOO GNV NOILVIIXO
©14 oTa®y

- 78 -

WADC TR 55-30 Pt V



*ONIHGEIN FHDA39 GIIH0 ANV VHLHSYN WNITOHL3d OHIT108 MOT ¥ HLIM G3HSYM S1 W IHILVMW
ITGAT0SNE TH0 IHL "ASTL 40 KOILITdWOD HILAY ATILVIQIWW! OINTE Q2Zi01X0 SNIORAIUINID AB CIAOWIY SI TYrEILYW 319070SNE 110 (€]
*92¥ S 3ILVIVE3S TAXIHIAHLI-Z-10
40 MO 3M HYINDET0W JHL  “Q3HH0SHY 20 IHL ONIHYAWOD H04 S15VE NOWWOD Vv Sv CIivinavl NII8 sYH 4INnTd 40 SWr¥D 92¢ Hod 20 40 §70W IHL (2)
60 HO4 SISATYNY ONY $3SVD LSAVHXI 40 ONITWYS 1NINDIW4 A8 O3INIWHILIO QIWNSNGS NITAXO 40 LNACGHY
“(HILIT/WD)} EP°I X (NOILOVHA) INIINGD S0 X [°WH) Wl X (°d°L°S LY "HH/®7) 3Lvy dI1V  SMC1T04 SV Q3LVINO WD GI11ddns NIDAXO LAnoWy (1)

10°0 70°0+ 910+ 20°0 Lo’o WAN TWN Y
10°0+ 10°0+ €00+ 20°0 0°0 13348
010 8070+ 61°2 Lo ¥0°Q 434d0o
[*WD *DS/"9W) S50 *1M
TIna T1na q3alyed 700 LH91u8 WONIWATY
1Ina 1I0a 11nd TIng T7ng 13318
14 10 (3008402 a3aLvoo 16 ¥34d03
JONVHY IddY
NOELIONOD LSATVIVD TyNIA
70 ¥°0 2°0 2'0 10 (¢) WI¥3LYW 3ENT0SNT TEO %7LA
§*2 2z £°¢ A ¥ LTE!
"0 10 6°0 £°0 10 IYNIDIHE

{10 "K9/HON “9W) “ON *in3N

94+ b+ : €l G5+ gl+ *d0061 LY
(¢)WIHILYW 2TENTOSNL THG 40 TWAOW3Y ¥3LdV
ALISGOSIA IHOLSILNID NI JINWHO %

- 79 -

z
7L°0 65°0 €L°o 870 Tl {2) 01In74 SWYH9 G2¥/038A 70 STOW
Loy 8¢ gy 0*$ 08 {1) "SHO ‘0350 20 LNDOWY °X0HddY
29z 2°92 FADT: 292 292 (1) SW9 ‘0317ddng 20 LNNOWY ‘XgHddY
| ¥ 2 I 2 Z=1M ‘3507 ¢1ndIT
48 g8 & 98 é8 SWYHD ‘03DEVKD GINDIT
909¢ $09¢ $19¢ INTWY TAHLHAYN

Tud 0°2 Tad 0732 Tid 01 -¥HdTY=TANIHd Ot INCN %° LM *HOLIAIHNG NDILVOIXO

AL I A A A N TR A vh BRI R B B gInid L83l

*NOFLYHOAEAS 10Z148NT IHL WoB O3INIVIEO 3IAILI100Y 3dAL JLYHASOHOFHL ¥ = SI9E ud
*00 LTISHIONVA *L “H WOM4 Q3INIVEIHD S3A1L100V 3dAL JiVWYBHYIOIHLIO = 909€ Tud ONY 409 ud f3A1L100Y
*ANVAWOD ONINES3Y TTWANIXY 3HL WO CINIVLSO0 T10 TWYINIW DINIZ4vivd v = 0404 014 $0I0Td 1831

TANNTWNTY ONY ‘73308 “HI4d02 40 HOVI FUYAOS HONI | ¥ = LSATVIVD {°w 00!
= 039YKI 01A74 LS3L "UAQH ¥3d SHILIT 470 H S = 3LVY HIY iGHNOH 02 = 3WIL LS3L *405 F 00§ = IWNLVEIAWIL LS3L  *ICNTINE SNOJLIQANOD 1531
*RO8L=T-TiW *33JS wLiM JINYOHOOIY NI SINDINHDIL ONY JHACI00Hd 1S3L

*He00§ IV TTO TVHENIW JTINTAIVHVd V A0 SOTLSIMELOVEYHO NOTSOHOD QNV NOTLYJIXO
GG 8Tq®L

WADC TE 55-3C Pt V



S) vIY3LvW JTENTOSNI

=2=10 40 LH9I3X Y¥INIITOW 3HL

10 3HL

“183L 40 NOTL3TGWOD HILHY AT3ILVIC WA

“ONTHDIIM 340479 CIIHT ONy VHLHJYN WAI0H13d ONITI0B MO v HLiM O3HSYM

0i074 G3Z101X0 DNIDNAIHINGD AD QJAOW3Y S WIY3ivW 318n1csNi 110 (€]

“ger S1 31yIvaas TTAXIHTAHL]

*03050SAY 0 3IHL INI¥YAWOD ¥O4 SISVE NOWWOD ¥ Sy 03LYINAvL N33 SyH 110 40 SWY¥9 Gep H04 g 40 STOW 3L {e)

S0 HO4 SICATYNY ONY S3SYD LSNYUXI 40 SKITdWYS ININLIMA AB J3INIWHILID QIWNSNOD NITAXD ANDNOWY
(¥ Ws) €41 X [NOILOWEd) INFENDD Sy ¥ {"MH)} FWIL X {°dH/°7} 3kv¥ Yly ISKOTI04 SY QALYINITYD Q31ddNS NITAXO INOOWY {1}

00°0 160+ €070+ { 10%0 00’0 | $0%0 400 WAN T W TY
£0°0+ 10" 0+ 00'0 70'0 2070+ 100 €00 13318
70* 0+ €00 910 20°0 1o 00°0 G0 0+ ¥3dd02
(*Wy “DE/°TW) 8807 LM
Tng LHSi Y 1In4g 10 149tud 1H914E 1H919d WON LW Ty
T1ng ga it 11R4g 10 g TIne Ting 13318
Tna o 1na Tna Tna TIng 1IN0 ¥3dd03
ION yHy 3ddy
NOLLIONOD LSATYLYD TWN14
t'o 30yl 2*0 1°0 1'0 EREETE NON (€)IV1¥ILYW TTANTOSNT TIO % 1M
0°€ 9°2 1*2 & G°2 62 4 TN 4
0°0 1°0 I°0 20 1'0 170 170 TWNLSIHD
(T10 "WI/HON °9W) "ON *LM3N
09+ 19+ 001+ 65+ 19+ 05+ g+ *4a061 1y Vm_J4_mmqu
JIGNTOSNI O 40 TvAOW3Y ¥3Ldv
ALISO2SIA IM0LSILNID NI 39NYHD ¥
91°1 g8 0 br° | 61°1 - gy | ¥6°0 (z) 01074 40 SWyHd g92v/a3sn %0 siow
1L 64 2'6 vel - 16 §5°¢ (1)SWvE9 0380 %0 LNROWY "XOMddY
2'92 2°g92 2°92 2°92 2792 AT 2'g2 (1) SWYEY “0311ddNS €0 INROWY “XOMddY
9 4 2 0 _ 0 ! %= 1M 55071 0inbi7
Z8 €9 FA:] £8 ¥8 4 68 SWYHD *Q39dyHD 010817
— e e ;
0°1 0° 0"l - 0*f - : - %" LM INTWY TAHLH QYN -P=TAN 3Hd
v10L 0WL20L 0W t10L 0W:920L 0 ;
{*1M 28) 06:08 ("W ABY 09:0§ Lz2ol 0 920, G — HLOL 0w 01714 1832
“T310 TydaNIW DINE43vEyd) TvdLIN3N AAY3H YINYATASNNID v = [[0L O
S[H0 TYMINIW QINIJ4¥Hyd) TYsLN3N 081 GILIVMLX3 YINVA IASNNId ¥ = [20L 07
(110 TYHINIW DINLI2VHYE) TWHANIN 00€ OILIVHLXT YINYATASNNI ¥ = 920L 0
*[°4s001 1y SINOLSEINID OI1 40 HIWATOY INILNBATO4} 05=71 TOJOOGNI = #10L OTW :5QINT4 1831

£ 001 = QIDHYHI QINT4 L83 fHNOH ¥3d S¥ILIT 670 ¥ § = JLvH HIY SHNOH 02 = IWIL 1831 Yr408 + 009 = 3WN1V¥3JW3L 153U

TWINLWATY ONY 73318 ﬁwwmmou 40 HOV3I JdynDS HIN) 3ANC v = LSATVIYD aNv

SIINTIONL SNOFLIQNGD L1S3L

*808L~T1-ThW °93dS HLIA JONVAYOODY NI S3INVINHIAL ONY 3¥N0300Y¥d 1SIL
* 10006 LY SNOILISOJWOO TTO TYMENIW TYHIAES J0 SOTISTHELOVHYHO NOISOHYOD ANV NOILVAIYO

95 °T4®B]L

- 80 -

WADC TR 55-30 Pt V



“{1 DL € °XCHdd¥ OILlYY

739 YOITS 04 T0) °400G1 “XO¥ddY 1¥ 739 ¥O171S G3LVAILIY SWINIVLINOG HOIH L1334 L OGNV H3LIWVIQ NI SIHONI 9°1 NW102 ¥ HONO¥HL 03SSvd 0 (v)
“ONIHOI3IM 30438 03180 CNY YHLIHIYN WNIT0HL3d IN17108 MO V HLIM

Q3HSVM 3HY S3TANT0SNI $10 FHe  “1S3L 40 NOILITAWOD M3ILAY ATILVIQIWWE Qid14 QIZICIXD INIONA[HINID AQ CINIWH3LIO S TViHILYW 3TB07I0SNI 110 {€)
“0gy SI ILYIVEIS TAXIHTAHLI

=2=10 40 LHOI3M ¥VINOITON 3HL °0IBHOSEY 0 IHL INIHVAWOD 804 SISYE NOWWOI ¥ SY GILYINBYL N338 SVH QinTd 40 SWYHS 927 ¥0d4 20 40 S0W IHL (2}
°C0 MO SISATYNY ONY S3ISVD LSNAVHXI 20 ONITdWYS LNINDIUA AR O3NIWY3IL3I0 GIWASNOD NIDAXD 40 LNNOWY

“(HILIN/WY) €v°5 X {NOTLOYMA) LNIINOZ 0 X (CSHH} Wil X ("g°L°S 1V “¥H/°7) 3iVE dI¥ *GMGTI04 S¥ 03LVINAIYY G3|1ddNS NIDAXO LNNOWY °X0Hddy (i)

- 81 -

20°0+ 10°0 20°0+ §0°0 WON TR TY
r0° 0+ r0°0 . 10°0 to°0 13318
10°0 20°0 00°0 00°0 ¥3dd03
(*WI °DS/*SW} SS01 °Im
LHO ¥ 100 1H9149 1HD1HE WANERNTY
1Ina 1na aRbli 1Ing 13318
1H91 g Tne 1H9 148 1na H3dd0)
JONYYY IddV
NOLLIGNOY LSATVLIYD TYN1d
2°0 1°0 £°0 ERLLTE (¢)TVI¥3LYK 378NT0SNI TiD $°1M
g 6°¢ Lo 6z NI
2°0 2°0 1°0 %0 TYNIZHY0
{710 "WO/40X “DW) °ON °L1N3N
25+ G+ €+ s+ *400€1 LY (£} W I¥ILYW
379070SNI 110 30 TYAQWIN ¥3rdy
ALISOOSIA INOLSILNID NI J9KVHD %
21 6174 £6°0 G¥° ! (2)01074 SWYHI 92v/a3sn 0 slow
6°9 yel 9§ 1°6 (1)°SW9 ‘a3sn €0 INNCWY *X0HddY
2°g2 2°ge 2°92 2°92 (1) W3 *93114dnS €0 LNROWY °XOHddV
L 0 ¥ 0 $°1n *5507 QINDIT
28 9 08 €8 SWYHY *0398YHD aindl
y) 129 V218 ANON ()739 YIS aNCN INFWLY L Q1674
== == e - 20l BT -~ - - < === ===~ =0zg) O~ - = = - = aintd 1831

{710 TYHINIW DINIJAvHYd) WHLRIN 0B 03ILIVHLXI YINVATASNNIL ¥ = 120/ OW
*{T10 TWYINIW JINI24¥dyd} TYELNIN 00F 0ILJYHIXI VINVATASHNID ¥V = 9200 OW  :804074 1831
\ ) CHANIWATY ONY 73315 “M3dd00 40 HIYI JUVADS HON) | ¥ = LSATYLY)
+°7W 001 = Q3DUVHD QINT4 1S3L BNOH 434 SHILIT §°0 T § = 3UvY ¥IV fSHNOW 02 = IWIL 1831 *°dof 7 00§ = 3IYNLvHIJWIL LS3IE :3OATINL SNOILIONGD Redr
*908L~T=1IKW °23dS HEIM JINVAHGIOY NI SINDINHOIL ONY JHNQII0HL 1S3L

"do005 IV SQINT TVYAAES 40 SOLISTUHIOVEVHD NOISOM¥OS GNY NOTIVAIXO
LS °Ta®],

WADC TR 55-30 Pt V



=2=10 40 LHI13IM HYTIRIITOW 3HL

“9g¥ S 3LVIVE3S TAXIHTIAHLI

*03340S8Y 20 3IML DNIHYJWOD HOJ SISVY NOWWOD ¥ S¥ OILYINGYL NIF8 SYH QINT4 40 SWY¥9 92+ ¥ad 20 40 STOW WL (¥)
*LN0 370438 HIIHM TVIHILYW 37ART0SNT IHL ONIROI3M ONY

INVLINIHOS) NE (G3A0W3Y N33Q SVH TVIHILYW 378N70SNL 10 JHL HOLHM WoH4} 41074 Q3Z101%0 IHL 40 3TdWVS ¥ INILNTLG AG GINIWHILAU Si IVINALYMW

378N708N!Y

03HSYM 3d¥Y $31ENT0SNI

P(H3L1T/°WO0 6oy X (NOLLOWNA) INILNOD S0 X (CSHM) WL X {"d°L°S iV HH/°7) 3ILVH MY

INVLINIHOS!

N0 3HL

SIVIHILYW 3TENT0SNY INVLINIAOS) 3HL SNd TVEYILYW 3778870SNI

70 3L 40 WNS IHL §1 TWIMIIVW 3790T0SNI INYLINIOSI 3WL (£)

TONUHSI IR 340438 (3140 ONY YHLHAYN WRIT0HL34 ON{TTE0E MOT V HLIA

*1631 30 NO!L3TdWOD HIL4V ATILVICIWWL QINT4 Q3ZiQ!X0 ON:ONAVHLNID 48 OQINIWHILIO §1 "Wid3lvW 376R708NL 110 (2}

°?0 HO4 SESATYNY ONY §3ISV9 LSNYHXZ 40 9N!TdWYS LKIND3IY4 AQ O3NEWHIL3IQ CIWNSNGI NIDAXC 40 LNNOWY

ISMO1104 SV QILYINOWD 03174dNS NIDAXO LNNOWY (1)

66 ° 0+ L0°0+ al°o+ .|ﬁ €0°0 82° 0+ _ 00°0 WINTWN Y
6g° 0+ ¥0°0 beo o 10°0 62°0+ [0°0 REEITS
1070 20°0 10+ 00°0 20°0 t0°0 H3dd09
{°*W2 °0S/°IW) 8807 “Lm
Q3Lvod LHOj U8 Q3LY07 LHD 48 03L¥02 JEIEE WRN LW TY
034702 7100 a31Y02 14 a3Lves 1100 13318
74 1ing 031¥02 1na gRiil 100 43dd09
JONVHYIddY
NOILIONDD LSATYLYD T¥NIA4
Lo 0 §°p £°0 0% £°0 ¢1IWIBILYW 378070SN1 INVLINIHOST %°1M
{e)
9°0 1°0 r°0 10vHL 8°0 33Vl () WIYILYA 3T8070SND TIC % 1M
§2 6°¢ €2 62 o°e 2°2 YN
£°0 20 i°0 1°0 v°0 0°0 TYNIDIHO
(110 "WO/HOX *9W) °ON “Ln3N
I+ - £y 6+ al+ 1L+ *3oDE1 LV
] () TWIMILYW 3TBNTOSNE 3INVANIAOS| 40 TIVAOWIY ¥3L4Y
gt+ 44+ 25+ oS+ 6+ £9+ *do0E| LY
{z) WI¥ILYW 378AT0SKI 110 40 TVAOWIY H3L4Y
ALISO2SIA IXNOLSIENZD NI IINVHD %
Lo 617 98°0 9v° €670 8l (¢)0iA14 “SW9 92v/03sn 20 STom
8y Ypel geg i°6 g°§ 2° %mwnmzm 033N S0 LHNOWY °XO¥ddY
2°92 2°92 2°92 2°92 2792 2°92 (1)7S49 ‘0317ddns g LNNOWY “X0Hdd¥
[ 0 2 0 6 £l %" LM 5507 Q1nD47
£8 £8 g8 £8 18 1 *SW3 *0394¥YHD QindIT
[A5)] - €°p - §°0 - JLIHASOHd O13Y TAdOHQ0S! 14
0°1 - 0°t - - = ivy XONVHYd
- - - - 0°1 - wwmmﬁwzqowxa_hzq
*IM *3A1L100Y
120l 01 920/ 07TW ¥i0L 07W ainid 1s3at

(110 TVEINIW JINI4VHYd) TWHLNAAN 08] 03LOVHLXT YINYATASNNId ¥

L20t 0w

(710 TVEINIW 2INE34VEYd) IVELNIN 00€ CILIVHLXI YINVATASNNIG ¥ = 920f OW

{*40001 LV ALIS0DSIA STUCLSILNIZ OF 40 EIWATOd INILNGATOM) 05=1 1040001

vi0d 04 :S01N4 1§31

h

°WORIWNTY ONY ‘13315 ‘¥Idd0D 40 HOYI JUYNDS HONI | ¥ = LSATVLVI
£°9W 001 = Q39¥¥HD CIM14 1531 SHOOH ¥3a SHILIT §°C 7 § = 3LVH HIV fSHNOK 02 = 3WIL LS3L *°4e§ 7 00§ = IWALYYIGW3L LS3L  FICNTIING SNCILIONOD LS3L
*gogL=T=1IW °2348 HLIM 3INVQ¥0OAY NI SINOINHIIL ONV 3HNQID0Hd LS3L

"do005 IV SAINTA TVHAANS A0 SOTISTUEIOVEVHO NOISOHH0D QNV NOILVCIXO

8¢ °TI®L

- 82 -

WADC TR 55-30 Pt V



Iy HILYW ITEAT0SNT M0 ML

40 1H9TIM ¥yInd3TCH 3L

"1

"ONIHOI3M 3d0430 0

+035H0GAY 90 FM1 SN IHYJWOD HO4 SISYS NOWWOD v Sy a3
. *€) ¥0d SISATYNY ONy S3Svd LSMVEXD 40
(43117/°WBY €71 X (NOILIVHA) INIINOD O X (-ui} IWEL X ("d71°S 1y CWR/T7) 3w v

4G ONY YHLIHJYN WNF0uL3d INTTI08 KOT ¥ HilK GIHSYM Si
831 40 NOILITdW0D ¥IL4Y ATILVICIWWI 01N q3Z1aIX0 DNIOMATHINIG AE Q3A0W3M SI Tyld3lyW 378NT0SNT T80 {€)

“gz¥ Si 3ILYIVEIS TAXIHIAHLI=Z-IC

LyINayL N139 SyH 0inl2 40 SWydd 92y ¥0d S0 46 ST0W 3HL (@)

oM T1dWYS 1NIGDIYS A8 O3IN1WYIL130Q O3WNSKOS NIZAXO LINNOWY

ToMOTI04 S Q3LYINOTYY 0317ddNS NITAXO LRNOWY {1

£0°0 €0'0+ 20°0+ 400+ £0°0+ WIRT KAV
£0'0 G0 0+ §0°0 10°0+ 2070+ 13318
50°0 loe 7871 Greo+ 120+ H 34403
(*W2 DS/ 0w} §SCT "L
149149 aRhli 7704 1HB4d LH314d WNN I WO TY
Tna 1IN0 1ng T1na Jne 13318
1Ine 3004HCH Q3008409 TInag @aLyod ¥34d09
JINYHY IddY
NOILYONOZ LSATYLYO T¥N1d
) ¥°0 2'0 Lo 0 (¢)WId3Lyn TT8NT0SNL O %" LM
gz £t "€ 6*2 L€ TyNi S
20 g 0 1“0 10 YN D1H0
{110 "WO7HON"DW) "ON “L03N
84+ 69+ 9g+ 78+ el+ *1o0E1 L
(£) 91430y TTANT0SNT 10 40 T7AOWIS
NI1a¥ ALLSOOSIA Tx0OLSEIN3D NI 3ONVHD %
69'0 ¢l 60 - 180 (2) 04073 SWyyD ger/a3sn o SI0W
Sy 6 1*g - L {1)°5Wo ‘038 S0 40 LNNOWY “XOQUddY
2°92 292 AT 292 2'92 (1) 75w {031 1ddNS 0 40 INNOWY “X0UddY
0 0 0 I 2 g1 “6507 aInbin
le le 88 98 le SWy¥D “039Y¥YHD Qiabi
§0g9E THd 919€ “Tdd C19€ Tud IN WY TAHLHJYN
0%z -0t ol -YHJIY-TAK3Hd 0°I INON o iM ‘HOLIGIHNI NOILvOiX0
A|||||..|..|||||||||||..|mm0m.wmﬂ_|||||||...|||1|||||lV aind 183k
07 QIRYNYAD NYSIHIWY WOM CIN1Y18C 3AILIO0V Al ILVHJSOHIOIRL ¥ = 9196 d
NG| AYHOH0D 10ZIWENT WON4 Q3INIVIB0 3ATL[00Y IdAL 3LyHdSOHdOIHL ¥ = 419 Tdd $3Al L1 GOy

0 TYYINEW DN

IHIHYN ¥ ‘06 NOLI3M

2602 TMd  GQIRT 1831

il

* 1,006 LV 09 NOLJEN 40 STISTHHIOVEVHO NOISOHYO) GNV NOILVGIXO

65 °TqEL

- 83 -

WADC TR 55-3C Pt V



Table 60

OXIDATION AND CORROSLON CHARACTERISTICS OF HYDROGENATED
NECTON 50 AT 500°F.

TEST PRCCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808.

TeST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 + 5°F.; TEST TIME = 20 HOURS: AIR RATE = 5+ 0.5
LiTERS PER HOUR; TEST FLUID CHARGED = 100 ML.; CATALYST = A | INCH SQUARE EACH OF COPPER,
STEEL, AND ALUMINUM,

TEST FLUID: MO 7066 AND MLO 7096 ~ HYDROGENATED NECTON 50 (NAPHTHENIC MINERAL O1L).

MLO 7144 = PRIMOL D, A HIGHLY REFINED NAPHTHENIC WHITE QI
ADDITIVE: PRL 3605 = A DITHIOCARBAMATE TYPE AGDITIVE OBTAINED FROM R. T. VANDERGILT COMPANY.

e ro—
e

TEST FLUID MLO 7066 MLO 7095 MLO 7144
L OXIDATION INHIBITOR, WT.% NONE 2.0 PRL 3605 NONE
L1QUiD CHARGED, GRAMS 86 86 I 86 85
LiGuiD L0SS, wT.% b | [ 3
APPROX. AMOUNT 0, SUPPLIED, GMS, (1) 26.2 26.2 26.2 26.2
APPROX. AMOUNT 05 USED, GMS. (1) 6.9 5.5 5.9 9.3
MOLS 0, USED/426 GRAMS Fiyu1pl2) l.68 0.34 0.91 [.45
% CHANGE IN CENTISTOKE VISCOSITY (3)
AFTER REMOVAL OF OIL INSOLUBLE MATER|AL
AT 130°F, +76 +58 +42 +67
NEUT. NO. {MG. KOH/GM. 0iL)
ORIG INAL 0.2 0.0 0.0 0.0
FINAL 3.3 2.4 2.4 2.8
WT.% OFL INSOLUBLE MATERlAL(a) 0.3 0.6 0.6 TRACE
FINAL CATALYST CONDITION
APPEARANCE
COPPER CuLL CORRODED DULL BRIGHT
STEEL SULL duLL DULL DULL
ALUMINUM DULL DULE DULL BRIGHT
WT. LOSS (M&./$Q. CM.)
COPPER +0.01 0.49 0.10 0,02
STEEL +0,02 +0.02 0.0| 0.02
ALUMIENUM 0,02 6.02 0.00 +0,02

{1} AMOUNT OF OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR. AT S.T.P.) X TIME (HR.)
X 0, CONTENT (FRACTION) X 1.43 (GM./LITER). AMOUNT OF GXYGEN CONSUMED DETERMINED BY FRE~
QUENT SAMPLING OF EXHAUST GASES AND ANALYSIS FOR 0.

{2) THE moLs oF 0, FOR 426 GRAMS OF FLUID HAS BEEN TASULATED AS A COMMON BASIS FOR COMPARING
THE 0p ABSURBED. THE MOLECULAR WEIGHT OF DI-2-ETHYLHEXYL SEBACATE IS 426,

(3} OIL INSOLUBLE MATERIAL 13 REMGVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLE-
TION OF TEST. THE OIL INSOLUBLE MATERIAL IS WASHED WITH A LOW BOIL!NG PETROLEUM NAPHTHA
AND DRIED BEFORE WEIGHING.
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Table 61

OX1DATION AND CORROSION CHARACTERISTLCS
OF SEVERAL MINERAL CilS AT 500°F.

TEST PROCEDURE AND TECHNIQUES §N ACCORDANCE WiTH SPEC. MiL-L-7808.

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 + 5°F.; TEST TIME = 20 HOURS; AIR RATE = § % 0.5
LITERS PER HOUR; TEST FLUID CHARGED = 100 Mi.; CATALYST = A I INCH SQUARE EACH OF COPPER,
STEEL, AND ALUMINUM.

TEST FLUJDS: MLO 7079 = A MYDROGENATED CATALYTIC CYCLE STOCK EXTRACT.

MLO 7087 = A HYDROGENATED CATALYTIC CYCLE STOCK EXTRACT.
= B

MLO 7075 = BUTYLATED NAPHTHALENES.
TEST FLUID MLO 7079 WLG 7087 MLO 7075
L1QUI0 CHARGED, GRAMS 99 95 93
LIQUID LOSS, WT.% 0 2 |
APPROX. AMOUNT Cp SUPPLIED GMS. {1 26,2 26.2 26.2
APPROX. AMOUNT Cp USED GMS. (1} 5.4 6.3 3.2
MOLS Op USED/426 GRAMS fFLytnfe) G.87 0.97 D.45

4, CHANGE 1N CENTISTOKE VISCOSITY
AFTER REMOVAL OF OfL INSOLUBLE maTeR1ALE3)

AT 130°F. 4222 +252 +165
NEUTRAL | ZAT ION NUMBER {MG. KOH/GM. GIL)
ORIGINAL .3 0.2 0.4
FINAL 2.6 4.5 2.7
WT.% 011 InsoLusLe MATER1AL(S) 0.6 2.0 0.2
FINAL CATALYST CONDITION
APPE ARANCE
COPPER pULL BRIGHT puLL
STEEL DULL DULL DULL
AL UMINUM pULL DULL BRIGHT
WT. L0SS [M3./50. CM.)
COPPER 0,02 0.0% 6.09
STEEL 0.00 0.01 : 0.08
ALEM I UM 0.02 0.03 0,08

{1) AMDUNT OF OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR. AT §.T.P.) X TIME {HR.)

X 0, GONTENT (FRACTION) % 1.43 {GM./LITER).
AMOUNT OF OXYGEN CONSUMED DETERMINED BY EREQUENT SAMPLING OF EXHAUST GASES AND ANALYSI1S

FOR 0y,

{2) THE MOL% OF 0, FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FCR COMPARING
THE Q ABSOEBED° THE MOLECULAR WEIGHT OF D1-2-ETHYLHEXYL SEBACATE I8 426,

(3} 0OiL !NSBLUBLE MATERTAL 1S REMOVED BY GENTRIFUGING DXtDTZED FLUID IMMEDIATELY AFTER
COMPLETION OF TEST. THE QIL INSOLUBLE MATERTAL 1S WASHED WITH A LOW BOILING PETROLEUM
NAPHTHA AND DRIED BEFORE WEIGHING.
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an air rate of 10 liters per hour using copper, steel, aluminum, and
magnesium catalysis. The results of these tests indicate that all of
the Acryloid polymers tend to reduce the amount of sludge formed under
these test conditions. In all cases the amount of sludge formed is less
for vlends containing the polymers than for the same blends without the
polymer. In addition, no deleterious effect is noted that could be
attributed to the presence of the Acryloids. That is, the neutraliza-
tion number increase, volatility loss, and viscosity change are essen-
tially the same for tests conducted with and without the polymers. In
addition, no catalyst corrosion is obtained in any of these tests under
these conditions.

The 500°F. oxidation and corrosion tests with these fluids are
cumarized on Table 66. These tests were conducted for a 20-hour test
period with an air rate of five liters per hour using copper, steel, and
aluminum catalysts. The results of these tests indicate that the poly-
mers studied are still effective in reducing the formation of sludge.
Acryloid HF-829 is the least effective of those evaluated. That is,
tests conducted with Acryloid 966 in the blends containing 1.0 and 5.0
weight per cent tricresyi phosphate, and the test with Acryloid HF-25
in the blend containing 5.0 welght per cent tricresyl phosphate, show a
substantial reduction in sludge formation compared to tests on the same
blends which did not contain the polymers.

In the tests at 500°F., a substantial reduction in viscosity
change is observed for the blends containing Acryloids compared to the
blends without the polymer. This difference 1s undoubtedly due to
incipient thermal instability of the polymers.

Previous studies conducted in this Laboratory have shown that
Acryloid polymers are not entirely thermally stable at 500°F. In addi-
tion, a small amount of copper corrosion is obtained in these tests.
This is typical of oxidation tests conducted on di-2-ethylhexyl sebacate
blends containing tricresyl phosphate and is not attributed to the
presence of the Acryloid polymers.

A section in Anmual Report WADC TR 55-30 Pt 3 prepared by this
Laboratory is devoted to & high temperature dirtiness study of di-2~
ethylhexyl sebacate-base fluilds containing tricresyl phosphate. The
cxidation property changes in this study at EQ0°F, and 20 hours were
about the same as those shown on Table 66 for comparable fluids except
for the dirtiness values noted. O0il insolubles in this previcus study
were higher by a factor of three to five than in the current study. It
should be emphasized that a new batch of tricresyl phosphate and an
improved quality di-2-ethylhexyl sebacate nave been used in the current
studies. It is not readily apparent which material is respensible for
the major portion of the improvements noted.

Additional tests have been conducted to determine whether
these polymeric additives are effective in reducing sludge formation in
mineral oils. As pointed out previcusly, mineral oils are cne of the
more promising types of materials available for high temperature hydraulic
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and lubricant systems. However, it has been shown in recent reports
that sludge formation on oxidation in the intermediate temperature
range {(200° to 4OO°F.) can be relatively severe with these oils, The
use of polymeric dispersants can be considered either as a replacement
for super-refining to reduce dirtiness or as a supplement to super-
refining to reduce further dirtiness in the intermediate temperature
range.

Oxidation and corrosion tests on mineral oil compositions
prepared with the two polymeric thickeners (Aeryloid HF-829 and Acryloid
966) have been conducted at 347° and 500°F., Two different mineral oils,
Barosa 43 and Esstic 45, were used as base stock materials for these
studies. Barosa L3 is a well-refined paraffinic mineral oil and Esstic
L5 is a well-refined naphthenic mineral oil. Both of these flulds were
obtained from the Standard 0il Company of New Jersey.

The results of the 3L7°F. tests are shown on Tables 67 and 68.
These tests were conducted Tor the conventicnmal 72-hour test period with
an air rate of five liters per hour using copper, steel, aluminum, and
magnesium catalysts. The results of these tests show that both the
Acryloid HF-829 and the Acryloid 966 are quite effective in reducing the
amount of sludge formed for both mineral oil-base flulds under these
test conditions. For example, the sludge formed for Barosa 43 (MLO
7093) is 3.4 weight per cent without the polymeric thickener. However,
this value was reduced to 0.1 weight per cent with Acryloid 966 and to
0.3 weight per cent with Acryleid HF-829., Similarly, Esstic 45 has 2.4
weight per cent sludge under these test conditions without the polymeric
thickeners, but shows only trace dirtiness with Acryloid 966 and 0.4
weight per cent sludge with Acryloid HF-829 as sludge dispersants.

With the exception of the sludge formation, no gignificant
differences in fluid properties after oxidation are cbserved for the
mineral oil blends with and without the polymeric thickeners. That is,
the neutralization number increase, viscosity change, and volatility
loss are essentially the same for the flulds with and without the
additives. No substantial difference in the amount of catalyst corro-
sion is obtained in any of the tests under these conditlons.

The 500°F. oxidation and corrosion tests for these fluids

are tabulated on Tables 69 and 70. These tests were conducted for a
20-hour test period with an air rate of five liters per heour using
copper, steel; and aluminum catalysts. In addition to tie tests con-
ducted with blends of the Acryloid polymers in Barcsa 43 or Esstic 45
which contained only phenyl-alpha-naphthylamine as an cxidation inhibi-
tor, twoc tests were conducted with and without Acryloid 966 in blends
of Esstic 45 which contained 5.0 weight per cent of tricresyl phosphate.

The results of these tests again indicate that the polymeric
thickeners are still effective in reducing the amount of sludge formed.
This is particularly evident in the tests conducted with blends of
Esstic 45. For the two tests containing only Esstic 45 and phenyl-
alpha-naphthylamine, values of 2.3 and 1.1 per cent sludge were obtained.
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However, for the same blend containing Acryloid 966 or Acryloid HF-829
the sludge values were reduced to 0.2 and 0.3 weight per cent, respec-
tively.

Similarly, for the test conducted with Esstic 45 and tricresyl
phosphate the siudge value was 1.1 weight per cent compared to 0.4 weight
per cent for the comparable blend containing Acryloid 966.

For the 500°F, tests conducted with Barcsa 43 neat or with the
polymer additives, the sludge values are low in all cases. Again, no
deleteriocus effects due to the presence of the polymeric thickeners are
noted in the fluid properties after oxidation. A reduction in viscosity
is obtained for the blends containing the Acryloid polymers. This is
undoubtedly due to incipient thermal instability of the polymers. The
volatility loss, the neutralization number, and the rate of oxidation
(the amount of OXygen absorbed) are essentlally the same for the tests
with and without the Acryloid thickeners.

Two additicnal dispersants (Acryloids 794 and 917) have been
evaluated in Barosa 43 at 347° and 500°F. as shown on Tables 71 and 72.
The results indicate that Acryloids 794 and 917 are effective dispersants
over the 347° to 500°F, temperature range. On the basis of these oxida-
tion tests, there is no apparent difference in general effectiveness
between the four Acrylcids evaluated in the mineral oils.

The same test fluids shown on Table 71 have been used in panel
coker studies. The panel coker results are shown on Table 64. These
data indicate that the presence of the dispersant type Acryloid has only
minor effects, if any, on the coking.

Table 64
EFFECT OF ACRYLOID POLYMER ON PANEL COKING BEHAVIOR
TESTS CONDUCTED IN MODEL C COKER. TEST TIME = 8 HOURS; PANEL TEMPERATURE = 630°F,

WT, NEUT. NO. (MG, XOH/ FLUID MAX TMUM
TEST FLU'D GAIN, GM. FLUID) 1.0ss, RESERVOIR
{CONC. IN WT.%) MG, ORIGINAL FINAL ML, TEMP,, °F,
BAROSA 43 (MLC 7093)
A PARAFFINIC MINERAL O1L 162 0,2 .4 195 253
BAROSA 43 + .0 PHENYL-ALPHA-
NAPHTHYLAMINE
+ 5,0 ACRYLOID 72 204 0.1 0,3 215 240
+ 5,0 ACRYLOID 9566 116 0,2 0.5 225 240
+ 5,0 ACRYLOID §17 173 0.1 0.3 220 230

The products from these panel coker runs have been used to
conduct additional 347°F. oxidation studies. The results of these oxida-
tion tests are shown on Table 73. It can be seen by comparing Tables 71
and 73 that the panel coker products show increased property changes in
viscosity and neutralization number over the unused fluids subjected to
the same oxidation test. The dispersant activity of the Acryleids is not
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measurably affected, however, by the panel coking pretreatment. The

panel coker pretreatment does increase copper corrosion in all of the
fluids tested. This increased metal corresion does not appear to be

caused by the Acryloid.

A series of six-hour thermal stability tests in the presence
of copper, steel, and aluminum catalysts have been conducted with Acry-
loid blends of Esstic 45, Barosa 43, and hydrogenated Barosa 43. The
tests were run in the glass thermal stability tubes under a nitrogen
atmosphere ., Results of the test are shown on Table 74. All of the Acry-
loid blends tested show more viscosity loss, neutralization number
increase, and insoluble material following the test than do the mineral
oil base stocks, In all blends containing Acryloid HF-829, substantial
steel corrosion is noted along with relatively high sludge vaiues. The
blends of Acryloids 966, 917, and 794 show good corrosion characteristics
and only a trace of dirtiness.

These data indicate that Acryloids 966, 917, and 794 exhibit
good dispersing characteristics over the temperature range of 347°
through 500°F. Thermal stability and cerrosion characteristics at
700°F. of blends containing these dispersants exhibit good overail
stability and corrosion properties,

F. EFFECT OF PHOSPHORUS TYPE TUBRTCITY ADDITIVES ON THE
OXIDATION AND CORROSION CHARACTERISTICS OF A MINERAL OIL. Data have
been presented in previous yearly reports to show that phosphorus-
containing lubricity additives are effective in improving lubricity at
high temperatures as well as at low temperatures. Beneficial lubricity
effects in esters and mineral oils at temperatures of 500° and 6CO°F,
have been demonstrated in the Shell four-ball wear tester and the Vickers
vane power steering pump. These data have been presented in WADC TR
55-3C Pt 3 and WADC TR 55-30 Pt 4. Data are also presented in this
report to show that diisopropyl acid phosphite 1s effective as a lubri-
¢ity additive in mineral oils at 700°F.

Adverse effects on the oxidation and thermal stability of
esters at high temperatures have been shown tc be due to the presence
of phosphorus—containing lubricity additives. The presence of tri-
cresyl phosphate or alkyl acid phosphites causes sharply increased
sludging tendencies at 500°F, These studies have been extended to
include phosphorus additives in mineral oils.

Oxidation and corrosion tests at 347°, 500°, and 600°F. have
been conducted to determine the effect of tricresyl phosphate and diiso-
propyl acid phosphite on the oxidation and corrosion characteristics
of Necton 60. Necton 60 is a well-refined naphthenic mineral oil obtained
from the Standard 0il Company of New Jersey. In most cases 1.0 weight
per cent Antioxidant 2246 was used as an oxidation inhibitor. Antioxi-
dant 2246 is a hindered-phenol type oxidation inhibitor. The 347°F.
tests were conducted using Spec. MIL-L-7808 test procedures and tech-
niques. These tests were conducted for 72 hours at an air rate of five
liters per hour using copper, steel, aluminum, and magnesium catalysts.
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Table 67

EFFECT OF ACRYLOID POLYMER ON FLUID DIRTINES” AT 347°F.

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. M{L-L~7808.
TEST COND ITIONS INCLUDE: TEST TEMPERATURE = 347 * 3°F.; TEST TIME = 72 HOURS; AIR RATE = 5 *
0.5 LITERS PER HOUR; TEST FLUID CHARGED = 100 ML,; CATALYST = A | INCH SQUARE EACH OF
COPPER, STEEL, ALUMINUM, AND MAGNES UM,

TEST FLUID:

TEST FLUID (CONC. TN WT.9)

CXEDATION INHIBITOR

ACRYLOID POLYMER

1.0 PHENYL-ALPHA=-

NAPHTHYLAMINE

| o0 FHENYL-ALPHA-

NAPHTHYLAMY NE

5.0 ACRYLOID 966

MLO 7093 = BAROSA 43, A PARAFFINIC MINERAL OtL OF 34 CENTISTOKES VISCOSITY AT |100°F.

P —— S CHO 00 s e T

140 PHENYL-ALPHA-
NAPHTHYLAM I NE

5.0 ACRYLOID HF-829

OVERALL LIQUID LDSS, WT.%

% CHANGE IN CENTISTOKE VISCOSITY
AT 130°F.

NEUT. NO. (MG. KOH/GM, 0iL)
ORIGINAL
FINAL

ASTM UNION COLOR
ORIGINAL
FINAL

WT.% INSOLUBLE MATERIAL

FANAL CATALYST COND4T{ON

ARPEARANCE
COPPER
STEEL
ALUM ) NUM
MAGNES | UM

WI. L0SS (MG./SQ. CM.)
COPPER
STEEL
ALUMNUM
MAGNES 1UM

2

+9

»
(=)

¥

3.4

buLL
DuLL
DULL
DULL

0.03
+0.05
+0.05
+0,05

&

0.1

DULL
BuLL
BRIGHT
DuLL

.05
+0.03
+0.01
+0,04
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puLL
DuLL
BRIGHT
DULL

0.07
+0.0)
0.02
0,01
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Table 69

EFFECT OF ACRYLOID POLYMER ON FLUID DIRTINESS AT 5C0°F.

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MiL-L~7808.

TEST CONDITHIONS INCLUDE: TEST TEMPERATURE = 500 * 5oF.; TEST TIME = 20 HOURS; AIR RATE = § +
0.5 LITERS PER HOUR; TEST FLUID CHARGED = 1Q0 ML.; CATALYST = A | INCH SQUARE EACH OF
COPPER, STEEL, AND ALUMINUM.

TEST FLUID: MLO 7093 = BARDSA 43, A PARAFFINIC MINERAL QIL OF 34 CENTISTOKES VISCOSITY AT 100°F,

TEST FLUID {CONC. IN WT.%) Cmmmmmmmm - - MLO 7093 - = = = = = = = = = >
OX1DAT|ON INH1B{TOR NONE | 1,0 PHENYL-ALPHA= | 1.0 PHENYL~ALPHA-
NAPHTHY LAM I NE_ NAPHT HY LAMI NE
ACRYLOID POLYMER NONE | 5.0 ACRYLOID 966 | 5.0 ACRYLOID HF-829
L1QUID CHARGED, GRAMS 84 85 85
L1GUID LOSS, WT.% 3 [ 0
APPROX. AMOUNT 0, SUPPLIED, M?,(') 26.2 26.2 26.2
APPROX, AMOUNT 05 USED, GMS.t! - 3.6 3.7
MOLS 0, USED/426 GMS. FLusp(2) - 0.57 0,58
4, CHANGE IN CENTISTOKE VISCOSITY (3)
AETER REMOVAL OF 01l INSOLUBLE MATER1AL 3
AT 1730°F. +60 ~3 =15
NEUT. NO. (MG. KOH/GM. QIL)
OREGINAL 0.2 0.} 0.2
F INAL 2.9 2.3 2.3
WI.4 01l INSOLUBLE MATERIAL(3) TRACE 0.1 0.1
FINAL CATALYST CONDITION
APPEARANCE
COPPER DULL puLL DULL
STEEL BRI GHT DULL DULL
ALUMINUM BRIGHT BRIGHT DULL
WT. LOSS {MG./SQ. CM.)
COPPER +0.06 40,05 +0,02
STEEL 0.08 0.02 0,03
ALUMENUM .00 0,02 0.02

(1] AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: A{R RATE (L./HR. AT 5.T.P.) X TIME (HR.) X
Op CONTENT (FRACTION} X 1.43 (GM./LITER). AMOUNT OXYGEN CONSUMED DETERMINED BY FREQUENT
SAMPL ING OF EXHAUST GASES AND ANALYSIS FOR 0Op.

(2} THE MOLS OF OXYGEN FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING
THE 0o ABSORBED, THE MOLECULAR WEIGHT OF DI-2-ETHYLHEXYL SEBACATE 1S 426,

{3) OIL INSOLUBLE MATERIAL IS REMOVED BY CENTRiFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLE-
TION OF TEST. THE OIL INSOLUBLES ARE WASHED WITH A LOW BOELING PETROLEUM NAPHTHA AND DRIED
BEFORE WE IGHING.

WADC TR 55-30 Pt V - 9% -
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Table 71
EFFECT OF ACRYLOID POLYMER ON FLUID DIRTINESS AT 347°F,

TEST PROCEDURES AND TECHNIQUES IN ACCORDANCE WITH SPEC, MIL-L-7808,

TEST CONDITIONS INCLUBE: TEST TEMPERATURE = 347 I 3°F.s TEST TIME = 72 HOURS: AIR RATE =
53 0,5 LITERS PER HOURy TEST FLUID CHARGED = 100 MLS.; AND CATALYSTS = A 1-INCH SQUARE EACH
0F COPPER, STEEL, ALUMINUM, AND MAGNESIUM,

TEST FLUID: BAROSA 43 (MLO 7093) = A PARAFFINIC MINERAL OIL OF 34 CENTISTOKES VISCOSITY AT lOQ°F,

TEST FLUID Lo mmmm e = - BAROSA 43 = = ~ = = = = = = = = = = >
OX1DATION INHIBITOR, WT.% - - - - 1.0 PHENYL-ALPHA<NAPHTHYLAMINE = = = = = = « = - >
ACRYLOID POLYMER, WT.% NONE 5.0 ACRYLOID 5.0 ACRYLOID 5.0 ACRYLOID
794 . 966 917
OVERALL LiQUID LOSS, WT.% 2 ! i 2
9, CHANGE IN CENTISTOKE VISCOSITY
AT 130°F, +9 -3 +20 +5
NEUT. NO. {MG. KO%/GM. OfL)
ORIGENAL 0.1 0,1 0,2 0.1
FINAL 2.6 3.0 3.3 4.2
ASTM UN'ON COLOR
ORIGINAL 4 3 1/2 3 12 3 1/2
FINAL > >8 > >8
WT.% 01L INSOLUBLE MATERIAL 3.4 4.3 TRACE TRACE
FINAL CATALYST CONDITION
APPEARANCE
COPPER DULL DULL DULL DULL
STEEL ' DULL DULL DULL DULL
ALUMINUM DULL puLL puLL DELL
MAGNES 1M DULL puLL DULL pULL
WT. LOSS {MG./SG.CM.)
COPPER ¢.03 0.07 0.11 0.14
STEEL +0,05 +0,05 +0.02 +0,0!
ALUMINUM 40,05 +0.03 ¢.02 +0,03
MAGNESIUM +0.05 +0,07 +0,0| +0,02

WADC TR 55-30 Pt V - 98 -~
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OXIDATION AND CORRCSION BEHAVIOR OF ACRYLOID-CONTAINING

Table 73

MINERAL OIL BLENDS AFTER PANEL COKER TESTS

TEST PROCEDURES AND TECHNIQUES IN ACCORDANCE WITH SPEC. MilL-L-7808.
TEST TEMPERATURE =

TEST CONDITiONS INCLUDE:
5 + 0,5 LITERS PER HOUR; T

OF COPPER, STEEL,
TEST FLUID:
100°F,

PRIOR TO THIS UXIUATIDN TEST.

347 % 3°F.3 TEST TIME = 72 HOURS:
OO0 MLS.; AND CATALYSTS = A !

TEST FLUID CHARGED =
ALUMINUM, AND MAGNESIUM,
BAROSA 43 (MLO 7093) = A PARAFFINIC MINERAL OIL OF 3,4 CENTISTOKES VISCOSETY AT

IN ALL CASES, THE TEST FLUIDS HAVE BEEN SUBJECTED TO A PANEL COKER TEST
PANEL COKER VALUES FOR THESE FLUIDS ARE ON TABLE b4,

AR RATE =
=1NCH SOUARE EACH

TEST FLUID
OXIDATICN INHIBITOR, WT.%
ACRYLO1D POLYMER, WT. 9,

e e e e e e e - - -BAROSA 43

(1

5,0 ACRYLOID
66

. — e . >
< = = =1,0 PHENYL=ALPHA-NAPHTHYLAMINE - - - >
5,0 ACRYLOID

5.0 ACRYLOTD

794 917
PREVIOUS HISTORY OF FLUID € = = == » =~ MODEL C PANEL COKER TEST = = = = = = - -
GVERALL L!QUID LOSS, WT.% 2 2 2 2
¢ CHANGE IN CEMTISTOKE VISCOSITY
AT [30°F, +9 +17 +144 +30

NEUT. ND.(MG: KOH/GM, CIL)

OR1GINAL 1.0 0.2 0.5 0.3

FINAL 3.7 4.4 5.5 2,5
ASTM UNiON COLOR

ORIGINAL >8 >8 >8 >8

FINAL >8 >8 >8 >8
WT.% 0!L {NSOLUBLE MATERIAL 2.7 0.3 TRACE TRACE
FINAL CATALYST CONDITION

APPEARANCE

COPPER CORRODED DuULL CORROPED CORRODED

STEEL BULL puLL DYLL DULL

ALUMINUM COATED DULL DULL DULL

MAGNES UM COATED puLL DULL DuLL

WT. LOSS (MG,/SQ.CM.)

COPPER 0,78 0.13 0,33 0.88

STEEL +0,08 +0,05 +0,04 0,00

ALUMINUM 40,10 +0,05 +0,05 0,05

MAGNES | UM +0. 10 +0,05 +0.05 0.05
(1) F¥OR THIS TEST, 1.0 WEIGHT PER CENT PHENYL-ALPHA~-NAPHTHYLAMINE WAS ADDED TO THE BAROSA 43

AFTER THE PANEL COKER TEST AND PRICR TO THE OXIDATION TEST.
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The oxidation tests at both 500° and 600°F, were conducted for

a 20-hour test period with an air rate of five liters per hour using
copper, steel, and aluminum catalysts. The results of the tests at 347°,
500°, and 600°F. are tabulated on Tables 75, 76, and 77, respectively.
The results of these tests indicate that the presence of 1.0 weight per
cent tricresyl phosphate or 0.5 weight per cent diisopropyl acid phos-
phite does not affect sericusly the oxidation characteristics of Necton
60 at either low or high temperatures.

In the 347°F. tests, the fluid properties and the amount of
sludge formed are essentially the same for blends of Necton 6C contain-
ing tricresyl phosphate or diiscopropyl acid phosphite as for the blend
of Necton 60 and Antioxidant 2246 alone. The presence of Acryloid 966
in the blend of Necton 60 containing dilsopropyl acid phosphite 1is
effective in reducing the sludge formed for this fluid. That is, the
blend containing Acryloid 966 has 0.5 welght per cent sludge compared to
3.6 weight per cent sludge for the blend without the polymer thickener.
The effectiveness of Acryleid 966 in reducing sludge formation is dis-
ecussed in detail in the preceding section of this repcrt.

The tests conducted at 500° and 600°F. also show that no sub-
stantial differences in fluid properties are obtained for the blends con-
taining tricresyl phesphate or diisopropyl acid phosphite compared to
the same fluids without these additives, In all cases, the rate of oxi-
dation (amount of oxygen absorbed), volatility loss, viscosity change,
neutralization number increase, and the formation of oil insoluble
material are of the same order of magnitude for all the fluids tested.

The addition of Acryloid 966 tc the blend of Necton 60 con-
taining Antioxidant 2246 and diisopropyl acid phosphite does not affect
the oxidaticn stability of the fluid at 5C0°F.; however, a substantial
amount of copper corrosion is obtained when Acryloid 966 is incorporated
into the blend. This trend was observed for Acryloid 966 in the 500°F.
test with Esstic 45 containing tricresyl phosphate (Table 70), This
increased copper corrosion is attributed to thermal and/or oxidation
products cf the pclymer thickeners.

These data show that the effect of the phosphorus type lubri-
city additives is different in order of magnitude in the ester versus
the mineral oil. The bulk oll oxidation tests with the mineral cil
(Necton 60) do not indicate deleterious effects for the phosphorus type
additives. These blends will be carefully evaluated in other high
temperature tests to determine the effect, if any, of the phosphorus
type additive on oxidation, corrosion, coking, and thermal stability.
Limited testing in more severe coking or deposition tests con metal sur-
faces indicates that the phosphorus type additives do have some dele-
terious effects in mineral oil blends at high temperatures.

G. CORROSION OF VARTOUS TYPES QF STEEL. It has been pointed
out in previous reports that the SAE 1010 steel catalysts conventionally
used in specification oxidation and corrosion tests are frequently
corroded in high temperature oxidation or thermal stabllity tests by
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ester-type synthetic fluids. Some exploratory studies have been con-

ducted to determine whether or not this behavior is general in steel

types more typical of those used in actual bearings and lubricant
systems.,

Four different steel types have been used to determine the
effect of steel type on corrosion behavior, One-inch squares of SAE
1010 steel or stainless steel, and O.5-inch diameter ball bearings
fabricated from 52-10C bearing steel or M-10 tool steel, have been em-

ployed as catalysts. Test fluids comprise di-2-ethylhexyl sebacate and
Hercoflex 600.

Cxidation tests at 500°F. have been conducted with two sepa-
rate batches of di-2-ethylhexyl sebacate (PRL 3103 and MLO 7038) and
with Hercoflex 600 (PRL 3542). These tests were conducted for a 60-
hour test period using an air rate of five liters per hour. These test
conditions are severe. The final fluid properties shown on Table 78
indicate considerable fluid detericration.

In the tests conducted with di-2-ethylhexyl sebacate, each of
the four steel types were used as catalysts. The test conducted with
Hercoflex 600 contained one M-10 tool steel bearing and one 52-100 steel
bearing as catalysts. The results of these oxidation tests are found on
Table 78. In addition, comparable tests using the conventional copper,
steel, and aluminum metal catalysts are included on Table 78,

The results of these tests indicate that significant differ-
ences in steel corrosion are obtained from different steel types, For
example, in the tests conducted with di-2-ethylhexyl sebacate, the SAE
1010 steel and the 52-10C bearing steel are severely corroded, whereas
the stainless steel and the M-10 tool steel are not corroded., Similarly,
in the tests conducted with Hercoflex 600, the SAE 1010 steel and the
52-100 steel bearing are corroded and the M-10 tool steel bearing is not.

Thermal stability tests at 60C°F. have alsoc been conducted
with di-2-ethylhexyl sebacate using the various types of steel as cata-
lysts. These tests were conducted in the glass thermal stability appa-
ratus for a six hour test period. These thermal stability tests are
summarized in Table 79.

The results of these tests again indicate substantial differ-
ences in steel corrosion for the different types of steel catalysts.
That is, both the SAE 1010 steel and the 52-100 steel bearing are cor-
roded in the thermal stability tests with di-2-ethylhexyl sebacate,
whereas the stainless steel and the M~-10 tool steel bearing are essen-
tially unaffected.

There have been indications that heavily loaded antifriction
bearings running at moderately high temperatures with Spec. MIL-L-7808
fluid are showing shorter service life than anticipated. It is reported
that many of the bearings after failure show severe surface pitting.
There is some evidence that these more rapid bearing failures may be

WADC TR 55-30 Pt V - 103 -



related to the oil's viscosity, or to its hydrcdynamic component of
lubricity. 1t is significant to note that 52-100 bearings subjected to
thermal and oxidative tests with Spec. MIL-L-7808 type fluids produce
severe pitting of the type noted in the anti-friction bearing failures.
Temperature conditions of the severity used in the thermal and oxidative
tests have been shown to exist at the metal-to-metal contact surface in
loaded bearings.

These facts suggest that stress corrosion of the bearing sur-
face by the Spec. MIL-L-7808 lubricant may play a significant role in
bearing failures. Laboratory thermal and oxidative tests show signifi-
cant corrosion differences between 52-100 bearing steel and M-10 tool
steel. Laboratory lubricity tests in the Shell four-ball wear and E.P,
testers show about the same load carrying ability for 52~100 bearing
steel and M~10 tool steel with ester-type lubricants. These data suggest
that the relative importance of stress corrosion and the hydrodynamic
properties (viscosity) of lubricants in antifriction bearing failures
might be resolved by comparing the behavior of 52-100 steel bearings and
M-10 tocl steel bearings with Spec. MIL-1-7808 type lubricants. These
same problems should also apply to loaded gears and other steel-on-
steel bearings in quasi-hydrodynamic lubrication in jet engines or
hydraulic systems at high temperatures.

H. THIN FIIM OXIDATION TESTS AT 500° AND 600°F. A thin film
type cxidation test has been used to evaluate the dirtiness behavior of
several ester and mineral oil fluids. A similar test conducted at 347°F.
has been used successfully to demonstrate dirtiness of the type encoun-
tered in the turbine bearing of an Allison turbo-prop engine. The dirti-
ness found in the bearing and in the thin film test was not adequately
predicted by the conventional Spec. MIL-L-7808 oxidation test. The thin
film test, as conducted at 347°F., is described in Appendix A of report
PRL 6.1~Jan52 entitled "Development Work on Lubricants for Aircraft
Turbine BEngines" issued by this Laboratory.

This test comprises punping the lubricant over a large area
of metal surface simulating the flow of oil films over engine bearings
when the air is alsc circulated over this metal surface. The air
circulation can be varied independently and the amount of oxygen
adsorbed measured quantitatively. Thermal effects can be evaluated by
substituting nitrogen as the gas circulated.

Preliminary thin film tests have been conducted at 500° and
£00°F, using 1000 square centimeters of aluminum jack chain as the metal
surface. The jack chain is supported above the fluid level in the
reservoir. A charge of test fluild comprising 100 milliliters is eir-
culated at a rate of approximately 240 milliliters per minute over the
metal surface., Either air or nitrogen at a rate of 10 liters per hour
is circulated through the jack chain packing countercurrently to the
descending fluid film.

Results from tests conducted at 500°F. are shown on Table 81,
For the tests using air, the total dirtiness is approximately the same
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Table 78

OXIDATION AND CORROSION CHARACTERISTICS OF TWO KESTERS AT 500°F,
USING A VARIETY OF METAL CATALYSTS

TEST PROCEQURE AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808,

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 * 5oF.; TEST TIME = 60 HOURS; AIR RATE = 5 F
0,5 LITERS PER HOUR; TEST FLUID CHARGED = 100 ML.; CATALYSTS ARE ONE-INCH SQUARES OF SHEET
STOCK EXCEPT WHERE STEEL BALLS ARE INDICATED, (0.5 INCH DIAMETER BALL BEARING)

TEST FLUIDS: PRL 3103 = DI-2-ETHYLHEXYL SERACATE

MLO 7038 = 01-2-ETHYLHEXYL SEBACATE
PRL 3542 = HERCOFLEX 600 (PENTAERYTHRITOL ESTER)
NOTE: EACH TEST FLUID CONTAINS 0,5 WEIGHT PER CENT PHENGTHIAZINE.

LS =Y

TEST FLUID PRL 3103 MLO 7038 PRL 3542
LIOUID CHARGED, GRAMS g 90 50 97 97
LI0UID LOSS, WT.% 20 31 24 20 15
APPROX. AMOUNT 0p SUPPLIED, ?M?.(') 78,6 78,6 78.6 78,6 78.6
APPROX. AMOUNT Op USED, GMS., (! 17.4 16,9 16,5 17.5 14,5
MOLS 0, USED/426 GMs, rruin(2) 2.60 2,50 2,44 2,42 1.99
4 CHANGE N CENTISTOKE VI1SCOSITY
AT 130°F, sorrnl2) | soLin{® | sorol3) | soin(3) | soLip(3)
AT QeF, soLinf3b | soLiof3) | soin{3} | soinf3} | soLinf3)
NEUT. NO. (MG. KOH/GM, OIL)
ORIGINAL 0.1 0.1 0.1 0.2 0.2
FINAL 36,2 23.6 50.0 t2,5 16.3
WT.% OIL INSOLUBLE MATERIAL -0 - ) - ) - 3 -3
FINAL CATALYST CONDITION
APPEARANCE
COPPER CORRODED - - CORRODED -
STEEL (1010) CORRGHED | CORRGBED | CORRODED | CORRODED -
ALUMINUM BRIGHT - - DULL -
STAINLESS STEEL - DULL DuLL -
STEEL BALL (52:100) - CORRODED | CORRODED CORRODED
STEEL BALL (Mal0 TOOL) - DULL DULL DULL
WT. LOSS {MG./50. CM,)
COPPER 0,52 - - 0.43 -
STEEL{010) 3,26 9,84 3.66 8,80 -
ALUMINUM 0,03 - - 0,00 -
STAINLESS STEEL - +0, 11 +0,02 - -
STEEL BALL (52:100) - 8044 1.77 79.00
STEEL BALL (M-10 TOOL) - 0.00 +0,04 0.06

m

(2)

AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR, AT 8.T.B.) X TIME [HR.] X
0> CONTENT (FRACTION) X (.43 (GM./LITER). AMOUNT OXYSEN CONSUMED DETERMINED BY FREQUENT
SAMPLING OF EXHAUST GASES AND ANALYSIS FOR O,

THE MOLS OF 02 FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING THE
Op ABSORBED, THE MOLECULAR WEIGHT OF DI-2-ETHYLMEXYL SEBACATE |5 426,

(3} OXIDIZED FLUID WAS AN INTIMATE MIXTURE OF 0IL INSOLUBLE MATERIAL AND OXIDIZED LIQUID. OiL
INSOLUBLES COULD NOT BE DETERMINED WITHOUT DILUTION,
WADC TR 55-30 Pt V - 108 -
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for the diester and naphthenic mineral oil; it is somewhal less for the
pentaerythritol ester (Hercoflex 600). Total inscluble material
increases progressively for the diester, the diester-tricresyl phosphate
blend (Spec. MIL-L-7808 type), and the diester-dialkyl acid phosphite
blend., All of the ester type blends on Table 81 contain 0.5 weight per
cent phenothiazine. There appears to be no appreciable change in the
total dirtiness between the naphthenic mineral oil and the blend con-
taining the dialkyl acid phosphite. In the tests using nitrogen, total
dirtiness is greatly reduced. The same general relationships exist
between the varicus fluids and blends evaluated,

Data cbtained for the 600°F. tests are shown on Table 82. The
total dirtiness, for tests using air, .is considerably lower for the
mineral oil and hydrocarbon fluids than for the diester and pentaery-
thritol ester (Hercoflex 600), In this case, the diester-dialkyl acid
phosphite blend shows reduced dirtiness relative to the diester. The
reagon for this is not readily apparent. Values obtained with the
Model C panel coker and the controlled atmosphere coker at 600°F, indi-
cate increased dirtiness for the phosphite-containing blend. In the
tests using nitrogen, the ester type fluids show increased dirtiness
over the naphthenic mineral oil.

These preliminary data indieate that at 500°F., in terms of
fluid dirtiness, the ester and mineral oil are about equalj at 600°F.
the mineral oils show a definite advantage. This behavior is probably
related to the relative difference in thermal stability between these
fluid types at 60C°F. As has been shown in various other laboratory
type evaluations, this test again points out the advantage of eliminating,
or severely limiting the amount of air in contact with fluids and lubri-
cants at these high temperatures.

Some additional tests with the thin film technique have been
carried out to determine the effect of such variables as gas rate, test
temperature, and type of metal surface on the dirtiness characteristics
of some fluilds and lubricants.,

The effect of air rate on chain coating has been investigated
at both 500° and 600°F, test temperature in the thin fiim procedure,
Table 80 is a tabulation of chain coatings observed using several differ-
ent types of test fluids and alr rates in the range of 1 to 30 liters
per hour at each of the two test temperatures. These data indicate
generally increasing chain coating with increasing available air at
each of the two test temperatures.

Another comparison may be drawn from the data shown on Table 20,
That is, by taking a constant air rate, for instance 10 liters per hour,
the effect of test temperature on the chain coating tendencies of the
various fluids can be shown. At 500°F., the dibasic acid ester and the
two mineral oils show about the same coating; the pentaerythritcl ester
is somewhat lower; and the polyolefin and silicate hydraulic fluid
(assumed from the 30 liter/hour value) show low values.
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The differences in fluid dirtiness at 60C°F. indicate a defi-
nite advantage for the mineral oils at this temperature. That is, the
increase in chain coating for the 100°F. temperature rise is considerably
less for the two mineral oils than for the reamainder of the fluids. This
behavior may be related to the thermal stability of the various types of
fluids at 6CQ°F,

Table 80
EFFECT OF ATR RATE ON CHAIN COATING IN THIN FIIM OXIDATION TEST
Test Conditions Include: Test Temperature and Air Rate as Indicated;

Test Time = 3 Hrs.; Pumping Rate = 240 ml./min.; Test Fluid Charged =
100 ml.; and Catalyst = 100C S3g. Cm. of Aluminum Jack Chain.

Deposit con Chain, Mg.

Test Temperature, °F. 500°F, 600°F.

Air Rate, Liters/Hour 1 10 30 5 10 30
Di-2-Ethylhexyl Sebacate’ 57 134 195 | 752 884 947
Hercoflex 600 (PE Ester)¥* 24 63 83 225 372 521
Naphthenic Mineral 0Qil (Bsstic 45) 5 100 183 35ER 144 515
Paraffinic Mineral 0il (Pa. Neutral) - 115 166 { 100 178 334
Polyolefin (Indopol L-50) - 4 27 67 165 372
0.5. 45 Silicate Fluid - - 2 | 78 356 2038

# Test fluid contains 0.5 wt.% phenothiazine.
#¥Air rate for this test was 2.5 liters per hour.

More complete data for several fluids at different air rates
are shown on Tables 83 and 84. Data for test fluids containing a dialkyl
acid phosphite are included. Tests conducted at 500°F, are on Table 83,
In general, the inciusion of *he dialkyl acid phosphite increases the
total cirtiness encountered under these conditions. Using nitrogen
instead of air results in low values of dirtiness for the dibasic acid
ester-dialkyl acid phosphite blend. The use of nitrogen with the naph-
thenic mineral oil-dialkyl acid phesphite blend does not materially
reduce the dirtiness relative to corresponding tests using air.

Test results obtained at 600°F. are shown on Table 84, As
pointed out above, all dirtiness values with the exception of the mineral
0il, are increased at 600°F. and the dibasic acid ester-phenothiazine-
dialkyl acid phosphite blend shows reduced dirtiness relative to the
dibasic acid ester-phenothiazine blend. The reproducibility of the test,
as shown by multiple tests uncer given conditions, is considered to be
fair,
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The effect of using different catalyst metals has been deter-
mined. Copper, steel, or aluminum jack chain has been used as the metal
surface, The surface area was constant in all tests. The results of
these tests, conducted at 6CC°F. with 10 liters of air per hour, are
shown on Table 85, No clear cut differences in total insolubles forma-
ticn relative to cataiyst metal used can be pointed out with any of the
test fluids used. The reproducibility for duplicate tests, in many cases,
is relatively poor.

A few large catalyst area tests have been ccnducted in con-
Junction with the thin film studies, These ftests incorporate the large
catalyst area (1000 sq. cm.) provided by the jack chain but differ from
the above tests in that they are static tests in which the jack chain
is immersed in the test oil and the air is bubbled through the fluid
from a point near the bottom of the tube. Steel jack chain has been used
in these tests. Test results are on Table £6.

In the case of the dibasic acid ester and the pentaerythritol
ester (Hercoflex 600), the total insolubles formation appears to be
greater for the immersion type test. The cxygen absorption is approxi-
mately the same for the two types of tests, Steel corrosion (chain
weight loss) is noted in the immersion type tests. Steel corrosion of
this nature has been pointed out previously for these fluids under
oxidation and thermal stability test conditicns at 600°F.

The mineral oil, synthetic hydrocarbon (Indopol I-50), and the
silicate hydraulic fluid appear to produce less insoluble material in
the immersion type test than in the thin film type procedure,

Several conclusions may be drawn from these studies in the
thin film type oxidation test. Both chain ccating and general fluid
dirtiness are increased with increasing air rate. Increased dirtiness
with increasing temperature is influenced by fluid type. That is, in
going from 500° to 60C°F., for instance, the increase in dirtiness
values for diesters 1s greater than that shown by mineral oils. This
behavior is probably related to the relative thermal stabilities of the
twe types of fluids. The limited number of tests conducted using differ-
ent catalyst metals {(copper, steel, and aluminum) show no clear-cut
relation between dirtiness and catalyst metal.

At 500°F. the ester and mineral oil fluids show about the same
degree of dirtiness; at 600°F., the mineral oil shows a definite advan-
tage. The addition of a dialkyl acid phosphite to the mineral oil
causes no appreciable =ffect on the dirtiness of the blend at either
500° or 600°F. At 500°F., total dirtiness values increase progressively
for the diester, the diester-tricresyl phosphate blend, and the diester-
dialkyl acid phosphite blend. At 600°F., the diester-dialkyl acid phos-
phite blend appears to produce less insolubles than the diester alcne,
The air rate studies and the tests conducted with nitrogen instead of
air point out the advantage tc be gained by eliminating or restricting
the amount of air in contact with fluids and lubricants at these
operating temperatures.
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I. PANEL COKER STUDIES. A Model C and a modified (controlled
atmosphere panel coker) Model C coker have been used as a method of
evaluating reldtive coking or deposition trends for high temperature
fluids. These units have been used to evaluate the effects of tempera-
ture, gas composition, and gas rate through the coker. In terms of
fluid evaluation, the effects of base stock type, additives used, and
fluid volatility have been compared. The tests discussed in this report
are of an exploratory nature designed to illustrate better the relative
importance of oxidation and thermal degradation in deposit forming trends
of the various fluid classes,

1, Panel Coker Calibration. A one gallon sample of oil MLO
56 39 has been received from the Materials Laboratory, Wright Air Devel-
opment Center. It was requested that this oil be used for further cali-
bration of the Model C coker under standard operating conditions.

Values obtained for MLO 56-39 in the Model C panel coker at
600°F. and eight hours test time are shown in the following table.
Values obtained for this oil by the Power Plant Laboratory, Wright Air
Development Center are also listed. The values obtained indicate good
agreement between the two laboratories.

PANEL COKER VALUES FOR MLO 56-39

Deposit on

Date of Run Panel, mg.
Values Obtained by 29 Nov 55 62,6
Power Plant Laboratory 30 Nov 55 149.8
Values Obtained by 21 Feb 56 158.6
Pet. Ref. Laboratory 27 Feb 56 135.0

Earlier values obtained with the Model C panel coker for two
fluids (GTO 33 and GTO 133} furnished by the Wright Air Development
Center indicated relatively poor agreemernt between the two laboratories.
A sample of GTO 38 was returned by this Laboratory to the Power Plant

lLaboratory for the determination of values on this particular sample of
GTO 38,

2. QControlled Atmogsphere Panel Cocker. The panel coker tesi,
as conducted under Spec., MIL-L1-7808 conditions with a Model C coker, is
an eight hour test at 600°F, during which time the fluid in the coker is
generally completely replaced once because of volatility, oxidation,
leakage, and thermal degradation., The unit is also open to the atmos-
phere with free air circulation. The resultant test is a complex func-
tion of oxidative and thermal effects, as well as many other variables
difficult to centrol.
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In an attempt to make a more realistic situation with better
control of the variables, a Model C panel coker has been modified so
that the atmosphere above the fluid can be carefully controiled and the
rate of fluld loss reduced to the point where complete replacement of
the test fluid in the unit occurs in 75 to 150 hours instead of about
four hours under the regular Mocdel C coker,

This modification consists of installing a running seal on
the stirrer shaft where it enters the coker reservoir; using a gasket
around the seal hetween the top of the reservoir and the panel holder;
and installing a 1/4-inch tube at each end of the reservoir above the
1iquid level to allow for the entrance and exit of the controlied
atmosphere.

Preliminary tests with this modified unit show that a gas flow
of one liter per hour through the reservoir is sufficient to maintain
a controlied atmosphere in the panel coker. A diagram of the controlled
atmosphere panel coker 1s shown as Figure 4.

Test results with several representative fluids in the modi-
fied unit at an air rate of five liters per hour and in the Model C
coker are shown on Table 87. These values are tabulated to point out
the reduced fluid consumption and the higher reservoir oil temperature
encountered for tests in the contrclled atmosphere coker. The final
neutralization number is, in general, lower following the tests con-
ducted in the modified unit with an air rate of five liters per hour.

Data from the controlled atmosphere coker, using various
nitrogen or air rates, are shown cn Table 88, 1In general, the data from
the controlled panel coker show that the severity of the test for the
ester-type fluids is increased when fluid consumption is reduced. Under
essentially a nitrogen atmosphere, Spec. MIL-1-7808 oil shows coke values
of about the same crder of magnitude as the Model C coker. Much of the
thermal coking of Spec, MIL-L-78C8 fluids is believed to be due tc the
phosphorus—containing lubricity additive used in these fluids., The di-
Z2-ethylhexyl sebacate blend shows the same relative behavior but the
coke values are lower. The naphthenic mineral oil, on the other hand,
shows a reduction in coke as a direct function of the reduction in

OXygen.

The silicate fluid shows about the same ccking tendencies
under nitrogen and air in the Model C ccker. The values listed show
some variation because of the crystalline form of the deposit which has
a tendency to fall off the panel during the test and the cleaning
procedure,

The use of an alkyl acid phosphite as a lubricity additive in
esters and mineral oils affects adversely the ccking tendencies of the
resultant fluid. The data for these blends, as well as the silicate
fluid, indicate that coking can be essentially a thermal phenomenon.
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In a Model C coker, improved lubricity mineral oil and diester

fluids (containing an alkyl acid phosphite) give approximately the same
panel deposit. The controlled atmosphere panel coker gives increased
values for the improved lubricity diester. The contrclied atmosphere
coker gives much lower coke values than the Model C for the alkyl acid
phosphite in the mineral oil.

The fluid consumption rate is lower in the controlled atmos-
phere coker and the products ¢of thermal deterioration and incipient oxi-
dation are recirculated for a longer time than they are in the Model C
ccker, This lower consumption rate is believed to be mcore typical of
actual jet engine lubrication experience,

3. ZIEffect of Phosphoric or Phosphorous Acid Impurities on
Panel Coker Values of Spec, MIL-1-7808 Type Fluids. Data have been
presented in previous reports which indicate that phosphecrus-containing
antiwear additives incorporated in Spec. MIL-1-7808 fluids contribute
more than any other component to dirtiness and loss in high temperature
oxidation and thermal stabllity. Studies have indicated that phosphorus
compounds containing acid groupings are more effective than aryl phos=~
phorus compounds in increasing dirtiness and decreasing high temperature
stability. It has been noted that increased acidity of the phosphorus
compound deoes increase lubricity effectiveness,

4 study of the effect of small cencentrations of phosphorous
and phosphoric acid on the panel coking tendencies in Spec. MIL-L-7808
and MLC 701G type compositions has been conducted in the Model C and
controlled atmosphere cokers. These data are shown on Table 90. Pheno-
thiazine or Paranox 441 (a hindered phenol) are used as the oxidation
inhibitors in these blends. Paranox 441 alcone does not provide suffi-
cient stability to meet the Spec. MIL-1-7808 requirements for oxidation
stability. Combinations of Paranox 441 and a dialkyl acid phosphite
(MLO 7010 and GTO 120) have shown adequate oxidation stability for Spec.
MI1~L-7808 requirements.

Data on Table 90 indicate that phosphoric and phosphcrous acid
in low concentraticns cause marked increases in the coking tendencies of
phenothiazine-inhibited di-Z-ethylhexyl sebacate. The coking values in
the Model C and the centrolled atmosphere units are in good agreement
in these tests. The amount of coking in both units increases steadily
with acid concentraticn over the range of 0.01 to 0.2 welight per cent
acid. A concentraticn of cnly 0.01 weight per cent phosphoric acid is
sufficient to cause ceoking in excess of the limits of Spec. MIL-L-7808,
A typical Spec. MIL-L-7808 oil contains about five weight per cent tri-
cresyl phosphate. The amount of phosphoric acid {type impurity necessary
to cause excessive ccking in an otherwise satisfactory fluid would be
less than 0.5 weight per cent of the tricresyl phosphate used., Acidic
materials of this sort can occur as an impurity in the tricresyl phos-
phate; they are produced by a hydrolysis type reaction in storage, and
are produced as producis of oxidative and thermal deterioration at
elevated temperatures.
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Table 87

COMPARISUN OF COKING VALUES OBTAINED IN THE CONTROLLED
ATMOSPHERE PANEL COKER AND THE MODEL C COKER

TEST CONDITEONS INCLUDE: TEST TEMPERATURE
CONTROLLED COKER

= HOO°F, AND TEST TIME = B8 HOURS,

5 LITERS/HOUR.

AIR RATE 1K THE

FLUID | MAX. OIL TEMP. W, NEUT. NO. {MG.

TEST FLUID L0SS, | IN RESERVOIR, GAIN, | KOH/GM. FLUID)
(COMPOSITIONS IN WT.%) cokerl ! ML. oF, MG. ORIG. | FINAL
01-2-ETHYLHEXYL SEBACATE + 0.5 C.A. 5 276 28 0.1 V0.5
PHE NOTH IAZ I NE MODEL € 180 218 17 0.1 l 1.4
HERCOFLEX 600 + 0.5 C.A. 10 263 2l o. | 0.1
PHENOTH I AZ I NE MODEL C g5 219 0.1 I 1.6
NAPHTHENIC MINERAL CIL C.A. 25 317 109 0.0 1.2
MODEL, © 45 270 194 0.0 ( 1.3

SILICATE FLUID C.A. 10 224 |g9 0. | 3.8
MODEL C 440 268 168 0.1 | 6.3

{#) C.A. INDICATES CONTROLLED ATMOSPHERE COKER.

{2) AR RATE IN THIS CASE WAS 30 LITERS PER HGUR.
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The phosphoric and phosphorous acids in a Paranox 441-inhibited
di-2-ethylhexyl sebacate do not cause increased coking in either the
Model C or controlled atmosphere cokers. Coking behavior with this addi-
tive combination is similar to that reported for MLO 7010 and GTO 120
fluids in previous reports. In these latter fluids, a combination of
diisopropyl acid phosphite and Paranox 441 is used as an oxidation inhi-
bitor and lubricity additive. Coke deposits from phenothiazine- -inhibited
blends containing phosphorus additives tend to be spotty with large
areas of clean metal surface on the panel.

Another striking difference between these blends inhibited
with Paranox 441 and phenothiazine is the change in neutralization num-~
ber during the panel coker test., In all cases, neutralization number
change is about the same for a given inhibitor over the entire range of
phosphoric and phosphorous acid concentraticn. The neutralization number
increase for the blends containing Paranox 441 is much higher than for
the blends containing phenothiazine. The same relative difference in
neutralization number change has previously been noted in the Spec. MIL-
L-7808 oxidation and corrosion tests comparing a typical phenothiazine~
inhibited blend containing dialkyl acid phosphite with a similar blend
containing Paranox 441 (hindered phenol). In these oxidation and corro-
sion tests, the increased neutralization number encountered with
hindered phenol-inhibited blends is not indicative of more severe metal
corrosion or larger changes in physical properties after oxidation.

These data indicate that traces of phosphoric or phosphorous
301d in Spec. MIL-L~7808 compositions can materially affect panel coker
values. The oxidation inhibitor type can alter markedly the coking
tendencies of esters containing acidic phosphorus additives. Lubricity
changes described in previous reporis suggest the formation of acidic
materials containing phosphorus during storage as well as in use at
elevated temperatures. These laboratory data suggest the need for engine
data to determine the benefits gained lubricity-wise from the phos-
phorus lubricity additives, and the improvement, if any, that can be
obtained in terms of engine deposit from the use of hindered phenol type
exidation inhibitors instead of amine types.

4. A Comparison of Conradson Carbon and Panel Coker Values
for Mineral 0Oils. A number of mineral oil fractions have been studied

in the Model C panel coker and in the Conradson carbon residue (ASTM
Method D189-52) tests for coke forming tendencies. The Conradson carbon
test has been applied to lubricating oils, primarily in the automotive
lubricants field, as a relative measure of coke or carbon ferming
tendencies.

Comparative data for these two coking tests are shown on
Table G1. These data indicate that there is no apparent correlation
between the panel ccker values and the Conradson carbon values. In
general, the Conradson carbon values increase with decreasing volatility
of the mineral oil fractions. That is, Conradson carbon values show a
general increase in going from neuirals - to bright stocks - to petroleum
resins, Panel coker values show a general decrease with decreasing
volatility over the same fluild range.
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MLO 7083, MLO 7084, and MLO 7085 are the new and used Grade
1065 mineral oils from a J-57 jet engine test. Tests in the jet engine
causing oxidation of the used samples are discussed in ancther section
of this report. Conradson carbon values increase with use and oxidative
deterioration for this Grade 1065 oil. The panel coker values remain
essentially unchanged with use in the engine,

5. Coking Values of Blends. Several mineral 0olls and ester
blends have been evaluated in the Model C and controlled atmosphere panel
cokers. The results of these studies in the two panel cokers are shown
on Table 92, Data are shown for di-sec-amyl sebacate. Data presented in
previous reports indicate that di-sec-amyl sebacate is less thermally
stable than di-2-ethylhexyl sebacate.

In general, themal deterioration for diesters of cecondary
alcohols occurs about 100°F, lower than the same degree of thermal
deterioration for diesters of primary aleohols. Little coking is en-
countered at 600°F, panel temperature for the di-sec-amyl sebacate alone.
Blends of this ester with oxidation and antiwear additives cause a high
coke deposition. Comparable blends with di-2-ethylhexyl sebacate cause
very little coking,

Coking tendencies of 50:50 mixtures of Esstic 45 (naphthenic
mineral oil) and esters of varying thermal stability have been deter-
mined. In all cases, the ester alone gives little or no coking. 1In
combination with the mineral 0il, coking values are directly proporticnal
to the thermal stability of the ester component in both cokers. Only
in the case of the di-sec~amyl sebacate blend, however, is the coke value
as high or higher than that for the mineral oil alone.

Indopol L-50 (polybutene) is a synthetic hydrocarbon which
absorbs oxXygen readily to produce, at high temperatures, predominantly
volatile oxidation products. Coking values for 50:50 blends of Indopol
1-50 with mineral oils are in most cases higher than for the mineral oil
component alone. The addition of small concentrations of various addi-
tives to Indopol 1-50 also adversely affects coking tendencies.

These data adequately peoint up the sensitivity of coking
tendencles to minor changes in compesition. More evidence for relative
coking trends in engines as a function of fluid composition would be
helpful in assaying the relative merits of panel coker studies. Data
obtained in high temperature oxidations and other high temperature
stability tests do not in all cases show the same order of dirtiness as
the panel coker.

The 13 large scale blends supplied to the Power Plant Labora~
tories have been evaluated in both cokers as shown on Tabie 93, These
data indicate that all of the fluids except the synthetics (MLO 7058,
MLO 70584, and MLO 7061) fail to meet the Spec. MIL-L-7808C panel coker
maximun values, .
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The values obtained in the Model C coker are typical of con-
ventionally refined mineral oils evaluated previously. The polyolefin
(MLO 7058) and the hydrogenated polyolefin (MLO 70584) show excellent
panel coker values. Aroclor 1248 (MLO 7061) shows somewhat higher coker
values than those obtained for some previous batches of this fluid. The
reason for this increased coker value is not apparent.

The three conventionally refined mineral cils (MLO 7055, MLO
7056, and MLO 7057) all show increases in coking value in both cokers
when the 1.0 weight per cent PAN {phenyl-alpha-naphthylamine) oxidation
inhibitor is added to give MLO 70554, MLO 7056A, and MLO 70574, respec-
tively. Amine type oxidation inhibitors show the same general effect on
Spec. MIL-L-7808 fluids.,

The coker values obtained in the controlled atmosphere coker
are generally lower than Model C values for the same fluid. Within the
mineral oil and hydrocarbon class, the values from both cokers follow
the same general pattern in aligning a series of fluids for coking
severity.

6. High Temperature Coker Tests. A series of panel coker runs
have been conducted with ester and mineral oil compositions at 700°F.
panel temperature.. These data are presented on Tables 94 and 95. These
data indicate the superiority of a pentaerythritol ester base stock over
the dibasic acid ester in finished compositicns.

The phenothiazine blends of both esters show only moderate coke
values. The addition of tricresyl phosphate or a dialkyl acid phosphite
to di-2-ethylhexyl sebacate casues an excessive increase in coking
tendencies.

A comparison of mineral oil coking values at 60C0° and 700°F.
can be made on Table 89, In general, there is a relatively small change
in the coking value of the conventionally refined paraffinic stocks
between 600° and 700°F. in the Model C coker. In some cases coking may
be reduced at 700°F. over the 600°F, value. The values obtained in the
controlled atmosphere coker are also lower than the values from the
Model C coker at TOO°F.

Table 89
COMPARISON OF COKING VALUES AT 600° AKD 700°F.
All Tests Conducted in the Model C Coker; Test Time = 8 Hrs.

Wt. gain, mg. at

Test Fluid 600°F, 700°F,
MLO 7093 Barosa 43 (Paraffinic 180 Neutral) 158 200
MLO 7070 Kendall Medium Neutral 113 71.7
MLO 7078 Pennsylvania 180 Neutral 204 82.1
MLO 7071 Kendall Heavy Neutral 97.0 98.6
MLO 7077 Pa. Neutral-Bright Stock Blend 65,7 117
MLO 7094 Esso Aviation Bright Stock 116 76.0
MLO 7030 Esstic 45 (Naphthenic Mineral 0il) 154 239
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7. Effect of Fluid Volatility on Panel Coking Value. A series

of naphthenic mineral oils of increasing viscosity and boiling point range
have been evaluated (Table 95)., These materials are narrow boiling frac-
tions. 1In the Model C coker, the volatile fractions show extremely high
coking. The high viscosity, low volatility fractions show coking valueg
typical of the mineral oils considered for high temperature lubricants.

The controlled atmosphere coker shows a somewhat different
effect of volatility. The highly volatile PRL 2964 shows a very low
coking value. MLO 7019 and PRL 2031 show high coking values, and the
higher viscosity, low volatility stocks show much léss coking tendency.
The atmospheric pressure boiling ranges of the first three fluids are
approximately 400° to 550°F. for PRL 2964, L75° to 675°F. for MLO 7019,
and 575°¢ to 750°F. for PRL 2031, The corresponding C.0.C. flash points
are shown on Table 95,

The relative differences in coking as a function of volatility
are attributable for the most part to vapor-phase versus liquid-phase
oxidation. The fluids which contain large amounts of materials boiling
below the 700°F. panel temperature, show high coking values because of
the increased uptake of oxygen as vapor phase oxidation in the immediate
vicinity of the panel. Where 1ittle vapor is formed, the much slower
liquid phase oxidation accounts for normal ccking values.

The difference between the coking of PRL 2964 in the two cokers
is attributable to the difference in the accessability to air. These
same effects have been noted in the high temperature single pass lube
rig with highly volatile materials. In a case where air is limited and
the final boiling point is well below surface temperatures, vapor phase
oxidation results in oil deterioration with little panel deposit. As the
air supply is increased, panel dirtiness also increases.

The apparent relationship of coking and deposition on hot
metal surfaces to fiuid wvolatility indicates that satisfactory high tem-
perature engine lubricants will probably be of the high viscosity-low
volatility type. These data point up some of the shortcomings of
lowering volatility and flash point requirements as a compromise to
obtain better low temperature characteristics in a high temperature jet
engine lubricant for use at 500° to 700°F. The effects of volatility
on other stability tests at high temperatures have been indicated in
previous reports. An attempt will be made to evaluate more carefully
the effect of volatility in the various tests employed to measure over-
all stability.

J. SINGLE PASS HIGH TEMPERATURE LUBE RIG. A number of tests
have been developed and/or used by this Laboratory to define high tem-
perature stability of fluids. These tests include the following
procedures:

» Oxidation stable life,
Oxygen tolerance,
Oxidaticn rate,

» Thin film oxidation test,
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Successive oxidation test,
Panel coker,

Controlled atmosphere panel coker,
Single pass high temperature lube rig, and
Thermal stability test in the presence of metals.

QO 00 -3 O
n & & ¢ o

These tests are designed to evaluate various phases of high
temperature fluid stability. Since the high temperature hydraulic and
lubricant systems have not as yet been developed and evaluated with fluids,
the degree of pertinence of the various test procedures can not adequately
be assayed with respect to their application. It is apparent from current
studies that various fluid types and finished compositions show signifi-
cantly different ratings in the various tests.

The single pass high temperature lube rig is designed to rate
fluids reproducibly in accordance with deposit fomation on a hot metal
surface at low rates of lubricant application in the presence of large
quantities of air. Conditions of this sort might be obtained in bearings
utilizing the single pass or sexpendable oil lubrication system which has
been discussed in previous WADC technical reports from this Laboratory.

The pump and heat exchanger from the Petrcleum Refining Labora-
tory high temperature fuel rig have been modified to simulate a one-pass
lubricant system operating at 700°F. A flow diagram of the test system is
shown on Figure 5. The heated member of the heat exchanger consists of a
nine-inch section of half-inch steel or aluminum tubing. The heating
source is saturated metaterephenyl vapor from the boiler. This technique
provides even heating without danger of hot spots. Air and fluid are
pumped in cocurrent flow through the heat exchanger.

Typical conditions investigated include: heat exchanger tem-
perature = 707°F.; time = 5 hours; fluid-flow rate = 1 ml./min.; gas-flow
rate = 10 1./hr.; gas used = air; and metal surface = aluminum. Some
conditions have been modified in the course of testing. Gas rates of 30
liters of air per hour and 10 liters per hour of a 9:1 volume ratio of
nitrogen to air have been used. Several tests have been made with steel
instead of aluminum as the heat exchanger tube.

The coatings on the heat exXchanger tube are generally uniform
in this test procedure. Deposits on the heat exchanger and deterioration
in the used oil are measured to determine relative lubricant behavior.
The deposit on the tube is determined by a three-step method, The tube,
as it is removed from the heat exchanger, is scaked in naphtha to remove
residual cil and any loosely adhering deposit. The deposit is then
recovered from the naphtha by centrifuging and is dried and welghed. The
tube is then rubbed with sclvents and tissue. The deposit removed is
determined by weight difference. As a final step, any remaining deposit
is burned from the surface of the tube with a flame and the amount removed
determined by weight loss. The exit oil is collected in calibrated centri-
fuge tubes. After centrifuging, the water content of the sample is noted
and residue is washed with naphtha, dried, and weighed. The neutraliza-
ticn number of the exit oil 1s measured.
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Data for various classes of fluids and several types and grades
of mineral oils are shown on Tables 96 and 97. These data have all been
obtained at an air rate of 10 liters per hour. The mineral oils and syn~
thetic hydrocarbons are among the best fluids evaluated in terms of over—
all dirtiness on the tube and in the exit oil. Aroclor 1248 also shows a
low level of deposit with little evidence of fluid deterioration.

The esters evaluated show good dirtiness properties in the exit
01l although neutralization number increase is high, indicative of thermal
instability. The deposit on the tube as well as the neutralization number
in¢rease line up in accordance with the relative thermal stability of the
esters. Polyester AP-52, which contains some secondary alcohol linkages,
gives the highest deposit rating and the poorest thermal stability.

The neopentyl type esters, typified by Synthetics J-7 and
Hercoflex 600, give the best thermal stability and the lowest deposit
value on the tube, Di-2-ethylhexyl sebacate is intermediate among the
ester types in both thermal stability and deposit formation.

The silicone and silicate fluids produce a high value of total
deposits. These deposits, both in the 0il and on the tube, are sand-like
noncombustible materials. The silicone shows a relatively low tube
deposit while the dirt in the exit oil is high. The silicates, on the
other hand, show a higher per cent of the total deposit on the tube.

A series of mineral oils representing paraffinic, naphthenic,
and arcmatic types are shown on Table 97. The naphthenic and paraffinic
serles cover a range of viscosity grades. The higher the viscosity in
these series, the lower the volatility and the higher the boiling range.
Vapor phase oxidation has previcusly been discussed as a method of increas-
ing oxygen tolerance at high temperatures, In the naphthenic mineral oil
series, XCT white c¢il and Voltesso 36 boil below 700°F,, while Necton 37
has components boiling both above and below 700°F. A1l of the paraffin
oils boll above 700°F. The low boiling naphthenic mineral oils XCT white
oil and Voltesso 36 give a very clean heat exchanger tube except for a
small build-up of deposit around the inlet section of the tube. This is
the area where fluid at room temperature enters the tube and is vaporized.
There 1s essentially no evidence of deposit on the portion of the tube
where vapor phase oxidation occurred.

Necton 37 shows a very heavy deposit. A similar phenomenorn has
been noted in the panel coker where surface temperatures within the boil-
ing range of the fluid cause excessive deposit formation.

All of the paraffinic mineral oils evaluated give low deposit
values in the rig test. In general, the values for the paraffinic stocks
are lower than those for a naphthenic mineral oil of the same viscosity
grade. The aromatic heat transfer oil produced more deposit than either
of the other two mineral oil types evaluated. The polyolefins are about
the same in deposit formaticn. This level of deposit on the tube is
characteristic also of the paraffinic mineral oils of conventional
refining.
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The effect of dispersant type additives in Kendall heavy neutral
is shown on Table 98. Acryloids 829 and 966 and Du Pont Fuel 0il Additive
No. 2 have been used as dispersants. In all cases the dispersant blend
gives coking values of the same order of magnitude as the non-additive
mineral oil base stock. Similar behavior was noted for the Acryloids in
mineral oils in the panel coker studies.

Dialkyl acid phosphite has been used as a lubricity additive in
mineral oils and also in combination with a hindered phencl as an oxidation
inhibitor for the intermediate temperature range {(200° - L00°F.). Data
for these oils are shown on Table 9. These dialkyl acid phosphites have
been shown to have a deleterious effect on dirtiness in high temperature
oxidation tests and in the panel coker. The use of diisopropyl acld phos-
phite in the polyolefin and hydrogenated polyclefin causes a substantial
rise in deposit on the tube., The use of Paranox 441 with diisopropyl acid
phosphite in Kendall heavy neutral also causes a substantial rise in tube
deposit. The use of the same additive combination in Necton 60 shows
little change in tube deposit level.

Small quantities of n-octane or octene-2 have been added to the
paraffinic and naphthenic oils containing the hindered phencl-diisopropyl
acid phosphite combination. The use of an oxygen acceptor or vapor phase
hydrocarbons to assimilate preferentially the oxygen to reduce dirtiness
was not particularly effective in these cases.

The effect of air rate on deposit formation has been studied for
several mineral oils and esters. These data are tabulated on Table 100.
Three air rates were employed. All of the data discussed previously is
for an air rate of 10 liters per hour. In addition to this air rate, 1
and 30 liters of air per hour have been employed. In addition to the one
liter of air per hour, nine liters of nitrogen per hour were used at the
lowest ailr rate to keep up the overall gas rate.

A lowering of the total gas rate to one liter per hour would
have a substantial effect on the amount of gas in the heat exchanger at
any one time and therefore, on the residence time of the 0il in the heat
exchanger. The gas volume in the heat exchanger is 13 milliliters at ten
liters per hour and 16 milliliters at 30 liters per hour.

The deposits at one liter of air per hour are substantially
lower than for 10 liters of air per hour except in the case 'of the Herco-
flex 600 type of ester. The increase in air rate to 30 liters per hour
causes a large increase in deposition for the Hercoflex 600. The exit
tube from the heat sxchanger clogged from excessive dirt before the five
hour run had completed with this ester.

For the mineral oils, the 30 liter per hour tends to magnify
the differences noted at the lower air rate. The naphthenic mineral oil
shows excessive deposits on the tube under these conditions while the
paraffinics studied still show up well.
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There is a larger differential among viscosity grades of the
paraffinics studied. The higher viscosity-low volatility paraffinic stocks
again appear to be the best of the fluids tested on deposit formation on
hot metal surfaces.

K. IMPROVED THEEMAL STABILITY TEST. Thermal stability and the
corrosiveness of fluids under thermal stability conditions have been deter-
mined in several test procedures. An attempt has been made in this study
to incorporate as many desirable features as possible into one test pro-
cedure. The conditions chosen for a single thermmal stability and corrosion
test are a stainless steel pressure cylinder of 46 milliliters capacity
operated at 700 X 10°F. for six hours and including a one-half inch diam-
eter bearing each of 52-100 bearing steel, M-10 tool steel, and Naval
bronze. The test is conducted under a nitrogen atmosphere. The pressure
in the cylinder is measured periodically for the six-hour test period. If
a pressure of 300 p.s.i, gage is obtained, the test is terminated and the
time recorded. The pressure after the test period is recorded at the test
temperature (700°F.) and again at room temperature (70° to 80°F,). This
latter value is indicative of the volatility of the thermal decomposition
products. Assuming a decomposition te form one highly volatile fragment
per molecule of test fluid, a pressure of 300 p.s.i. is indicative of 10
to 20 per cent fluid decomposition in the range of fluid molecular weights
studied.

Using this test procedure, typical examples of various classes
of fluids showing good overall high temperature behavior have been evalu-
ated. These data are summarized on Table 101. These data again point up
several pertinent facts concerning high temperature fluid behavior, All
of the fluids evaluated form some volatile products on thermal decomposi-
tion in a period of six hours or less at 700°F. In all cases, with the
possible exception of the chlorinated aromatic hydrocarbon, the decomposi-
tion products are volatile, inflammable materials,

The inflammability and explosive properties of these products
will be of about the same order of magnitude as aviation gasoline. These
properties of the products are quite different from the initial inflam-
mability of the fluids.,

In all cases except for the hydrogenated mineral oils and hydro-
carbons, some metal corrosion and sludge formation is noted. It will be
necessary to cope with these general properties of fluids at elevated
temperatures by mechanical design considerations as well as fluid improve-
ment in constructing hydraulic and lubricating systems for use in the
elevated temperature range.

Mineral oils which exhibit good overall stability at high tem—
peratures have been evaluated by this test procedure in somewhat more
detail. The results of thermal stability tests conducted on the various
paraffinic mineral oil compositions are found on Table 102,

The results of these tests indicate that there are only small
diffrrences in thermal stability for these mineral oils., The quantity of
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gaseous material formed during the tests varies slightly. No neutraliza=-
tion number increase or insoluble material is obtained.

The viscosity change differs somewhat for the different mineral
cils. The viscosity decrease and gas pressure are somewhat larger for the
higher molecular weight mineral oils (higher viscosities). This effect
has been observed in previous studies. It appears that the higher molec-
ular weight fractions of the same mineral oil type after conventional
refining are less stable thermally than the lower molecular weight frac-
tions. With the exception of MLO 7094 (aviation bright stock), the amount
of catalyst corrosion obtained is not severe. The M-10 tool steel and the
bronze bearing are not affected appreciably and the 52-100 steel ball is
corroded mildly by the majority of the test flulds. More severe steel
corrosion is noted with MLO 7094 in that both the 52-10C steel and the M-10
steel are corroded.

The effect of hydrogenation on the thermal stability of several
mineral oils has also been determined. These thermal stability tests were
conducted under the same test conditions described above. In this study
the effect of hydrogenation on a naphthenic mineral oil (Necton 50), a
Permsylvania SAE 30 (MLO 7077}, a Coastal 500 extract, and a catalytic
cycle stock extract have been investigated.

The fluid properties of the mineral oils before and after
hydrogenation are summarized on Table 103. These materials were hydro-
genated over a U.0.P. nickel catalyst at temperatures of 450° to 600°F,
and pressures of 600 to 1800 p.s.i. for pericds ranging from 4 to 14 hours.
Hydrogenation under these conditions tends to saturate olefins and aromat-
ic linkages and remove sulfur and nitrogen-containing impurities in the
olil.

The degree of severity of hydrogenation is indicated by the
amount of hydrogen absorbed per 500 grams of oil., It will be noted that
the amount of hydrogen absorbed was considerably higher for the aromatic
stocks (catalytic cycle stock extract and the Coastal 500 extract) than
for the naphthenic (Necton 50) or paraffinic (Pennsylvania SAE 30)
mineral oil.

The catalytic cycle stock extract was hydrogenated to two degrees
of saturation. In one case a partial hydrogenation was carried to 2.52
moles of hydrogen per 500 grams of fluid. Catalyst poisoning stopped the
hydrogenation at this point. The product from a partial hydrogenation was
hydrogenated again over a new batch of U.0.P. nickel. The result of the
two step hydrogenation was the absorption of 10.5 moles of hydrogen per
500 grams of fluid,

The results of the thermal stability tests with Necton 50 and
the Pennsylvania SAE 30 mineral oil before and after hydrogenation and for
the hydrogenated catalytic cycle stock extract and the Coastal 500 extract
are tabulated on Table 104. The thermal stabilities of the catalytic
cycle stock extract and the Coastal 500 extract were not determined. These
stocks prior to hydrogenation were semifluid products at room temperature
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containing relatively large quantities of non-hydrocarbon impurities.

The results of these tests indicate that there is no signifiecant
change in thermal stability for the hydrogenated Necton 50 or the hydro-
genated Pennsylvania SAE 30 mineral oil compared to the unhydrogenated
materials. In both cases the viscosity decrease, the neutralization num-
ber change, and the formation of wvolatile material are essentially the
same before and after hydrogenation. A slight reduction in metal corro-
sion is noted for the hydrogenated materials although metal corrosion was
not severe for the unhydrogenated materials.

The hydrogenated Cocastal 500 extract appears tc have about the
same thermal stability as the Necton 50 and the Pennsylvania SAE 30
mineral oils. The hydrogenated samples of the catalytic cycle stock
extract (MLO 7079 and MLO 7087) appear to be somewhat more thermally
stable. Both MLO 7079 and MLO 7087 show small viscosity change values,
ard with MLO 7087 the pressure increase during the test and the residual
pressure at room temperature are lower than for the other mineral oils
evaluated. Partially or completely hydrogenated high molecular weight
aromatic fractions from mineral oll show promise as stabie nigh tempera-
ture hydraulic flulds where primary emphasis is placed on thermal and
vigcosity stability at high temperatures with only secondary emphasis on
oxidation stability.

Several thermal stability tests with mineral oils containing
dispersant type Acryloid polymers have been conducted at TO0°F. in accord-
ance with the improved procedure. These data are discussed in detail in
the section on the effect of dispersant additives in mineral oils. The
Acryloids, which contain an ester linkage, show relatively poor stability
and cause steel corrosion when used as additives in mineral o¢ils. These
trends are not evident at temperatures up to 500°F. These data do point
up the need for more studies at high temperatures of finished fluid formu-
laticns which show promise at temperatures of 500°F. and lower,

1. Thermal Stability of Several Low Molecular Weight Polyolefin
Fractions. In report WARC TR 55-30 Pt 3, it is shown that the thermal
stability of Indopel L-50 is somewhat pocrer than that of a typical mineral
0il, Indopol L-50 is a low molecular weight polyolefin commercially avai-
able from the Indoil Chemical Company. '

Hecently a new sample of a pelyolefin and a hydrogenated frac-
ticn of the same material have been obtained. It has been indicated that
these samples are a narrower boiling fraction of the polyolefin than that
obtained previously. Thermal stability tests at 600° and 650°F. have been
conducted on these new fractions to see whether or not any differences in
thermal stability exist between the different samples.

Thermal stability tests at 600° and 650°F, in the glass appara=-
tus and at 600°F. in the pressure c¢ylinder were made. All tests were
conducted for the conventional six-hour test period. The fiuilds evalu~
ated include PRL 3440, the commercially available Indopol L-50; MLO 7119,
a hydrogenated sample of PRL 3440; MLO 7123, the narrow boiling polyolefin
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obtained recently from the Indoil Chemical Company; and MIO 7124, a hydro-

genated sample of MO 7123. MLO 7119 was hydrogenated at the Petroleum
Refining Laboratory whereas MLO 7123 was hydrogenated by the Indoil Chem-
ical Company. The results of the thermal stability tests for these
materials are found on Table 105,

.The results of these tests indicate that the hydrogenated and
unhydrogenated samples of the narrow boiling polyolefin fractions (MLO
7124 and MLO 7123) are no more stable thermally than the sample of Indopol
L-50 obtained previously (PRL 3440) and the hydrogenated sample of this
material (MLO 7119}, The volatility loss and the viscosity decrease are
higher for MLO 7123 than for PRL 3440 at both 600° and 650°F. in the glass
thermal stability apparatus. Similarly, the visecosity decrease is slightly
higher for MLO 7123 than for PRL 3440 in the tests conducted in the pres-
sure cylinder at 600°F. The hydrogenated samples MLO 7119 and MLO 7124 do
not differ appreciably in thermal stability at 6C0°F. Reascnably good
agreement was obtained for the viscosity decrease and volatility loss for
these materials.

A comparison of the hydrogenated and unhydrogenated fluids
indicates that in both cases (PRL 3440 and MLO 7123) hydrogenation improves
the thermal stability slightly. For example, in the thermal stability
tests at 600°F, in the pressure cylinder, the maximum system pressure is
lower in both cases for the hydrogenated sawrple than for the unhydrogenated
samples. In addition, the volatility loss is substantially reduced for
MLO 7124 compared to MLO 7123 at both 600° and 650°F. in the glass thermal
stability tests.

L. DENSITY DETERMINATIONS OVER THE TEMPERATURE RANGE OF 100°
TO 500°F. In an effort to define better the physical properties of fluids
and lubricants at high temperatures, the densities of some representative
fluids have been determined over the range 100° to 500°F. A Lipkin
pycnometer designed for use with volatile liquids has been used for the
work., This is the pycnometer specified for use in ASTM Method D941-49
for the determination of the density of hydrocarbon liquids. The Lipkin
pycnometer is described in detail in an article by M. R. Lipkin, J. A,
Davison, W. T. Harvey, and S. 3. Kurtz, Jr. in the Analytical Edition of
Industrial and Engineering Chemistry, volume 16, page 55, 1944.

This type of pycnometer has been found to give good precision
and reproducibility over the temperature range studied, It is believed
that no difficulty would be encountered in extending the determinations to
temperatures up to at least 700°F., providing the fluids involved possess
adequate thermal stability and a vapor pressure of 300 mm. Hg or less at
the desired temperature.

Constant temperature liguid baths have been used for the deter-
minations at 100° and 210°F. A vapor bath of the type used by this Labora-
tory to determine high temperature viscosities has been employed for the
determinations at 350° and 490°F. A description of the vapor bath is
included in Annual Report WADC TR 55-30 Pt 3.
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Any dissolved gases present in the fluid have been removed prior
to the density determinations. This has been done by shaking the samples
at a temperature of approximately 300°F. and a pressure of one millimeter
mercury for 30 minutes, ' The sample is then cooled at the reduced pressure
and the density detemmination 1s carried out immediately.

The pycnometer is filled by suction and placed in the 100°F,
constant temperature bath. As the fluid reaches test temperature, the
fluid level is adjusted by forcing any excess liquid out of the hocksd end
of the pycnometer. Freaquent readings are made until a constant level is
cbtained., The sample is allowed to remain at test temperature for 30
minutes and a final volume reading is taken. The pyenometer is remcved
from the bath, wiped dry, cooled with a stream of dry air, and carefully
weignhted on an analytical balance. The pyenometer is then placed in the
bath at the next higher temperature and the procedure repeated.

In calculating the density of the fluids, a correction is used
to eliminate the effect of the buoyancy of the air. The results obtained,
therefore, represent the density of the fluid in a vacuum. When deter-
mining the densities at relatively high temperatures, a further correction
must be considered. This correction invelves the expansion of the pye-
nometer bulb and eapillaries at the test temperature resulting in a true
volume larger than the apparent volume. A value of 1 x 10~% ce./cc./°C.
for the cubic coefficient of expansion of Pyrex glass was used in deter-
mining a correction factor for the velume at the various test temperatures.

Density determinations have been carried out at 100°, 210°, 350°,
and 490°F. for fluids representative of each of the following classes of
materials.

Hydrocarbons

Mineral Oils

Dibasic acid esters
Pentaerythritcl esters
Silicate esters

Methyl phenyl silicones
Chlorine-containing silicones
Aroclor 1248

Phosphate esters

@

o

ORI O W

Values determined for the various fluids are shown on Table 106.
A1l of the materials evaluated produce essentially a straight line func-
tion for the plot of density versus temperature. This is pointed out
graphically on Figures 6, 7, and 8. Cn the basis of the data obtained,
it appears that an extrapolation of data at low temperatures (e.g. 60°
and 100°F.) would be adequate to define values at temperatures up to at
least 500°F,.

M. VAPOR PHESSURE MEASUREMENTS WITH SILANES. Five silane
fluids have been received from the Materials Laboratory, WCRTR-1 of the
Wright Air Development Center (WADC). These fluids are designated by the
WADC as MLO 54-408(a), MLO 56-138, MLO 56-211, MLO 56-212, and MLO 56-280.
1t was requested that vapor pressure measurements over the range of 400°

WADC TR 55-30 Pt V - 154 -



to 700°F. be conducted with these materials. These studies have heen con-
ducted in a vacuum equilibrium still which is described in Annual Report
WADC TR 55-30 Pt 4.

Briefly, the apparatus ccnsists of a stainless steel still pro-
vided with a Herculite glass window to allow observation of the fluid and
stirrer under operating ccnditions. Previsions are made to allow the
determination of vapor-liguid equilibrium data at various conditions of
liquid hold-up for multi-component mixtures.

A heater-stirrer combination is designed to supply good heat
transfer between the heater and the beiling liguid with a minimum of super
heating or bumping.,

A cold finger condenser extends into the still directly over a
condensate cup. Condensation on the sides cof the still is prevented by
insulation and supplemental heating around the walls of the still.

Copper-constantan thermocouples are located in the still and in
the air space between the resistance wire and the insulation around the
outside of the still. Provision is made to measure pressures over a
range of 0.1 to 760 mm. Hg.

The apparatus has been used successfully to determine vapor pressures
over the range of 0.2 to 760 mm, Hg at temperatures up to 7C0°F. Tests
are ccnducted by obtaining first the boiling point of the test fluid at
an absolute pressure of 0.2 to 0.3 mm. Hg. The system is allowed to come
to equilibrium. The pressure is then increased stepwise and an equilibrium
established at each successive pressure increase. This procedure is
repeated until a temperature of about 700°F. or a vapor pressure of 760 mm.
is attained, or excessive thermal decomposition is attained.

Vaper pressure-temperature data for the silanes are tabulated
on Table 107 and plotted graphically on Figures 9 and 10. These plots
are based on %h§ relationship log P versus 1/(t°C. + 230) used by many
investigators 1) to provide esgsentially a straight line relationship
between vapor pressure and temperature,

The viscosity properties of the five fluids have been determined
before and after the vapor pressure measurements. The values are shown
on Table 108, Three of the fluids show a substantial viscosity decrease;
one shows a substantial increase. Volatility loss or thermal deteriora-
tion may explain the viscosity increase, The viscosity decreases noted
are believed to be attributable to thermal deterioration of the fluid in
the equilibrium stiil.

The residence time in the still pot at various temperatures is
shown on Table 109. It will be noted that liquid temperatures shown on
Table 109 exceed the equilibrium temperatures indicated on Table 107.
Temperatures shown on Table 107 are the highest temperatures at which a

e e e A e W A e e — — — — — — e e e e e e e e — — — T e e m— — — e

(1) Dreisbach and Spencer, Ind. Eng. Chem. 41, 176 (1949).
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vapor-liquid equilibrium at a given pressure could be obtained; those
shown on Table 109 are the highest temperatures attained by the liquid in
the still pot. That is, the inability to obtain a vapor-liquid equilib-
rium at the next higher pressure increment is indicative of a substantial
thermal deterioration of the fluid., Those three fluids {(MLO 54~408(c),
MLO 56-280, and MLO 56-212) which were heated to the highest liquid tem-
perature and for the longest total time are the three fluids incurring a
substantial viscosity decrease during the vapor pressure-temperature
determination,

It is apparent from these data that the silanes studied are not
thermally stable in the temperature range of 650° to 760°F,

N. FOAMING CHARACTERISTICS OF HIGH TEMPERATURE LUBRICANTS.
Foaming has been a continuing problem in hydraulic and lubricant systems.
Techniques for the evaluation of a fluid's foaming characteristics.and the
study of foaming with various clasges of flulds and lubricants have been
discussed in a series of technical reports from this Laboratory. These
references are listed below:

(1) Foaming Characteristics of Hydraulic Fluids and Special
Lubricants, Report PRL 3.48-Deci9, dated December 7, 1949,
under Contract Nord 7958(B).

(2} Formal Report No. 7 on Hydraulic and Recoil Oils, dated
April 8, 1943, to Section 11.2 of the National Defense
Research Committee (pages 163-187).

(3) Formal Report No. 8 on Hydraulic and Recoil Qils, dated
September 24, 1943 to Section 11.2 of the Nationsl
Defense Research Committee (pages 26-32).

(4) Formal Report No. 9 on Hydraulic and Recoil Oils, dated
April 11, 1944 to Section 11.2 of the National Defense
Research Committee (pages 53-68).

(5) Formal Report No, 1C on Hydraulic and Recoil Oils, dated
December 12, 1944 to Section 11,2 of the National Defense
Research Committee (pages 148-175).

(6) Final Report WADC TR 55-30 Pt 1 on Fluids, Lubricants, Fuels
and Related Materials, dated November 22, 1952 under
Contract AF33(038)18193 (pages 43-45).

2

Three types of tests have been used in these previous studies
to evaluate foaming. The Viking pump test comprises a simple fluid sys-
tem inciuding a glass reservoir, a Viking gear pump, and a heat exchanger.
The pressure can be reduced on the reserveir to duplicate high altitude
conditions. Foaming is measured by the degree of bubble formation in the
oil which is in turn measured by the reduction of light transmission
through the reservoir due to the foaming. The critical measurement is the
time required for the foam to disappear following a pressure reduction on
the reservoir.
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Figure 9

VAPOR PRESSURE-TEMPERATURE RELATIONSHIP FOR SEVERAL SILANES
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Figure 10

VAPOR PRESSURE-TEMPERATURE RELATIONSHIP FOR SEVERAL SILANES
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VISCOSITY OF SEVERAL SILANE FLUIDS BEFORE AND AFTER
VAPOR PRESSURE MEASUREMENTS

Table 108

-~ - - Centistoke Viscosity at 100°F.- - -

Fluid Original final # Change
MLO 54=-4L08(c) (MLO 7107 29.6 23.9 -19
MLO 56-280 (MLO 7108) 37.0 31.6 -15
MLO 56-138 (MLO 7109) 6.8 To7 +13
MLO 56-211 (MLO 7110) S 11.7 11.8 +1
MLO 56-212 (MLO 7111) 18.6 17.0 -9
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Table 1G9

THERMAL HISTORY OF SEVERAL SILANES DURING

VAPOR PRESSURE DETERMINATIONS

Liquid Heating Time, Hours(2) } -

Temp.,(L) | MO 56~138 | MLO 56-211 . MLO Sh-hO8ic) | MLO 56-280 | MLO 56-212
°F. (MO 7109) | (MLO 7110) (MLO 7107) (MLO 7108) | (MO 7111)
200 3.7 5.7 6.9 6.9 6.9
300 3.2 5.2 6.1 6.4 6.l
40O 2.6 L3 5.5 5.5 5.5
500 1.7 3.1 L1 L. Lol
600 0.8 1.8 205 2.5 2.5
700 - 0.4 0.8 0.8 0.8
750 - - 0.1 0.1 0.1

(1) Liquid temperature was measured by thermocouple in the still pot.

(2) Heating time represents total hours liquid was at or above indicated
temperatures.
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The bomb froth and foam test consists of shaking 50 milliliters
of test fluid under 1000 p.s.i. nitrogen pressure in a 500 milliliters
capacity steel container fitted with a needle valve, After 30 minutes
shaking, the bomb is inverted and the contents drained into a graduate at
atmospheric pressure. The rate of disappearance of foam and the appear-
ance of liquid are noted. This test is designed to simulate the effects
created in a hydraulic system of sudden pressure release on a fluid from
high pressure to atmospheric.

The aeration apparatus consists of a fitted glass filter (Ace
Glass Company, 30 millimeters, E porosity) to which a 380 millimeters long,
38 millimeters i.d. glass reservoir is attached. The fluid tc be tested
is placed inside the tube on top of the filter plate, and dry air is passed
through the filter from the bottom upward at a definite rate. The finely
dispersed air causes the fluid to foam or increase in volume. The result-
ant increase in volume or head of foam is a function of the original
height of fluid, the air rate, the filter porosity, the diameter of the
foaming tube, and the tendency of the fluid to foam. By holding the other
variables constant, the foaming tendencies of various fluids and anti-
foam additives may be evaluated and compared at definite air rates. This
is a dynamic test where an attempt is made to determine foaming characteris-
tics in a state of dynamic equilibrium.

This test is designed to simulate best the effects of foaming
caused by entrained air in an oil cycle as a result of spray lubricaticn,
over scavenging in dry sump operation, and other air leakage or air
entraining mechanisms in a dynamie cycle.

There is some indication that the same classes of additives and
fluid componerits show about the same relative order of effectiveness in
these three foaming tests, Foaming studies in the past have shown that
pure compounds gererally do not foam. In the case of diester-base
hydraulic fluids (Spec. MIL-L-6387) and lubricants (Spec. MIL-L-7808),
foaming, as indicated by these foaming tests, has not been a problem
because of the simplicity of the composition of these fluids.

The mineral oils and synthetic hydrocarbons which have been
studied as high temperature hydraulic fluids and lubricants exhibit poor
feaming characteristics, In general, foaming in the more viscous mineral
oils and hydrocarbons evaluated as high temperature fluids and lubricants
can be more readily controlled than for hydraulic fluids and lubricants
of the low viscosity type, e.g. Spec MIL-0-5606 and Grades 1010 and 1005
Jet engine oils. Furthermore, foaming generally decreases with increasing
0il temperature. Thus, the overall problem of foaming in high temperature
applications of mineral cils appears to be similar to the problems
studiedé in the preceeding references.,

A series of foaming tests have been conducted in the aeration
tube to determine the effect of a high molecular weight methyl silicone
on varlous classes of mineral oils and synthetic hydrocarbons. These
fluids are of the same basic classes as those prepared by this Laboratory
for use by the Power Plant Laboratery of WADC in mock-up and engine
testing.
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The anti-foam additive used is a Dow Corning methyl silicone of

50,000 centistokes viscosity at 100°F., This silicone was dissolved in
benzene to prepare a concentrate of 10 weight per cent silicone in benzene.
The benzene concentrate was then added drop-wise to the mineral oil blend
with vigorous agitation. The use of a benzene or other non-viscous sili-
cone concentrate has been found tc be essential in obtaining an effective
dispersion of anti~foam additive in ths final mineral cil blend. Previous
studies have sihown that high molecular welight silicones are more effective
than lower moiecular weight varieties in controlling foaming, particularly
in mineral oils and hydrocarbons in the moderate viscosity range. The
silicone used in this study is completely miscible with benzene, The 10
per cent ccacentration was chosen because of low viscosity and ease of
dispersion in a well agitated oil.

Limits of solubility of this silicone in typical paraffinic and
naphtheric neutrals are shown on Table 110. The solubility limits in
both types of cil fall between 0.001 and 0,005 welght per cent of silicone
in the blend. Sclubility in this case is based on visual observation of
the biend under strong illumination at room temperature (70° to 80°F.)

M,

The limiting effective concertration of this silicone was also
stidied in the same two base oils, The results of these studies are shown
or Table 111. It can be seen that both oils foam badly with no additive.
Foth oils respend to silicone anti-foam additives at concentrations as
Low as O,00001 weight per cent. Maximum effectiveness in this foaming
test 1s achieved with additive concentrations of 0.00005 per cent or
greater. Concentrations of the order of 0.00005 to 0.00L per cent result
in effective anti-foam action without adverse soiubility problems at
rocm temperature and zabove,

Foaming characteristics and foam stability for various mineral
oils, synthetic hydrocarbons, and blends are shown on Tables 112 and 113,
Barosa 43 and the Kendall heavy neutral are well refined paraffinic neu~
trals. Necton 42 is a highly refined naphthenic oil. The Indopol 1-50
contains one double bond per molecule while the hydrogenated variety is
completely saturated. All of the fluids tested without anti-foam addi-
tives show foaming tendencies and foam stability characteristics of
mineral olls. In all cases, 0,001 weight per cent of the silicone anti-
foam additive completely eliminates foaming at all air rates in the
aeration tube procedure,

These data indicate that feoaming can be eliminated in mineral
oils and synthetic hydrocarbons of the type considered for use as high
temperature fluids and lubricants. The persistence of the anti-foam
characteristics with fluid use in high temperature applications has not
been extensively studied. As more realistic limits for high temperature
fluid use evolve, these conditions should be studied to detemine the
persistence of anti-fcam properties,

Anti-foam properties at high temperatures are necessary to reduce
air-oil contact area and contact time which influence oxidation rate and
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Anti~Foam Additive:

Table 110
SOLUBILITY STUDIES

Dow Corning Type 200 Silicone of 50,000
Centistokes at 100°F., (PRL 2095)

Procedure: The Anti-Foam Additive is added to the Mineral 0il as
a 10 weight per cent solution of Silicone in Berzene.
The oil is agitated vigorously during blending.
Base 0il Additive Appearanw
Conc,, Wt.%
PRI, 2053 Necton 42 (Naphthenic 0,001 Clear
Mineral 0il) 0.,0025 S1ightly Turbid
0,005 Turbid
MLO 7101 Hydrogenated Indopol L-50 0,001 Clear
(Saturated Polyolefin) (.005 Turbid
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Table 111
EFFECT OF ANTI-FOAM ADDITIVE CONCENTRATION IN MINERAL OILS

ALL TESTS HAVE BEEN CONDUCTED IN THE AERATION TUBE AT ROOM TEMPERATURE (70° - 80°F,)
USING DRIED AND FILTERED COMPRESSED AIR. THE HEIGHT OF FOAM AT EACH AIR RATE HAS BEEN
MEASURED WHEN THE FOAM AND L10UID LEVEL REACHED £0UILIBRIUM OR AFTER FIVE MINUTES, tF
EQUILIBRIUM HAS NOT BEEN REACHED AFTER THIS TIME INTERVAL.

AERATION TUBE: A FINE POROSITY FRITTED GLASS FILTER {ACE GLASS, E POROSITY], 30 MM,
IN DIAMETER WHICH HAS BEEN FITTED WITH A 360 MM, GRADUATED EXTENSION 38 MM, IN DIAMETER. TEST
OIL 15 PLACED TO A HEIGHT OF 50 MM, ON TOP OF THE FILTER PLATE,

ANT|-FOAM ADDITIVE: DOW CORNING TYPE 200 SILICONE OF 50,000
CENTISTOKES AT 100°F, {PRL 2095)

TEST FLUID ADDITIVE % INCREASE IN VOLUME (FLUID + FOAM)
CONC., WT.% FOR INDICATED AR RATE, LITERS/HR,
2 7 l I5 | 26
i , i

RARDSA 43 (PARAFFINIC 180 NONE 140 580 >b50 >660
KEUTRAL) 0,00001 46 H0 , 100 ’ 80
0.00005 16 20 20 16

0.0001 14 16 16 14

0,001 <10 <19 | <lo ‘ <j0
NECTON 42 (NAPHTHENIC MINERAL NONE 68 320 300 244
OtL) 0.00002 20 26 l 24 ) 20
0.00005 <10 19 o 10
0.00] <lo <o | <o | <i0
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Table 112

FOAMING CHARACTERISTICS OF SEVERAL MINERAL OILS

ALL TESTS HAVE BEEN CONOUCTED IN THE AERATION TUBE AT ROOM TEMPERATURE {70°-80°F,)

#SING DRIED AND FILTERED COMPRESSED AIR.

THE HEIGHT OF FOAM AT EACH AR RATE HAS BEEN

MEASURED WHEN THE FOAM AND L1QUID LEVEL REACHED EQUILIBRIUM OR AFTER FIVE MINUTES, IF
EGUILIBRIUM HAS NOT BEEN REACHED AFTER THiS TIME INTERVAL.

AERATION TUBE:

& FINE POROSITY FRITTED GLASS FILTER (ACE GLASS, E POROSITY), 30

MM. IN DIAMETER WHICH HAS BEEN FITTER WITH A 380 MM, GRADUATED EXTENSION 38 MM, IN DIAMETER,
TEST OIL 1S PLACED TO A HEIGHT GF 50 MM, ON TOP OF FILTER PLATE.

ANTI=-FOAM ADDITIVE:

DOW CORNING TYPE 200 SILIGONE OF 50,000 CENTISTOKES AT I00°F.

(PRL 2095)
= - T7:ﬁ
ADDITIVE C'STOKE % INCREASE 1IN VOLUME {FLUID + FOAM)
TEST FLUID CONC., WT.% | VISCOSITY FOR INDICATED AR RATE, L1TERS/HR,
AT 100°F, 2 7 15 26
MLO 7102 INOOPOL L-50 (POLYOLEF{N) NONE 116 320 >660 460 500
0.001 <0 <40 <10 <10
MLO 7093 BAROSA 43 (PARAFFINIC NONE 33 150 580 | >660 >6€0
180 NEUTRAL) 0.001 <10 <io <10 ]
MLO 7071 KENDALL HEAVY NEUTRAL NONE 98 260 300 300 300
0.00% <i0 <10 <0 <io
- 50:50 (BY WT.} INDOPOL L-50 NOKE 56 280 520 450 440
BAROSA 43 0.0 <0 <10 <10 <10
- 50:50 {BY WT.} INDOPOL t-50 NONE 106 260 296 180 200
KENDALL HEAVY NEUTRAL 0.001 <10 <i0 <10 <10
MLO 7101 HYOROGENATED INDOPOL L-50 NONE 12 340 640 640 660
0.001 <40 <|0 <to <I0
PRL 2053 NECTON 42 (NAPHTHENIC NONE 35 b8 320 300 244
MINERAL QIL) $4.00| <10 <i0 <10 <0
=S I ey
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Table 113

FOAM STABILITY OF SOME MINERAL OILS

ALL TESTS-HAVE BEEN CONDUCTED AT ROOM TEMPERATURE {(70° - 80°F,). FILTEREG AND DRIED
COMPRESSED AIR IS PASSED THROUGH THE FILTER PLATE AND OIL SAMPLE AT A RATE OF 7 LITERS PER
HOUR. WHEN EQUILIBRIUM 15 REACHED BY THE FOAM AND L10UID COLUMN, OR AFTER 5 MINUTES IF
EQUILIBRIUM HAS NOT BEEN REACHED AFTER THIS TIME ENTERVAL, THE HEIGHT OF THE FOAM AND L1QUID
COLUMN 15 NOTED AND THE AIR SUPPLY IS SHUT OFF AND THE LINES TO THE TUBE VENTED. THE HEIGHT
OF THE FOAM AND LIQUID ARE THEN READ AT I5 SECOND INTERVALS UNTIL ALL OF THE FOAM HAS D|S=
APPEARED.

AERATION TUBE: A FINE POROSITY, FRITTED GLASS FILTER [ACE GLASS; E POROSITY} 30
MM, IN DIAMETER IS FITTED WITH A 380 MM. GRADUATED EXTENSION 38 MM, IN DIAMETER. TEST 0IL
{5 PLACED TO A HEIGHT OF 50 MM, ON TOP OF THE FILTER PLATE.

VOLUME OF | TIME IN MIN. FOR AV, RATE OF
FOAM PER DISAPPEARANCE D1 SAPPE ARANCE
TEST FLUID VOLUME OF | COF INDICATED % OF | OF INDICATED %
LIuiD INITIAL FOAM OF FOAM, ML/MiN,
50% 90% | o0-50% ; 0-90%
MLO 7102| INBOPOL L=50 (POLYOLEFIN) 4.8 8.5 14,0 | 22 24
MLO 7093| BAROSA 43 [PARAFFINIC 180 NEGTRAL) 7.0 2.3 4,3 76 73
MLO 7071 KENDALL HEAVY NEUTRAL 4,0 3,0 7.2 33 25
- 50:50 (BY WT.) INDOPOL L-50: )
BAROSA 43 6.8 3.6 6.0 47 51
- 50:50 (BY WT.) INDOPOL L-50:
KENDALL HEAVY NEUTRAL 4,9 3.2 7.0 51 25
MLO 7tOI|HYDROGENATED {NDOPOL L-50 7.4 9.0 6.5 2% 20
PRL 2053| NECTON 42 (NAPHTHENIC MINERAL CIL) 4,2 .G 2.0 105 95
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ultimately fluid life. This factor of foaming becomes critical oniy at
temperatures above which useful fluid 1ife is expected to exceed the stable
life or induction period of the fluid.

0. LUBRICITY TESTS AT 70C°F. Modification of a Shell four-ball
wear tester to allow testing at 500° to TOO°F. has been described in Annual
Report WADC TR 55-30 Pt 4. Preliminary testing at 700°F. and more exten-
sive tests at 500° and 600°F. are also discussed in that report. Prelim-
inary tests at 7OO°F. with silicate esters, neopentyl type esters, and
Aroclor 1248 have been unsuccessful because of the high decomposition rate
and/or volatility. That is, the initial 3¢ miliiliters charge is com-—
pletely lost before the hour run is completed. To allow for testing
volatile and unstable compositions, a hypodermic tube from a graduated
burette is sealed into the steel cylindrical tube forming the gas seal.
The flow of make-up fluid can be controlled with a glass stopcock at the
vottom of the burette. Make-up oil rates have been determined on the
basis of fluid loss measured in preliminary tests. The close ball pot-
to-spindle clearance precludes the use of a chicken feeder type of fluid
level control.

1. ©Shell Four-Ball Wear Tests. A series of tests at 700°F. has
been congucted with mineral oils. These tests were made using M-10 tool
steel balls. The results of the high temperature tests are compared with
values obtained with the same fluids at 167°F. using 52-100 steel balls
on Table 114. Wear data at 700°F. for the non-additive mineral oils
appears to be comparable to test results at 167°F. for the cne and ten
kilogram loadings. At 40 kilograms load, the 700°F. values are substan-
tially higher than the 167°F. values. In both the Kendall heavy neutral
and the Necton 60, the 0.5 weight per cent diisopropyl acid phosphite is
very effective in reducing wear values at the higher loadings. That is,
diisopropyl acid phosphite in mineral oils has been shown conclusively
to maintain its effectiveness as a lubricity additive over the entire
test range of 167° to 7OO°F. in the Shell four-ball wear tester, The two
Kendall resins show good overall lubricity at 700°F. without additives.

High temperature lubricity values (700°F.) for silicate ester
fluids, Aroclor 1248, and chlorinated siliccne are compared with values
at 600°F. on Table 115. The data with the silicate fluids were obtained
at a rate of 45 miililiters per hour of replenishing fluid to the ball
pot. A rate of 55 milliliters per hour was used for Aroclor 1248. Even
at this high replenishing rate, it was difficult to maintain sufficient
fluid level in the pot for running. The improved lubricity silicone was
run without fluid replenishing.

The wear data for Aroclor 1248 and the silicate fluids are of
about the same order of magnitude at 600° and 700°F. The improved lubri-
city silicone shows a slight trend toward reduced wear at high loadings
at 700°F, compared with 600°F, The use of diisopropyl acid phosphite as
an additive in the improved lubricity silicone does not improve the
lubricity characteristics. The diisoprepyl acid phosphite is quite
effective as a lubricity additive for mineral oils at 700°F.
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A 50:50 mixture of improved lubricity silicone and mineral oil
plus diisopropyl acid phosphite additive has been evaluated at 700°F,
These data indicate that the poorer lubricity properties of the silicone
again dominate. The 40 kilograms load value is quite high in this case,
Values of this magnitude are indicative of seigure with recovery. With
the silicates and silicones particularly, the 40 kilcgrams tests appsar
to be close to the point of seizure. lherefore, large variations in wear
scar are indicative of seizure versus no seizure and not poor reproduci-
bility in wear values,

The high temperature behavior of silicones and silicates in
general bears out the trend established in low temperature investigations.
That is, these base materials show a poor additive susceptibility. The
relatively poor lubricity of silicones and silicates ih combination with
¢stablished lubricity additives and bulk quantities of good lubricants
indicates that the silicon-containing materials may participate in the
chemical reaction on the bearing surface to form a surface film which
resists further chemical attack from the established lubricants under
boundary conditions, For example, ferrous alloys of silicon of low melting
point and high corrosion resistance are known. The effect of additives
and bulk constituents in silicates and silicones will be studied further
to determine additional effects of these materials in boundary lubrication.

2. LEvaluation cf Oronite Hirh Temperature Hydraulic Fluid in
the PRL High Temperature Pump Test Unit. A three gailon sample of Oronite
High Temperature Hydraulic Fluid 8515 has been received from the Wright
Air Development Center for evaluation in the PRL high temperature pump
test unit. Pump tests at both 400° and 500°F. have been conducted with
this fluid. The results of these tests are sumarized on Table 115.
S3imilar data for Silicate Fluid 0.S. 45, Silicate Fluid MIO 8200, and for
di-2-ethylhexyl sebacate are alsoc included for purposes of comparison.
The results of these previous tests, as well as a description of the high
temperature pump test unit and the operating procedure, are discussed in
detail in Annual Reports WADC TR 55-30 Pt 3 and WADC TR 55-30 Pt 4.

The test with the 8515 fluid at 400°F. was conducted for the
conventional four-hour test period at a pressure of 700 p.8.i. Shortly
after the fluid reached test temperature, a small amount of colloidal
metal was observed in the reservoir and persisted during the test period.
During the test, the flow rate decreased from 3.2 to 3.3 galilons per
minute. Following completion of the test, the pump was dismantled and
the vanes were weighed. The average weight loss was 1.9 milligrams per
vane. This is considered to be a moderate amount of wear., In addition,
visual observation of the pump parts indicated that a considerable amount
of wear had occurred on the cam ring and the valve plate,

The test at 500°F. was also conducted for the conventional test
period; however, under these test conditions the system pressure could not
be maintained at 700 p,.s.i. Colloidal metal was observed again in the
reservolr during the course of the test. The flow rate decreased steadily
from an initial value of 2.1 g.p.m. at 500°F. to less than 1.0 E.P.l. As
a result, the system pressure could not be maintained at 700 p.s5.i. and
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the pressure decreased steadily from 700 p.s.i. to 450 p.s.i. during the
four-hour test pericd. After completion of the test, the vanes were
weighed and the pump parts were inspected. The average weight loss per
vane, 2.1 milligrams, was only slightly higher; however, both the cam
ring and the valve plate were severely worn, and the metal surfaces where
the major portion of wear occurred were extremely rough.

A comparison of these results with the two silicate fluids
evaluated previously, indicates that there is no appreciable improvement
in operation for the Oronite High Temperature Hydraulic Fluid 8515 over
Silicate Fiuid 0.5. 45 or Silicate Fluid MIO 8200, That is, the formation
of colloidal metal and a relatively large decrease in flow rate were noted
for both 0.5. 45 and fluid 8515 at 400°F.; and none of the silicate fluids
operated satisfactorily at 500°F. Comparable data for di-ethylhexyl
sebacate show good operation at both 400° and 500°F. In both cases some
decrease in flow rate was obtained, but satisfactory operation for the
four-hour test period at 700 p.s.i. was maintained, In addition, no sub-
stantial amount of valve plate or cam ring wear was observed after com-
pletion of the tests.

P. PREPARATION OF DIISOPROPYL ACID PHOSPHITE. Diisopropyl acid
phosphite has been found to have good overall properties for improving
the lubricity of jet engine lubricants. This material gives improved
storage stability in ester-base compositions compared with alkyl acid
phosphites prepared from primary alcohols. The isopropyl group is small
encugh to provide an acid phosphite effective as a lubricity additive in
small concentrations., Thus far, no commercial source of diisopropyl acid
phosphite has been found. The quantities of this additive required for
MLO 7010 and GTO 120 fiuids formulated for ™nock-up" testing have been
prepared in the laboratory.

Preparation of diisopropyl acid phosphite is in accordance with
the following equation:

3C3H70H + PCl3 —> (C3Hp)p HPO3 + C3HpCl + 2HCL

The preparation is conducted in a conventional three-neck flask
fitted with an air driven stirrer and inlet and outlet tubes for the cir-
culation of dry nitrogen through the flasks. Dry isopropyl alcohol is
added to the flasks, the agitator started, a stream of dry nitrogen
started, and the flask chilled to 5°C. or lower. Any conventional cooling
method such as an ice-salt bath or a dry ice-acetone bath may be used to
maintain the temperature of the flask below 10°C, Phosphorus trichloride
is added to the flask dropwise through a dropping funnel. The rate of
addition is controlled so that the flask temperature does not exceed 10°C.
The preparation is conducted with 10 per cent excess of alcohol.

After the addition of the phosphorus trichloride i1s complete,
the reaction mixture is allowed fo warm up to room temperature. The
mixture is transferred to a vacuum distillation flask. A heating mantle
is attached and as much volatile material as possible is removed at about
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Table 115

LUBRICITY CHARACTERISTICS OF SEVERAL FLUIDS IN THE
SHELL FOUR-BALL TESTER

TEST CONDITIONS INCLUDE: TEST TIME = ONE HOUR; TEST SPEED = 620 R.P.M.; TEST TEMPERATURE AS
INDICATED: BEARINGS = M-10 TOOL STEEL BEARINGS (0.5-INCH DIAMETER) SKF INDUSTRIES GRADE
NO. !, PRL BATCH KO. 2,

ALL TESTS WERE CONDUGTED UNDER A CONTROLLED ATMOSPHERE. THIS WAS ACCOMPLISHED BY INTRODUCING
DRY AIR AT A RATE OF 0,7 LITERS PER HOUR INTO THE GAS SPACE OVER THE BALL POT.

TEST AVERAGE WEAR SCAR DIAM., MM,
TEMP., M-10 TODL STEEL BEARINGS
TEST FLUID : oF, 1 KG. 10 KG. | 40 Ka.
]
ORONITE 8200 FLUID (PRL 3506} 600 0,42 0,58 P71
700(1) 0.3 0.64 | 2,51
0.5 45-1 HYDRAULIC FLUID (MLO.7037) 600 0.98 1.17 1,43
700{ 1) 0.38 0,52 1.1
AROCLOR 1248 (MLO 7061) 600 0.55 ‘ 0.83 1.20
Jo0{2) 0,51 0.8! -
S1L1CONE 81406 (MLO 7017){I1MPROVED LYBRICITY) 600 0,33 0.91 0.97
700 0.33 8,76 0,74
S1LICONE 8406 + 0,5 DIISOPROPYL ACID PHOSPHITE 700 0,41 0.84 0.87
NECTON 60 (PRL 3467) (NAPHTHENIC MINERAL OIL) 700 0.24 0.58 te54
NECTON 60 + 0.5 D!1SOPROPYL ACID PHOSPHITE 700 0.27 0.30 0.57
50:50 (BY WT.) SILICONE 81406:NECTON 6o +
0.5 DfISOPROPYL ACID PHOSPHITE 708 0.35 0.89 2,60
l I —

{1} TEST FLUID REPLENISHED AT THE RATE OF 45 ML, PER HOUR.

(2) TEST FLU!D REPLENISHED AT THE RATE OF 55 ML. PER HOUR.
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15 mm. Hg pressure {water aspirator) and a maximum pot temperature of 50°C.
The volatile material includes hydrochloric acid, isopropyi chloride, and
isopropyl alcohol.

Tne flask is then connected to a high vacuum system and the
desired product distilled at about 1 mm. Hg absolute pressure. 4 dry ice
cold trap and an Ascarite absorber tube are included in the vacuum line to
protect the vacuum pump from traces of volatile and corrosive reaction
products.

The product boiling between 55° and 65°C. at 1 mm. Hg absolute
pressure is predominantly diisopropyl acid phosphite with a refractive
index at 20°C. of 1.4080 * 0.0010. A yield of 60 to 70 per cent of
theoretical is typical for a preparation conducted in this manner.

A technique for the estimation of acid phosphite purity from
neutralization numbers has been described in Annual Report WADC TR 55-30
Pt 2. The acid group in a dialkyl acid phosphite cannot be readily
titrated in a normal neutralization number proceudre. This lack of acidity
has been explained by keto-enol isomerism or hydrogen bonding. In any
event, an equilibrium appears to exist between an acid form and a non-
acid form in which the latter dominates., Destroying the equilibrium by
removing the acid form with excess base does give complete titration of an
acid phosphite. These conditions are sufficiently mild so that no
saponification is apparent. The procedure includes the addition of an
excess of sodium butylate to the acid phosphite. The mixture is allowed
to stand for 25 hours and then back titrated with a solution of hydro-
chloric acid in butanol. Using these techniques, the diisopropyl acid
phosphite fractions described give neutralization numbers indicative of
95+ per cent purity.

Sufficient diisopropyl acid phosphite has been prepared to meet
current requests for high lubricity jet engine lubricant samples. Prelim-
{nary lubricity tests indicate that the new batch is an effective lubricity
additive.

Q. PREPARATION OF LARGE SCALE MINERAL QIL AND HYDROCARBON
BLENDS. Extensive nigh temperature testing in the Laboratory has been
reported for mineral oils and hydrocarbons as well as several other classes
of fluids in WADC Technical Reports 55-30 Part 3 and 55-30 Part 4. The
mineral oils and hydrocarbons in particular show good high temperature
properties, Current studies indicate that stability properties at inter-
mediate temperatures {(200° to LO0°F.) of conventionally refined mineral
oils and unsaturated hydrocarbons can be improved by further refining,
e.g., hydrogenation or silica gel percolation, In general, these addi-
tional refining steps have relatively little effect on the properties
measured at 500° to 700°F.

Convenhtionally refined mineral oils and polyolefin hydrocarbons
are available in large quantity in contrast to the research gquantities of
the improved stability stocks prepared by additional refining. To extend
the scope of the laboratory evaluation of these mineral oil and hydrocarbon
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stocks, two galleon samples of a number of fluids were prepared and sent

to the Materials Laboratory, WCRTRl, Wright Air Development Center, Wright-
Patterson Air Force Base, Ohic. Quantities of phenyl-alphs-naphthylamine
and Paranox 441 oxidation inhibitors were supplied along with the

following fluids:

1) Esstic 45, naphthenic mineral oil (PRL 3457)

2) Pennsylvania 180 neutral mineral oil (MLO 7027)
) Pennsylvania 300 neutral mineral oil (MLO 7026)
) Indopol L-5C, polybutene (MLO 7014)

(5) 50:50 Blend of MLO 7014 and MLO 7027 {MLO 7054)
(6) 50:50 Blend of MLO 701k and MLO 7026 (MLO 7053)
(7) Aroclor 1248, chlorinated aromatic hydrocarbon

(PRL 3544)
(8) Hercoflex 600, pentaerythritol ester (MLO 7064}

As indicated, blends 7 and 8 are not mineral oils or hydrocarbons.

On the basis of these preliminary blends, a series of 12 blends
of 100 gallons each have been prepared as typical mineral oll and hydro-
carbon compositions. In addition, 225 gallons of Aroclor 1248 were
procured.

These materials have been supplied to the Power Plant Laboratory
for large scale mock-up testing at high temperatures. The compositions
of the blends are shown on Table 117. There are six basic compositions
representing paraffinic and naphthenic mineral oil, saturated and unsat-
urated polyolefin hydrocarbons, and blends of the paraffinie mineral oils
and polyolefin, For each basic composition, there is one blend which
contains an oxidaticn inhibitor and one which does net. All of the blends
contain a silicone anti-foam additive which successfully eliminates
foaming in the Specification VV-L-791e test procedure.

Ingpection properties for these blends are also shown con Table
117. These compositions were chosen from conventionally refined stocks
with high temperature behavior as the primary criterion fer selection.
Low temperature properties have not been emphasized in this study. Pre-
liminary tests with mineral oil and hydrocarbon compesitions of this type
have shown them to be superior to Spec. MIL-L-7808 fluids in stability
and general behavior in laboratory tests at 500° and 700°F,

In the range of 200° to 400°F., laboratory evaluation has shown
that Spec. MIL-1-7808 fluids are superior in stability to these mineral
0il and hydrocarbon compositions. It should be emphasized that current
studies indicate that super-refining techniques, such as hydrogenation,
will preduce mineral oils that are comparable to Spec. MIL-1-7808 fluids
in stability in the region of 200° to 400°F. Synthetic hydrocarbon blend
MLO 7058A is typical of improved stability mineral oils. MLO 70584 is
a hydrogenated polyolefin hydrocarbon with an oxidation inhibitor.

The relationship between Spec, MIL-L-7808 fluids, blends
MLO 7055 through MLO 7060, and super-refined mineral oils (hydrogenated)
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has been well established on the basis of laboratoqg tests., Mock-up
engine testing with blends MLC 7055 through MLO 7060 will establish their

relationship with Spec. MIL-i~7808 fluids in larger scale tests. These
results should be of practical importance in establishing the pertinence
of various laboratory test techniques. The desirability of super-refining
mineral oils should also be predicted by careful correlation of the mock-
up and eéngine test results.

In addition to super-refining, the beneficial effects of dis-
persant type Acryloids on mineral oils and hydrocarbons have been demon-
strated. These effects are noted as a reduction in dirtiness under
oxidative conditions in the temperature range of 347° to 500°F. The
laboratory data indicate the desirability of including several examples
of super-refined mineral oils and hydrocarbons and mineral oils containing
an effective Acryloid dispersant in the "mock-up" and jet engine evalua-
tion program undertaken with the 12 large scale mineral oil and hydro-
carbon blends shown on Table 117.

_ R, USED AVIATION ENGINE OILS. This Laboratory has received
three series of used jet engine oils from a J-57 engine. The samples
were supplied by the Power Plant Laboratory, WCLPF-2, of Wright-Patterson
Air Force Base, Ohic. Two sets of samples are Grade 1065 engine coil
(mineral 0il) taken from engine tests of 50 and 72 hours duration. For
the 50-hour test, the engine was operated at 250°F. oil inlet temperature.
The 72-hour test was conducted at 300°F. oil inlet temperature. The third
set of samples is from a 100-hour engine test at 300°F. oil inlet tempera-
ture using phenothiazine-inhibited di-2-ethylhexyl sebacate as the test
fluid.

The time in the engine and some properties of the used 1065
mineral oils are shown on Table 118. The same general property changes
are shown for both the 50 and 72-hour tests., The property changes noted
with increasing time in the engine, i.e., increases in neutralization
number, viscosity, and Conradson carbon residue, are indicative of oxida-
tion, Used samples from the 50-hour test show somewhat more severe oxida-
tive deterioration. These samples have been evaluated more extensively
than those from the 72-hour test.

The panei coker values do not change appreciably with use. On
the basis of successive oxidation tests at 500°F. which have been reported
and discussed in recent WADC technical reports under Contract AF33(616)2851,
moderate cxidative deterioration of mineral oiis would have less effect on
panel coking tendencies than would similar deterioration of a Spec. MIL-I~
7808 jet engine lubricant.

The oxidation and corrosion test results for the new and used
samples of Grade 1065 mineral oil are shown for 72 hours at 347°F. on
Table 119 and for 20 hours at 500°F. on Table 120. All tests were made
using Spec. MIL-1-7808 oxidation and corrosion test methods and techniques.

It should be noted that the property changes after 50 hours in
the engine are somewhat less severe than for 72 hours at 347°F. or 20 hours
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at 500°F. for the unused sample. Sludge forming tendencies of the engine
and the bench tests could not be compared since the sludge in the used
engine oil had already been removed by filtration and deposition on metal
surfaces during the engine test.

The 30- and 50-hcur samples show more severe oxidative deteriora-
ticn than the unused oil under both sets of oxidative test conditions.
In terms of viscosity change, copper corrosion, and sludge formation,
further oxidation of the used samples 1s rejatively more severe at 347°F.
than at 500°F. This trend again tends to point up the fact that mineral
0ils show relatively good behavior at 500°F. and higher.

The properties and time in the engine for the used diester fluid
are shown on Table 121. It should be emphasized that the ester fluid is
0.5 weight per cent phenothiazine in di-2-ethylhexyl sebacate and not a
commercial Spec. MIL-1-7808 jet engine lubricant. The used fluids show a
substantial neutralization number increase and a small change in viscosity.
Again sludge formaticn can not be quantitatively measured for the usecd
samples because of the sludge removal in the engine. The relatively high
neutralization number and low viscosity increase may be indicative of
combined thermal and oxidative deterioraticn. It has been indicated that
the ester fluid has been used for 100 hours at 300°F., oil inlet tempera-—
tures.

Oxidation and corrosion tests with the new and used diester
lubricant are shown on Tables 122 and 123. These data are for 347° and
500°F., respectively. In the comparison of oxidation stability in the
engine and in the 347° and 500°F. oxidation tests, different criteria are
used fer the mineral oil and ester fluids.

In the case of the 1065 mineral oil, the stable 1life at 347°F.
is well under 72 hours. The stable life for the diester fluid is about
250 to 300 hours at 347°F. under Spec. MIL-L-7808 test conditicns, At
500°F, neither fluid type has any appreciable stable life,

The problem for the ester-base fluid at 347°F. is tc determine
the extent of depletion of the stable life of the used fluids at 347°F.
The data for MLO 7135 indicate that, after only 25 hours in the J-57
engine, the ester fluid has a stable life of slightly less than 72 hours.
This represents a 75 per cent depletion of the initial stable life of the
fluid in 25 hours in the engine at only 300°F. oil inlet temperature.

The 50 and 100 hour samples show little if any evidence of stable 1ife

at the 347°F. test temperature. It 1s believed that the improvement noted
in the 75 hour sample over the 50 and 100-hour samples 1s due to the
addition of make-up oil close to the sampling itime.

A comparison of the 500°F. oxidation and corrosion test results
of the used 1065 mineral oils and those of the diester fluids is of inter-
est. There is more evidence of actual oxidative deterioration in the used
mineral oil samples than in the used ester samples. The used mineral oils,
however, show superior oxygen tolerance to the used ester fluids. ‘This
relationship between the two fluid types is also evident in successive
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oxidation tests at 500°F. This relationship is not predicted from simple
500°F. oxidation tests of increased severity, i.e. test times longer than
20 hours. The data would suggest that in actual engine use bulk oil tem-
peratures do not adequately portray the severity or type of oxidative
deterioration in the engine.

1. Laboratory Tests Simulating Engine Severity. The behavior
of used engine oils suggests that spray lubrication on large metal surfaces,
short oil residence times at high temperatures, or some other phenomenon
may cause the unexpected type and degree of deterioration of Spec. MIL-1—
7808 type oils at relatively low measured bulk oil temperatures,

A number of laboratory tests simulating test conditions which
may exist in isclated parts of the engine are available for study. A
program has been undertaken to determine the relative roles of such tests
on subsequent 347°F. oxidation and corresion tests. This approach may
point up the more pertinent procedures by their similarity to the engine
tests in producing property changes. The tests of this type considered
in this investigation are: a bulk oil oxidation at 400°F. where stable
life depletion rate approximates that noted in the engine; a thin film
oxidation and corrosion test where spray lubrication on a metal surface
is simulated; the panel coker test; a high temperature thermal stability
test; a short time high temperature oxidation test; and a successive
oxidation test in which the contaminant is produced from a high tempera-
ture test and used in a 347°F. test. Only a portion of this program has
been completed. Most of this preliminary work has been done with the
phenothiazine-inhibited di-2-ethylhexyl sebacate used in the J-57 engine
test.

An extrapolation of the log of stable life versus temperature
for a phencthiazine-inhibited di-2-ethylhexyl sebacate fluid indicates
that the temperature required for a stable life of about 25 hours is LOO°F.
The stable 1life at 347 F. is in the range of 200 to 300 hours. Several 24—
hour tests at 400°F. have been conducted with MLO 7038 (di-2-ethylhexyl sebacate)
plus 0,5 weight per cent phenothiazine and MLO 7083 {Grade 1065 engine oil)
using Spec. MIL-L-7808 oxidation and corresion procedures and techniques.

The results of these tests are shown on Table 125, In all cases
the stable life of the diester fluid appears to be less than 24 hours at
400°F, Neutralization number increase, sludge formation, and copper
corrosion are indicative of incipient oxidative deterioration.

The mineral oil (MLO 7083) shows evidence of incipient oxida-
tive deterioration under these same conditions. It is interesting to
note that dirt formation is appreciable greater for the ester than the
mineral oil under these conditions. These tests show the effect of con-
sidering the bulk oil temperature in the engine as being sufficiently
high to produce incipient oxidation in a diester fluid in 24 hours.

Since the bulk oil temperature 1s controlled at a lower tempera-
ture for these tests, i.e. 250° or 300°F. and only portions af the oil are
subjected to short time exposure to higher temperature, other techniques
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Table 122

OXIDATION AND CORROSION CHARACTERISTICS OF PHENOTHIAZINE-INHIBITED

PLEXOL 201 FROM J-57 ENGINE TEST

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WITH SPEC, MIL-L-7308,

TEST CONDITIONS INCLUDE:

TEST TEMPERATURE = 347 * 39F.; TEST TIME = 72 HOURS; AIR RATE =

5 * 0,5 L.ITERS PER HOUR; TEST FLUID CHARGED = 100 ML.; CATALYST = A I-INCH SQUARE EACH OF
COPPER, STEEL, ALUMINUM, MAGNESIUM, AND SILVER-PLATED STEEL.

NCTE:

TEST FLUID USED FOR ENGINE TEST €

OMPRISES PLEXOL 201 PLUS 0,5 WEIGHT PER CENT PHENOTHIA=

ZINE. UNUSED FLUID SHOWN ALSC CONTAINS 0,5 WEIGKT PER CENT PHENOTHIAZIKE.
HISTORY OF FLUID UNUSED | USED FLUID FROM 100 HOUR TEST IN J-57 ENGINE
FLUID
FLUED DESIGNATION MLC 7038 - | MLO 7135 | MLO 7136 MLO 7137 MLO 7138
HOURS 1N J=57 ENGINE NGNE 25 50 75 100
OVERALL L!QUID LGSS, WI.% 3 3 4 4 5
4, CHANGE [N CENTISTOKE VISCOSITY
AT 130°F, +| +1 +32 +10 +30
NEUT. NO. (MG. KGH/GM. CIL)
ORIGINAL 0.2 1.2 3.9 2.6 5.0
FINAL 1ol 3.2 19.8 10,3 13,3
ASTM UNION COLOR
ORIGINAL 2 >8 >8 >8 >8
FINAL >8 > >8 >8 >8
WT.% INSOLUBLE MATERIAL 0.4 0.2 0.4 0,5 0.4
FINAL CATALYST CONDITION
APPEARANCE
COPPER COATED DULL DULL auLL DULL
STEEL dULL DULL DuLL DULL DULL
ALUMINUM DULL DULL DULL uLL DULL
MAGNES ) UM COATED DULL DULL DULL DULL
SILVER - DULL DULL BULL BULL
WT. LOSS (MG./S0. CM.}
COPPER +0,12 +0,09 0.08 0.05 0.09
STEEL +0,05 +0,09 +0,04 +0.05 +0.03
ALUMINUM +0,03 +0.08 +0,03 +1.04 +0,02
MAGNES 1UM +0.12 +0.05 +0,08 40,05 +0,05
SILVER - +0,02 +0.02 0,02 0,00
- 188 -
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have also been used to study effective acceleration of oxidative deteri-
oration at 347°F,

Preliminary treatments evaluated for their effect on subsequent
34, 7°F. oxidation and corrosion behavior include: thermal stability tests
at 500° and 600°F, for six hours under a nitrogen atmosphere; panel coking
tests for eight hours at 600°F. panel temperature; oxidation at 500°F. for
six hours at five liters of air per hour; and oxidation at 400°F. for 24
hours at five liters of air per hour.

The effects of these separate preliminary tests on MLO 7038
fluid are shown on Tables 124, 125, 126, and 127. The thermal stability
and panel coker test results are typical of di-2-ethylhexyl sebacate fluids
and commercial Spec. MIL-L-7808 fluids evaluated previously. Thermal
stability results at 500°F. show only a moderate increase in neutralization
number. At 600°F., di-2-ethylhexyl sebacate shows evidence of excessive
themal deterioration and steel corrosion. The panel coker values at
600°F. panel temperature are well within the Spec. MIL-L-7808 limits
indicative of satisfactory coking behavior in this test. The neutraliza-
ticn number increase in the panel coker test is again moderate.

Table 124
PANEL COKER VALUES FOR DI-2-ETHYLHEXYL, SEBACATE

Test Conditions Include: Test Temperature = 600°F. and Test Time = 8 Hours.
Air Rate in the Controlied Coker = 5 Liters per Hour.

Max., 0il Neut. No.
Wt. Fluid Temp. in (Mg. KOH/
. Gain, loss, Reservolr, gm. 0il)
Test Fluid Coker(}) mg.  ml. °F,  Orig. Final
Di-2-Ethylhexyl C.A.  13.4 135 255 0.1 0.3
Sebacate (MLO 7038) +
0.5 Wt.% Phenothiazine Model C 23.8 30 314 0.1 0.6

(1) C.A. = Controlled atmosphere.

The six~hour oxidation test at 500°F. shows evidence of incipient
oxidation as indicated by a relatively large neutralization number increase.
The 500°F. oxidation test forms essentially no dirt or sludge. The 24-hour
oxidation test at A00°F. shows a moderate increase in neutralization number
coupled with a small amount of sludge.

All of these thermally and oxidatively treated ester products
were then subjected to a 72-hour oxidation and corrosion test at 347°F.
These oxidation and corrosion test results are shown on Table 128. These
results can be compared directly with the oxidation and correosion test
results conducted with the used Jjet engine oil samples. To aid in deter-
mining the effect of the pretreatment on inhibitor depletion, tests with
additive and non-additive di-2-ethylhexyl sebacate samples are shown on
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Table 128 for comparison. The nor-additive ester fluid shows large vis-
cosity and neutralization number increases, copper and magnesium corrosion,
but little dirt formation,

The phenothiazine-inhibited ester shows good overall oxidation
and corrosion stability with no pretreatment. The products from the 500°F.
thermal stability test and the Model C and controlled atmosphere panel
cokers show up as well as or better than the unused inhibited ester in
this 347°F. test, The oxidized fluid from the 40O°F. treatment shows
incipient copper corrosion with high values for neutralization number and
viscosity increases. Sludge formation is no greater for this pretreated
sample than for the unused inhibited fluid.

The fluid oxidized at 500°F, shows a somewhat different deteri-
oration pattern. This sample shows only moderate increases in viscosity
and neutralization number with high sludge formation and copper corrosion.
The sample pretreated by a 600°F. thermal stability gives high corrosion
and an extremely high viscosity change. These factors are attributed to
the extensive thermal decomposition in the thermal test.

These preliminary data on laboratory pretreatment tc simulate
the type of deterioration encountered in engine tests show certain trends.
Oxidation and corrosion characteristics of the used engine clils do not
follow the pattern of a non-additive ester. The panel coker and 500°F,
thermal stability tests used have little adverse influence on subsequent
oxidation and corrosion at 347°F. of the inhibited ester. The pretreated
0il from the 50C°F, oxidation shows the highest value for dirtiness in
supsequent oxidation. This trend is in keeping with the values from suc-
cessive oxidation tests conducted with esters at 500°F. These data have
been presented in detail in Annual Report WADC TR 55-30 Pt L, from this
Laboratory.

This trend noted in successive oxidation tests at 500°F. and in
the oxidation at 347°F. of the samples pretreated at 50C°F. may suggest
the cause of the relatively high rate of sludge formation in the J-57
engine in the first 25 hours of running at high o0il inlet temperatures,
The high temperature oxidative pretreatment will be used for further tests
employing small concentrations of contaminant from the high temperature
oxidation product in unused ester fluid for evaluation at 347°F. Low
temperature (347°F.) PRL thin film oxidation and corrosion tests will be
conducted to determmine the pertinence of this test in simulating engine
severity.

S. HIGH TEMPERATURE EVALUATION OF SPEC. MIL-L-6387 HYDRAULIC
FLUID. Spec. MIL-L-6387 covers an ester-base hydraulic fluid designed
for high temperature use under severe lubricity conditicns in the Sund-
strand constant speed alternator drive. Since the development of Spec.
MIL-1-7808 jet engine oil, both types of fluids have been used success—
fully in alternator drives. It has been demonstrated in report WADC TR
55-30 Pt 1 from this Laboratory that a single fluid composition can be
formulated to meet both Spec. MIL-L-7808 and MIL-L-6387. These ester
flulds have good lubricity characteristics at elevated temperatures
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Table 125

OXIDATION AND CORROSION CHARACTERISTICS OF TWO FLUIDS AT LOO®F.
TEST PROCEOURE AND TECHNIQUES IN ACCORDANCE WiTH SPEC, MIL-L-7808,
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 400 ¥ 3°F.; TEST TIME = 24 HOURS; AIR RATE =
5 + 0,5 LITERS PER HOUR; TEST FLUID CHARGED = 100 MLS.; AND CATALYSTS = A I-INCH SQUARE EACH
OF COPPER, STEEL, AND ALUMINUM.

TEST FLUIDS: MLO 7038 = DI-2-ETHYLREXYL SEBACATE + 0.5 WT.4 PHENOTHIAZ INE.
MLO 7083 = AVIATION ENGINE OIL GRADE 1065,

TEST FLUID e e o e MLO TO38 « = > | - -~ - - MLO 7083 = = = = = =>
| i i L
OVERALL L10UID LO0SS, WT.% 2 | 2 l 4 | 9 ! 3
4 CHANGE IN CENTISTOKE VISCOSITY +3 2 +4 +2| +20 +28
AT 130°F.
NEUT. NO. (MG, KOH/GM, OIL)
OR!GINAL 0.1 0.! 0.1 0,0 0.0 0.0
FINAL 2,8 3.0 4.9 2.9 2.6 2,6
ASTM UNION COLOR
ORI GINAL 2 2 2 5 5 5
FINAL >8 > >8 >8 > >8
WT.%4 INSOLUBLE MATERIAL 0.4 0.4 0.4 TRACE TRACE TRACE
FINAL CATALYST CONKDITION
APPEARANCE
COFPER pULL  COATED puLL | CORRODED CORRGDED | CORRODED
STEEL DULL BULL DULL DuULL DULL puLL
ALUMINUM ouLL puLL bULL BULL DULL | DULL
WT. LOSS [MG./5Q. CM.)
COPPER +0.05 +1,63 +0.09 ©.79 0.94 0,88
STEEL +0,08. +0,09 0.05 0.04 0.02 +0,04
ALUMINUM 0.0l | +0.02 | 40,05 0,04 0.02 l 0.03
e — —— ""—"&_ — i — ———
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Table 127

OXIDATION AND CORROSION CHARACTERISTICS OF DI-2-ETHYLHEXYL
SEBACATE AT 500°F.

TEST PROCEDURE AND TECHNIGUES IN ACCORDANCE WITH MIL.L-7808.
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 } 59F.; TEST TIME = 6 HOURS; AtR RATE =

5 1 0,5 LITERS PER HOUR; TEST FLUID CHARGED = 150 MLS,; AND
CATALYSTS = A I-INCH SQUARE EACH OF COPPER, STEEL, AND ALUMINUM.

D1-2-ETHYLHEXYL SEBACATE (MLO 7038)

TEST FLUID + 0,5 WT.% PHENGTHIAZINE
LIQUID CHARGED, GM. 134 195
LIGUID LOSS, WT.% | 2
APPROXIMATE AMOUNT OF Qo SUPPLIED, GMS.{I) 7.8 7.8
APPROX1MATE AMOUNT OF 0o USED, GMS.{!) 1.7 1.7
MOLS 0, USED/426 GRAMS OF FLUID {2} 0.17 0.17
4, CHANGE IN CENTISTOKE VISCOSITY AFTER REMOVAL(3)
OF QL INSOLUBLES AT 130°F. +7 +7
NEUT. NO. (M5, XOH/GM. DIL}
OR1 G INAL 0.1 0.1
FINAL 4.3 4.7
WT.% 0IL INSOLUBLE MATERIAL(3) TRACE TRACE
FINAL CATALYST CONDITECN
APPEARANCE
COPPER DULL DULL
STEEL COATED COATED
ALUMINUM BRIGHT BRIGHT
WT. LDSS (Ma./sQ, M.}
COPPER 0.15 0.13
STEEL +0.86 +0,78
ALUMINUM +0.0( 0.02

{1} AMOUNT OXYGEN SUPPLIES CALCULATED AS FOLLOWS: A[R RATE (L/HR. AT S,T.P.) X TIME (HRS,)
X Op COMTENT [FRACTION) X 1,43 (GM./Li1TER). AMOUNT QF OXYSEN CONSUMED DETERMINED BY
FREQUENT SAMPLING OF EXHAUST GASES AND ANALYSIS FOR Oz,

{2) MOLS OF Op FOR 425 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING THE
Op ABSORBED. THE MOLECULAR WE{GHT OF Di-2-ETHYLHEXYL SEBACATE 15 426,

{3) OfL INSOLUBLE MATERIAL |8 REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLE~

TION OF TEST, THE O!L INSOLUBLES ARE WASHED WITH A LOW BCILING PETROLEUM NAPHTHA
AND URIED BEFORE WEIGHING.
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(as high as 500° to 600°F.), a wide liguid range, and relatively good
thermal stability for temperatures up to 550°F.

A commercial sample of Spec. MIL-L-6387 fluid has been used as
the test fluid for a high temperature hydraulic pump test by the Hamilton
Standard Division of United Aircraft Corporation. A sample has been
obtained for evaluation after 102 hours running time at 275°F. oil inlet
temperature in the hydraulic pump unit. The properties of the new and
used oil are shown on Table 129. A moderate increase in neutralization
number and a decrease in viscosity are noted for the used fluid.

The viscosity decrease is a shear effect caused primarily by
fluid turbulence and attrition in the loading valve used, to maintain the
operating pressure of 3000 p.s.i.. The viscosity decrease of 16 per cent
after 102 hours test time is considered to be satisfactory shear stability
for fluids of this type. The viscosity decrease for a typical Spec. MIL~-
0-5606 hydraulic fluid is more than twice that of the Spec. MIL-1-6387
fluid for the same degree of shear severity. That is, the Spec. MIL-0-5606
fluid would incur 35 to 40 per cent viscosity decrease due to the shear
effects in the equivalent 102 hour test at 3000 p.s.i. In the viscosity
decrease due to shear, the viscosity decreases rapidly in the first cycles
through the shearing device and then shows little additional viscosity
change with increasing fluid use after about the first 1000 or 2000 test
cycles.

The increase in neutralization number appears to be primarily
due to thermal rather than oxidative clhanges. Oxidation and corrosion
tests have been conducted with the original and used samples of Spec.
MIL-1-6387 fluid. Stable life and 72-hour tests have been made as shown
on Tables 130 and 131 and Figure 11. These data indicate that the unused
Spec, MIL~L-6387 fluid has a stable life of approximately 140 hours at
347°F, The used sample from the 102-~hour hydraulic system test shows a
stable life of approximately 10C hours. These data would indicate that
the neutralization number inerease in the used Spec. MIL-L-6387 fluid is
caused primarily by thermal effects and not oxidation.

Thermal tests at 347° and 500°F. with Spec. MIL~1-6387 and
Spec. MIL-L-7808 type lubricants are shown on Table 132. These data show
that neutralization numbers of the same order of magnitude as those
obtained after 102 hours operation at 275°F. oil reservoir temperature can
be obtained in thermal stability tests at 347°F. for 72 hours. These
tests on the original fluid and the used fluid indicate that the increase
in neutralization number is greater for the first 72-hour test period than
for subsequent 72-hour test periods. These data suggest a satisfactory
life of the order of 300 to 400 hours for Spee. MIL-I~6387 in an air-free
hydraulic unit operating at 275°F. oil reservoir temperature.

The esters available for use in the preparation of Spec. MIL-L-
6387 hydraulic fluid are limited because of the 7500 centistoke viscosity
1imit at -65°F. coupled with the required high temperature viscositles.
Spec. MIL-L-7808 has a 13,000 centistoke viscosity limit at -65°F. This
allows considerably more freedom of choice in ester base stocks. The
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Spec. MIL-L-7808 viscesity requirements of 13,000 centistokes maximum at
-65°F, are equivalent to a viscosity of 7500 centistokes at -58°F, 1In
other words, the loss in low temperature viscosity between Spec. MIL-1-6387
and MIL-1-7808 is only 7°F. while the benefits in ester choice and high
temperature stability may be appreciable,

Comparable thermal stability data for a di-2-ethylhexyl sebacate
ester (Spec. MIL-L-7808 type fluid) and for Spec, MIL-L-6387 fluids are

shown on Table 132 at 347° and 500°F. The di-Z2-ethylhexyl sebacate fluid
(MLO 7038) shows substantially better stability to change in neutraliza-
tion number at both 347° and 500°F. The M1O 7038 composition shows no
magnesium corrosion under the 347°F. test conditions in contrast to the
high magnesium corrosion values for the Spec. MIL-1-6387 fluid in the test.

A1l of the laboratory data obtained, thus far, indicate that a
satisfactory ester-base hydraulic fluild can be formulated for use in the
temperature range of -65° to +400°F. and perhaps higher. It appears that
a small increase in —-65°F, viscosity in the Spec. MIL~L-6387 fluid will
allow substantial improvements in high temperature fluid stability. The
retention of a separate ester type hydraulic fluid specification as opposead
to Spec, MIL-L1-7808 jet engine oil will allow more careful guality control
which may successfully eliminate such problems a storage stability from
the hydraulic fluid.

T. CONCLUSIONS. Mineral clls and hydrocarbons as a class show
very good high temperature stability in comparative laboratory evaluations.
Conventionally refined mineral oiis show better over-all oxidative behavior
at 500°F, and above than at 347°F. Dirtiness and lack of inhibitor sus-
ceptibility are primarily responsible for the relatively poor oxidation
stability at 347°F. A combination of additives and additional refining
does improve considerably the properties cbtainable in 347°F, oxidation
tests where stable life and induction period are the governing criteria
of coxidation.

Hydrogenation over a nickel catalyst is more effective than
silica gel percclation in improving inhibitor susceptibility. Both of
these treatments tend to remove non-hydrocarbon impurities (i.e. sulfur,
nitrogen, and oxygen—containing impurities) and unsaturated hydrocarbons
from mineral cils.

Conventionally refined paraffinic and naphthenic mineral oils
and olefinic and arcmatic hydrocarbons have all been substantially improved
in stability by hydrogenation over U.O0.P. nickel catalyst at 500°F. and
1000 p.s.i. hydrogen pressure. liydrcgenation proceeds most readily with
the polyolefin hydrocarbon and least readily with the cycle stock extract.
The paraffinic and naphthenic mineral oils are intermediate in terms of
nydrogenation difficulty. The catalytic cycle stock extract contained
sufficient non-hydrocarbon impurities to produce catalyst poisoning after
only partial hydrogenation. More complete hydrogenation was accomplished
by a two stage hydrogenaticn in which the bulk of the catalyst poisons
were removed in the first step.

WADC TR 55-30 Pt V - 197 -



Table 129

PRCPERTIES OF NEW AND USED SAMPLES OF SPEC. MIL-L-6387 HYDRAULIC FLUID

Test Fiuids Heceived From Hamiliton Standard Division of United Aircraft
Corpoeration, Windsor Locks, Comnecticut.

Test Fluids: MLO 7139

MLO 7141

Unused Sample of Spec. MIL-1-6387A Hydraulic
Fluid.
Used Sample of Spec. MIL-L-6387A Hydraulic

Fluid Taken From a High Temperature Hydraulic
Pump Test After 102 Hours Running Time at 275°F.
0il Inlet Temperature.

Test Fluid MLO 7139 MLO 7141
Centistoke Viscosity at
100°F, 15.3 12.8
120°F, 10.0 8.42
210°F, L.4l 3.71
Per Cent Viscosity Decrease
at 100°F, - 16
ASTM Slope (100° to 210°F.) 0.596 0.634
Neutralizaticn Numher
(Mg. KOH/Gm. 0il) 0.1 0.8
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Table 130

OXIDATICN AND CORROSION CHARACTERISTICS OF NEW AND USED SPEC.
MIL-L-6387 HYDRAULIC FLUIDS AT 347°F.

TEST PROCEDURE AND TECHNIQUES iN ACCORDANCE WITH SPEC, MIL-L-7808.
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 347 + 3°F.; TEST TIME = 72 HOURS; AIR RATE =
> % 0.5 LITERS PER HOUR; TEST FLUID CHARGED = TOO ML.; AND CATALYST = A I-INCH SQUARE
EACH OF COPPER, STEEL, ALUMINUM, AND MAGNES|UM.
TEST FLUIDS: MLO 7139 = UNUSED SPEC. MIL-L-6387A HYDRAULIC FLUID RECE IVED FROM HAM(LTON STANDARD
MLO 7141 = USED SPEC, MIL-L-6387A HYDRAULIC FLUID RECE IVED FROM HAM{LTON STANDARD.
(102 ?OURS TEST TIME N A HIGH TEMPERATURE PUMP TEST AT 275°F, OIL INLET TEMPER-
ATURE),
MLO 7038 = DI-2-ETHYLHEXYL SEBACATE + G.5 WT.% PHENOTHIAZINE.

TEST FLUID MLO 7038 MLO 7139 MLO 7141

OVERALL LIQUID LOSS, WT.% 3 3 2
% CHANGE IN CENTISTOKE VISCOSITY
AT 130°F, +1 +5 +10
NEUT. NO. (MG, KOH/GM. OIL)
GRIGENAL wa2 0.1 0.8

FINAL Fol 1.3 5.4

ASTM UNION COLOR

ORIGINAL 2 3 5
FINAL >8 =8 >8
WT.% INSOLUSLE MATEFRIAL G 0.4 [.2
FINAL CATALYST CONDITION
APPEARANGE
COPPER COATED DL DULL
STEEL pULL DULL DULL
ALUMIHUM DULL puLL DULL,
MAGHES | UM COATED DULL CGRRODED
WT. LOSS (MG./SQ. CM.)
COPFER +0.12 0.8 0.02
STEEL 40,05 +2.Gi +0.01
ALUMLKUM +0,03 +0.02 _ +0,03
MAGNES I UM +0.12 +0,01 3.00
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Table 131

OXIDATION STABILITY OF NEW AND USED
SPEC, MIL-L-4387 HYDRAULIC FLUIDS AT 347°F.

TEST PROCEDURE AND TECHNIQUES IN ACCORDBANCE WITH SPEC. MIL-L-7808,
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 347 + 3°F.y TEST TIME = A8 INDICATED; AIR RATE =
5 + 0,5 LITERS PER HCUR; TEST FLUID CHARGED = 100 ML,, AND CATALYST = A 1-iNCH SQUARE EACH
OF COPPER, STEEL, ALLMINUM AND MAGNES{UM.
TEST FLUIDS: MLO 7139 = UNUSED SPEC. M1t~ -6387A HYDRAULIC FLUID RECEIVED FROM RAMILTON STANDARD.
MLC 7141 = USED SPEC. MIL-L-5387A HYDRAULIC FLUID RECEIVED FROM HAMELATON STANDARD.
{102 HOURS TEST TIME 1N A HIGH TEMPERATURE PUMP TEST AT 275°F, CGIL INLET TEMPER-
ATURE).

TEST FLUID MLO 7139 ML 7141

TEST TIME, HOURS tes5 168

DYERALL LiQUID LOSS, WT.% - -

4 CHANGE IN CENTISTOKE VISCOSITY +25 +509
AT 130°F,

NEUT. NO. (MG. KOH/GM: OIL)
ORIG FNAL 0.1 0.8
FINAL 21,2 16.8

ASTM UNION COLOR

ORIGIHNAL 3 5
F1NAL >8 >8
WT.% INSOLUBLE MATERTAL .9 5.9

FINAL CATALYST CONDIT!ON

APPLARANCE
COPPER CORRODZD CORRODED
STEEL : DYLL DULL
ALUMINUM DULL BRIGHT
MAGNES I UM COATED CORROOED

WT. LO0SS (MG./SO. CM.)

COPPER 0.29 0.86
STEEL +0.05 0.04
ALLMINUM +0,03 0.00
MAGNES [ UM 40,14 38,60
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Hydrogenation has little effect on the viscosity and viscosity-
temperature characteristics of well refined naphthenic and paraffinic
mineral olls and polyolefin hydrocarbons. The pour point tends to increase
with hydrogenation for paraffin hydrocarbons and paraffinic mineral oils.
This latter effect is primarily a wax problem. Hydrogenation of cyclie
stock extract and lube oil extract results in substantial lowering of
viscosity level, improvement in viscosity-temperature characteristics, and
lowering of the pour point. The pour point in this case is a viscous pour.

A neopentyl glycol type ester (Hercules J-20) is essentially
the same as a pentaerythritol ester (Hercoflex 600) in high temperature
oxidation characteristics and thermal stability.

The thermal and oxidative stability of bis (i-methyl cyclohexyl-
methyl) sebacate have been studied and compared with typical esters, Under
Spec, MII~L-7808 conditions, cxidation stability of phenothiazine-inhibited
bis (l-methyl cyclohexyl methyl) sebacate and a typical diester are of the
same order of magnitude. In 500° and 600°F, oxidation and 700°F. thermal
tests in the presence of metals, the bis (l-methyl cyclohexyl methyl)
sebacate is comparable to several other neopentyl tyne esters of the
pentaerythritol or necpentyl glycol type. In the 7CU°F. thermal tests,
the bis (l-methyl cyclchexyl methyl) sebacate forms a solid rubbery
decomposition product compared with a product that is part volatile and
part liquid which is typical of the pentaerythritol and neopentyl glycol
type esters.

The same order of magnitude of thermal stability in esters has
been shown for a series of neopentyl type esters in which the hydroxy
groups vary from one to four in the alcohol pertion of the molecule and
both mono and di-basic acids have been used.

Bis tridecyl sebacate is a more viscous grade of diester than
di-2-ethylhexyl sebacate. The thermal and oxidative stability is essen-
tially the same for bis tridecyl sebacate and di-2-ethylhexyl sebacate.

The isosebacic acid esters examined have essentially the same
thermal stablility characteristics as the chain type dibasic acid esters
typified by di-2-ethylhexyl sebacate. These esters show less oxidation
stability at 347° and 500°F. than the esters currently used to prepare
Spec. MIL-1~7808 fluids.

The chiorinated phosphate esters evaluated are similar in prop-
erties to compounds of this class evaluated previously. Thermal stability
and high temperature oxidation are adversely affected by the presence of
metals. The metals (copper, steel, and aluminum) are all severely corroded
by these phosphate esters in 500°F. oxidation tests,

High molecular weight fractions of mineral oils (Kendall resins)
derived from Pennsylvania crude oil show promising oxidation and corro-
sion characteristics at 347° and 500°F., These materials show good thermal
stability at 600°F. but relatively poor stability at 700°F. For a given
series of mineral oil types, it has been noted that thermal stability
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tends to decrease gradually with dncreasing molecular welght or viscosity
grade.

Air rate is not a critical wvariable in the study of oxidation
characteristics within the stable life of the fluid under Spec. MIL-1L-7808
type test conditions. Alr rate does become a critical factor when the
stable life of the fluid is exceeded and oxidation occurs. An air rate of
five liters per hour has been chosen as a standard air rate for the
evaluation of oxidation and corrosion characteristics at 347°F.

The unsaturated polyolefins evaluated show essentially no stable
life at 347°F. and little or no inhibiter response. The unsaturated poly-
olefins do show good oxygen tolerance at 347°F. as indicated by the very
low sludging tendencies in a 72-hour test. Completely hydrogenated poly-
olefins show excellent inhibitor response to both phenyl-alpha-naphthylamine
and dithiocarbamate type additives at 347°F. BStable life values of the
hydrogenated polyclefin blends are comparable to those of high quality
Spec. MIL-L-78C8 fluids.

Oxidation properties of the conventionally refined mineral oils
in the 72-hour test at 347°F. are generally poor. Several oxidation
inhibitor types produce improved oxidation behavior under these conditions,
In general, however, sufficient inhibitor response is not obtained with
these conventionally refined mineral oil fractions to obtain a stable life
of 72 hours at 347°F. or tc pass the property change limitations of Spec.
MIL-L-7808 under these test conditions. Inhibitor effectiveness at 347°F.
for the dithiocarbamate inhibitors is a strong function of mineral oil
type and degree of refining., The highest order of effectiveness for this
type of inhibitor appears to be completely saturated paraffinic mineral
oils or synthetic paraffin hydrocarbons. Other additives evaluated, such
as phenyl-alpha-naphthylamine (PAN) and hindered phenol types, show less
specificity.

Hydrogenation and silica gel adsorption have been compared as
super-refining treatments for paraffinic and naphthenic mineral oils.
Hydrogenation produces mineral oils of excellent inhibitor susceptibility
and low sludging or dirtiness trends at 347°F. BSilica gel percolation
tends to show the same order of effectiveness in reducing sludging and
dirtiness. Silica gel treatment 1s not as effective as hydrogenation in
improving additive susceptibility.

A series of four highly treated stocks and the original charging
stocks obtained from the Phillips Petroleum Company have oxidation charac-
teristics at 347°F. typical of conventionally refined mineral oils. The
highly treated stocks show no significant improvements over the charging
stocks.

A number of experimental compounds ifrom the Mensanto Chemical

Company have been evaluated as oxidation inhibitors in mineral oils and
esters, Several of these materials show activity as oxidation inhibitors.
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Oxidation studies on conventionally refined mineral oil fractions
at 500° and 600°F. show good oxygen tolerance and a moderate oxidation rate,
In general, polyolefins, such as Indopol =50, show about the same oxida-
tion rate but better oxygen tolerance than conventionally refined mineral
oil fractions. Oxygen tolerance in this comparison is based primarily on
dirtiness.

Hydrogenation, silica gel adsorption, and acid extracticn do not
affect significantly the oxygen tolerance or oxidation rate of the paraf-
finic, naphthenic, and aromatic mineral oils evaluated. The hydrcgenated
polyolefin shows the same oxidation rate but lower oxygen tolerance than
the unsaturated polyolefin,

The use of oxidation inhibitors in mineral oils and polyclefins
at 500° and 60C°F. does not reduce substantially the oxidation rate, but
in general does increase slightly the dirtiness for a given amount of oxy-
gen assimilated. The final properties after oxidation at 500° and 600°F.
of a 50:50 mixture of Indopol L-50 polyolefin with a conventional mineral
0il are dictated primarily by the polyolefin component.

Five Acryloid polymers have been shown to have a significant
effect in the reduction of dirtiness or sludge fomming tendencies under
oxidation conditions in both diester and mineral oil base stocks. The
sludge dispersing effects have been ncted in all 347° and 500°F. tests.
In the 500°F. oxidation tests, the unusally good viscosity stability is
due to the competing reactions of viscosity increase of the base stock by
oxidation and the viscosity decrease of the polymer by incipient thermal
instability.

The dispersant Acryleids do not affect materially the panel coking
tendencies of the base stocks. Panel coking tests as a fluid pretreatment
do not reduce the effectiveness of the Acryloid dispersant in subsequent
bulk cil oxidation tests. Thermal stability tests at 700°F. show that most
of the Acryloids evaluated do not contribute to steel and copper corrosion
under these conditions but do undergo substantial viscosity decrease.

Tricresyl phosphate and diisopropyl acid phosphite show little
or no effect on the bulk oil oxidation tests at 347°, 500° and 60C°F, in
a naphthenic mineral oil. These phosphorus additives show a substantial
increase in dirt fommation in comparable oxidation tests at 500° and 600°F.
in diester base stocks. The use of Acryloid 966 is alsc effective as a
dispersant to reduce dirt formation in 347° and 500°F. oxidation tests
with naphthenic mineral oil blends containing tricresyl phosphate or diiso-
propyl acid phosphite.

Esters, at 600°F. and above in thermal tests, and at 500°F. and
above in severe oxidation tests, corrode SAE 1010 steel conventionally
used in Spec., MIL-L-7808 oxidation tests. This appears to be a character-
istic of esters of dibasic acid and mono-functicnal alcohols as well as
esters of di- or poly-functional alecchols and monchasic acids.
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In view of the severe corrosion noted in thermal tests, this
difficulty appears to stem from the mono- or di-functicnal crganic acid.
Additional corrosion tests under thermal and oxidative conditions indicate
that 52-100 bearing steel is corroded under the same conditions and to
about the same degree as 3AE 1010 steel.

Stainless steel and M-1C tool steel are not significantly cor-
roded ar attacked under these same thermal and oxidative conditions.

Corrosion of the SAE 1010 and 52-100 bearing steel by the ester
type fluids shows up as severe surface pitting. This type of corrosion
may be a factor in the relatively rapid failure rate of heavily locaded anti-
friction bearings and gears rumning at elevated temperatures with Spec.
MIL-1-7808 ester lubricants,

A PRL thin film oxidation test has previocusly been used to
demonstrate correlation of fluid behavior in a laboratory test and in jet
engine bearings. This PRL thin film test produces the same type cf depos-
its observed in the panel coker. About the same level of deposits are
formed at 500°F., in this test with ester-base fluids of the Spec., MIL-L-
7808 type and conventionally refined mineral oil fractions. A comparison
of depositions at 600°F. in this thin film test shows less deposits for
well refined mineral oils compared with Spec. MIL-1-7808 type ester fluids.
This behavior appears to be related to the thermal stability of the respec~
tive fluids. The advantage to be gained by eliminating or restricting the
amount of air in contact with fluids and lubricants at these operating
temperatures is again pointed out by these tests.

Cooperative calibration studies on the Model C panel coker indi-
ecate that the severity of the unit used by this Laboratory is essentially
the same as those units used by the Power Plant Laboratory of WADC.

A contrclled atmosphere panel coker has successfully been buillt
and operated. In terms of oll consunption and recycle of oxidation and
thermal decomposition products, this unit more nearly simulates jet engine
behavior than the Model C cocker., This controlled atmosphere coker is
capable of demonstrating the thermal and cxidative components cf deposit
formation. In general, for a given set of conditions in the controlled
atmosphere panel coker, ester-base fluids of the Spec. MIL-L-7808 type
show somewhat more severe deposit formation than in the Model © ccker,
while mineral oil-base fluids show less severe coking,

Trace quantities of phosphoric and phosphorous acid in Spec.
MIL-L-7808 compesition can materially affect the panel coker values. The
type of oxidation inhibitor can alter markedly the coking tendencies of
esters containing acidic phosphorus additives., That is, dibasic acid
ester-phenothiazine tlends show increased coking with increasing phosphoric
or phosphorous acid concentration; dibasic acid ester-Paranox 441 blends
do not show increased coking in the presence of phosphoric or phosphorous
acid.

Data obtained for a number of mineral oil fractions indicate noc
apparent correlation betwsen panel coker values and Conradson carben
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values (ASTM Method D189-52),

Blends of a mineral oil with esters of varying thermal stability
~ give panel coker values which are directly proportional to the thermal
stability of the ester component. 3Blends of additives and mineral oils
with a poclyclefin synthetic hydrocarbon give panel coker values in excess
of those obtained by testing the components neat.,

Panel coker results for the 12 iarge blends of mineral oils and
hydrocarbons indicate that the large blends are typical of the mineral oils
and hydrocarbons previously evaluated in the cokers, The conventionally
refined mineral oils and mineral oil-hydrocarbor blends have Model C coker
values somewhat higher than the Spec. MIL-L-~7808 limits. Both the poly-
olefin and the hydrogenated polyoclefin show very low panel coker values in
both cokers.

opec. MIL-L-7808 fluids show an excessive inerease in coking
when the panel temperature is raised to 700°F. Conventionally refined
mineral oils show little change in coker values between 600° and 700°F.
panel temperatures. The volatility of the mineral oil test fluid has been
shown to have a marked effect on panel coking values. In general, the
lower the volatility level (the higher the viscosity grade or molecular
welght) the lower the panel coking value. :

The PRL high temperature fuel rig has been effectively modified
to a one-pass lubricant rig., This unit has been used for evaluating lubri-
cants under oxidative conditions cn a 700°F. metal surface. Tube deposit
as well as fluid deterioration can be determined with the unit., Mineral
cils, synthetic hydrocarbons, and pentaerythritol esters show good overall
properties with respect to tube deposits and fluid deterioration in pre-
liminary tests.,

Spec. MIL-L-7808 fluid shows a high tube deposit but little evi-
dence of sludge in the exit oil. The silicate-base fluid and improved
lubricity silicones produce substantial quantities of sand-like non-
combustible deposits on the tube and in the exit oil. Volatility has been
shown to be an important factor in the behavior of fluids in this rig,
Hydrocarbons and mineral oils boiling substantially below 700°F. produce
i1ittle deposit on the tube. It is indicated that vapor-phase oxidation
dominates under these conditions producing less coke and more water and
gaseous products of oxidation. '

Dispersant type polymeric additives have little or no effect on
the level of deposit formation of mineral oils in this rig test, The
alkyl acid phosphite lubricity additives do, however, have a substantial
adverse effect on deposit formation of mineral oils.

Air rate is a critical variable controlling test severity in
this one-pass rig. Data obtained at 30 liters of air per hour tend to
magnify the smaller differences observed at one and ten liters of air per
hour, In all cases, increasing air rate produces increased deposition on
the heat exchanger as well as increased evidence of deterioration in the
used eil,
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Thermal stability tests in the PRL pressure cylinder have been
modified to contain metal catalysts. Tests at 700°F. under a nitrogen
atmosphere show evidence of scme metal corrosion {either bronze or steel)
for all of the test fluid types except the hydrogenated mineral cils and
hydrocarbons. Tests at 700°F, in the pressure cylinder adequately demon-
strate thermal detericration of all the materials tested to produce
volatile products. These volatile products are, in almost all cases,
of a nighly inflammable character,

The thermal stability of a series of paraffinic mineral olls
appears to be a function of the molecular weight of the mineral oil frac-
tions. That is, the higher molecular weight fractions of a conventionally
refined mineral oil type appear to be less stable thermally than the lower
molecular weight fractions. Additional refining (hydrogenation) causes no
significant change in the thermal stability of a naphthenic or a paraf-
finic mineral oil. Partially or completely hydrogenated high melecular
weight aromatic fractions from mineral oil show promise as stable high
temperature hydraulic fluids where primary emphasis 1s placed on thermal
and viscosity stability at high temperatures with only secondary emphasis
on cxidation stability.

Thermal stability studies on hydrogenated and unsaturated poly-
olefins indicate nc appreciable difference in thermal stability. Narrow
boiling distilled fractions of polyclefins show no improvement in thermal
sbability over non-distilled products. The use of different olefins as
starting materials for the preparation ¢f polyolefins appears to effect
larger changes in thermal stability than does hydrogenation or distillation
of the polymer preducts.

Density determinations with a Lipkin pycnometer of the type
specified in ASTM Method D941-49 appear adequate for fluids of adequate
thermal stability and vapor pressures of 300 mm. Hg or less at the test
temperature. Density determinations over the temperature range of 100°
to 500°F., have been determined without difficulty. The Lipkin pycnometer
can be conveniently used in a high temperature vapor bath of the type
previously described for high temperature viscosity measurement.

The density-temperature function appears to be essentially a
straight line for all of the fluid types evaluated over the range of 100°
to 500°F, These data indicate that an adequate extrapolated value for
high temperature density may be determined from density values at lower
temperatures (e.g. 68° and 100°F, or 100° and 210°F.).

Vapor pressure measurements have been made successfully on
five silane fluid samples in the PRL vacuum equilibrium still. These
vapor pressure studies indicate that these silanes are not thermally
stable in the 650° to 750°F. range.

Foaming can be eliminated in mineral oils and synthetlc hydro-
carbons of the type considered for use as high temperature fluids and
lubricants through the use of a high molecular weight methyl silicone
anti-foam agent. The persistence of the anti-foam characteristics with
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fluid use at high temperature needs investigation. When fluid life is
expected to exceed the induction period of the fluid, anti-foam properties
are necessary to reduce air-oil contact area and contact time which
influence oxidation rate,

Lubricity tests in the Shell four-ball wear tester at 700°F,
indicate that diisopropyl acid phosphite is still an effective lubricity
additive for mineral oils. Non-additive mineral oils show wear values at
one and ten kilograms load at 700°F. with M~10 balls comparable to those
obtained at the same loadings with 52-100 steel balls at 167°F. The 40
kilogram wear values for non-additive mineral oils at 7Y00°F. are relatively
high.

Special techniques have been developed for adding make-up fluid
to the four-ball pot during the test. This technique is useful for evalu-
ating fluids which show a high volatility loss or excessive thermal break-
down to volatile fragments. Lubricity values for the improved lubricity
silicone, Aroclor 1248, and the silicate ester—-base fluids at 700°F, are
about the same or slightly better than the 600°F. values.

Oronite High Temperature Hydraulic Fluid 8515 shows essentially
the same behavior in the PRL high temperature pump test unit at 400° and
500°F, as that obtained previously with silicate fluids MLO 8200 and 0.3,
45. That is, the formation of colloidal metal, a relatively large decrease
in flow rate, and excessive valve plate and cam ring wear are noted for
all three of these fluids. Under the same test conditions, di~2-ethylhexyl
sebacate shows satisfactory operation in the pump.,

A suitable method for the preparation of diisopropyl acid phos-
phite has been used to prepare sufficient material for incorporation in
the test program on lubricity.

A total of 12 one-hundred gallen blends of conventicnally
refined mineral oils and synthetic hydrocarbons have been prepared for
mock~up and engine testing., The test program for these large scale blends
should provide additional correlation between small scale laboratory tests
and end use applications for high temperature jet engine lubricants. Some
of the principles involved in this series of blends are (1) the effective-
ness of anti-foam additives, (2} the effectiveness of oxidation inhibitors
in conventionally refined mineral oils and a paraffinic hydrocarbon,

(3) the effect of hydrogenation, (4) the use of an olefinic hydrocarbon
neat and in mineral oil blends as an oxygen acceptor, and (5) the effect
of mineral oil type on high temperature behavior.

Used fluids from J-57 engine tests with Grade 1065 mineral oil
and phenothiazine-inhibited di-2-ethylhexyl sebacate have been evaluated.
Property changes in the used engine oils indicate more oxidative deteri—
oration in the engine at 250° and 300°F. bulk oil temperatures than is
predicted by bulk oil oxidation tests at 347°F. of the Spec. MIL-1-7808
type. There is more evidence of actual oxidative deterioration in the
used mineral oil samples than in the used ester samples., The used minesral
cils show superior high temperature oxygen tolerance to the used ester
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fluids. This behavior between the two fluids can alsc be shown in the
5(3(°F, successive oxidation tests.

Panel coker tests at 600°F. and thermal stability tests at
500°F. are not effective in reducing oxidation stability of the ester
fluid to the extent noted in the used engine oils. A 2i4-hour oxidation
test at 400°F. and six-hour oxidation tests at 500°F,, do reduce stability
to subsequent 347°F. oxidation and corrosicn tests in the same general
fashion as noted with the used engine oils, Trends noted in 50C°F, suc—
cessive oxidation and corrosion tests, and in 347°F. oxidation of samples
pretreated by a 500°F, oxidation test suggest a cause for the relatively
high rate of sludging in the early stages of a typical J-57 engine test
with Spec. MIL-L-7808 fluid at high oil inlet temperatures.

Evaluation of a commercial Spec. MIL-L-6387 fluid in a high
temperature hydraulic unit shows the same order of magnitude of useful
life as that which can be predicted from laboratory thermal stability
tests at 347°F. The use of di-2-ethylhexyl sebacate as a base stock for
a hydraulic fluid of the Spec. MIL-L-7808 engine oil type offers consider-
able advantage in useful 1life over the current Spec. MIL-1-6387 fluid on
the basis of Laboratory bench tests.

U. FUTURE WORK. Essentially all of the tests utilized by this
Laboratory for the evaluation of fluids and lubricants in the high tem-
perature range have been developed by this Laboratory as a porticn of
the previous test program. Further efforts will be directed toward the
reduction of these test procedures to a significant reproducible test
suitable for adoption as a standard test technique, Tests for which such
standard test techniques can be evolved on a quantitative basis from the
preliminary studies conducted, thus far, are:

Viscosity
Density

Thermal Stability
Vapor Pressure
Rate of Oxidation
Oxygen Tolerance
Lubricity

Metal Corrosicn

@

a

o~ 0o o

The choice of final conditions of test severity for rate of
oxidation, metal corrosion, oxygen tolerance, and lubricity will require
further test data from actual high temperature hydraulic fluid and jet
engine lubricant applications. A continuing series of high temperature
stability tests involving combined functions of oxidation, thermal deteri-
oration, and metal corrosion will be studied in this program. These
tests include the following procedures:

1, Thin film c¢xidation test

2. Successive oxidation test

3, Ccntrelled atmosphere panel coker

L., Single pass high temperature lube rig
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These test techniques are designed to simulate certain portions
of a lube system and/or methods of lubricant use not common in current
practice, such as a single or limited pass lube system. The pertinence
of these tests can not definitely be established until practical high
temperature lube systems exist at least in prototype equipment. Results
of these types of tests are of ccensiderable exploratory value in empha-
sizing certain advantages and disadvantages among the various high tem-
perature lubricant types. .Such test techniques will be developed further.

Base stock studies, thus far, have shown that hydrocarbons,
mineral oils, esters, silicones, silicates, and chlorinated aromatic hydro-
carbons give promise as high temperature fluids and lubricants, ZEmphasis
will be placed on the further study of improved stability of hydroccarbons
and esters as a function of molecular structure, and improved mineral oil
stability as a function of additicnal refining techniques, such as extrac-
tion, hydrogenation, and adsorption.

Certain desirable structural features of esters and synthetic
hydrocarbons are evident from the results of this current study. Attempts
will be made to obtain esters and synthetic hydrocarbons with desirable
structures for good thermal stability and high oxygen tolerance.

Conventionally refined mineral ¢ils show good high temperature
properties but lesser stability to oxidation than Spec. MIL-L-7808 fluids
at 350°F. Additional refining techniques, including hydrogenation,
silica gel adsorption, and new additive combinations, yield mineral oils
of improved inhibitor susceptibility for moderate temperatures (350°F.)
and good high temperature stability. These additional refining processes
will be applied to a variety of mineral oil types in an attempt to deter-
mine the extent of base stock improvement that can be obtained.

Emphasis will also be placed on the hydrogenation of certain
aromatic mineral oil fractions which can be obtained by soivent extrac-
tion. These aromatic extracts exhibit excellent viscosity stability at
700°F. and may be desirable as high temperature hydraulic and radiation
stable fluids and lubricants.

Most of the studies on high temperature fluids, thus far, have
been concentrated on base stock materials or base stock plus additive for
one specific test, i.e. lubricity, oxidation rate, corrosion, or oxygen
tolerance. Emphasis in the future program will be directed to the com-
plete evaluation of finished compositions including one or more bage
stocks with additives.

Specific studies have shown that base stock blends of improved
oxygen tolerance can be prepared from a good oxygen acceptor and a good
solvent for oxidation products.

Additive studies have shown that lubricity can be improved at
700°F,, oxidation rate can be reduced for a time at high temperature,
oxidation and corrosion can be effectively prevented at 350°F., foaming
can be eliminated or reduced, and sludging tendencies can be reduced
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(sludge dispersant additive) at 350° and 500°F. Complete evaluations of
formulations encempassing thess desirable effects will be conducted to
determine the limitations as well as the advantages of various additives
and base stock combinations,

As a result of these high temperature studies, departure from
current hydraulic znd lubricant system design and use has been suggested
to take full advantage of fluid and lubricant properties. Some of these
suggestions include:

1. A two oll system comprising one oil for start up and a
second oil for high temperature operation.

2. Lubricant dilution for start up plus regular lubricant
for running.

3. 0il cooling plus oil lubricaticn plus cil expended
overboard or to the burners,

4. 0il wvaporization for cocling plus oil lubrication plus
0il expended overboard or tc the burners.

5. Water or halccarbon cooling plus oil lubrication
pius o0il expended overboard.

6. Halocarbon blanketing pius oil cooling plus cil
lubrication plus oil expended overbocard.

High temperature evaluations involving these wvarious combinations of
compenents will be made using test devices and techniques discussed
previcusly.

In order teo understand better the problems inveolved in high
temperature hydraulic and jet engine lube systems, better integration of
system design and prototype testing with fluid and lubricant development
is desired. This Laboratory plans to cooperate with the Wright Air
Development Center, jet engine manufacturers, and aircraft component
industries in evaluating pertinent used fluid samples of established
history from high temperature hydraulic and jet engine lube systems.
Cooperation of this sort is the only way available tc the research labor-
atory to fellew fluld development into practical applicatiens and con-
sequently determine the effectiveness of laboratory evaluation technigques
in the development of new fluids. Thus far, this kind of cooperation has
provided valuable data on the degree of lubricity required and the deteri-
eration encountered in existing hydraulic and jet engine systems. Further
cooperative studies can profitably be made.

In addition to the laboratory evaluation of used commercial
fluids from full scale equipment, the fiuids which have been exhaustively
evaluated in the laboratory should aiso be evaluated in mecck-ups and
service equipment on an expanded scale. With adeguate cooperation on the
part of the Air Force and industry this portion of the program will be
continued and expanded.
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IT, MISCELLANEOUS

A. TECHNICAL PAPERS AND REPORTS. Several reports and techni-
cal papers have been prepared during the period covered by this report.
Some of these have been presented at technical meetings of various
organizations.

1. WADC Technical Heports. Two WADC Techniecal Reports have
been issued. The first of these, designated as WADC Technical Report
56~224, is entitled "High Temperature Lubricant Studies™ and is dated
May 1956. The material included in WADC TR 56~224 was presenied as a
paper at the Amnual Meeting of the American Scclety of Lubrication Engi-
neers at Pittsburgh, Pennsylvania in April 1956. The following two
paragraphs comprise the abstract taken from WADC TR 56-22).

"Basic information on the behavior of hydraulic fluids and lubri-
cants is needed at temperatures above LOO°F. if successful operaticn of
engines and hydraulic systems i1s to be achieved at high temperatures. It
is necessary first to develop reliable test procedures and techniques
covering the measurement cof viscosity, lubricity, coerrosion, and oxida-
tion and thermal stabiiity at temperatures of 500° to 700°F. Several
fluids were evaluated in this manner. These fluids are representative
cf the different chemical classes, such as silicones, silicates, hydro-
carbons and mineral oils, diesters, and halogenated aromatic hydrocarbons.

"It was found that the property differences between the various
types of fluids at 50C° to 700°F. were much narrower than exist in the
200° to 35C°F. range. Data are presented showing the inadeguacy of
extrapolating 200° to 350°F., data as a means of predicting performance at
500 to 700°F, The behavior of fluids and lubricants in the 200° to
350°F. range has been quite well defined in recent years for the materials
used in this study. However, there is a paucity of informaticn at 500°
to 700°F. This paper attempts to remedy somewhat this gituation.”

The second of these reports, designated as WADC Technical
Report 56-254, is entitled "Mineral Oils as High Temperature Fluids and
Lubricants" and is dated June 1956, This report summarizes the portion
of the work relative to mineral oils conducted by this Laboratory from
October 1951 through December 1955. The following paragraphs comprise
the abstract taken from WADC TR 56-254.

"In a survey of fluids and lubricants for use at 400° tc 7CO°F.,
certain types of mineral oils were found to be among the most promising
materials studied. While synthetic lubricants have better performance
characteristics than most mineral oils and hydrocarbons in the moderate
temperature range (200° to 400°F.), they do not possess this margin of
superiority in the high temperature range (400° to TC0°F.). Certain syn-
thetics have better viscosity-volatility and viscosity-temperature charac-
teristics than hydrocarbons.

WADC TR 55-30 Pt V - 213 -



"Some mineral oils and diesters of the Spec. MIL-L-7808 type
have good lubricity properties at high temperatures. Using a hydraulic
pump and a laboratory wear tester, it has been found that there are
lubricity additives that are still effective at 500° to 7CC°F. in mineral
0ils and diesters.

™ineral oills and certain types of hydrocarbons have better
thermal stability and oxygen tolerance than many synthetics at 600° to
70C°F. The concept of oxidation stability, or inertness toward oxygen,
is not normally applicable at these temperatures. Oxdidation rate and
oxygen tolerance are better criteria for judging oxidative deterioration
at 500° to TCO°F,

"It appears that scme additives and additional refining tech-
niques (such as hydrogenation) will be beneficial in improving the oxi-
dation behavior of mineral oils and certain other hydrocarbons at moderate
and high temperatures.

"The thermmal and oxidative components of high temperature coking
on metal surfaces are demonstrated in a controlied atmosphere panel ccker.
It may be necessary to coentrol the atmosphere in engine parts requiring
lubrication at 500° to 700°F. because of the possibility of spontanecus
ignition of the lubricant or of fragments from its decompcsition.

"In a lubrication system where the oil is used for a limited
time and then discarded (perhaps to the burners) it is necessary to know
the effect of contaminating the fresh cil with oxidized or deteriorated
oil. Data have been cbtained indicating that this effect need not be
serious with esters and mineral oils at 500°F."

2. Paper Concerning ASTM Slope. A paper entitled "The Use of
ASTM Slope for Predicting Viscosities™ by E. E. Klaus and M. R. Fenske has
been published in the ASTM Bulletin (ASTM Bulletin 215, 87, July 1956).
This paper was prepared for presentation at the Symposium on Viscosity-
Index Systems sponsored by the American Society for Testing Materials in
February at Dallas, Texas. The report is designated by this Laboratory
as P.R.L.-5-56. This paper is believed to be of general interest in the
field of military hydraulic fluids and lubricants, since the viscosity-
temperature system proposed in this paper is suitable for use over the
temperature interval of -65° to 700°F. Most conventional viscosity-
temperature systems are tied to measured viscosities at 210° and 100°F.
The following paragraphs comprise the abstract from report P.R.L,-5-56.

"A great number of methods for expressing the viscosity-
temperature characteristics have been proposed, but there are always
shortcomings in application or measurement. The ASTM slope and viscosity
index are compared here with percentage change of viscosity with tempera-
ture, and the advantages and shortcomings of ASTM slope are discussed.
Methods are presented for measuring kinematic viscosities over the range
of 700° to -65°F,

"Data are given showing the limitations of the ASTM viscosity-
tempe rature chart over this temperature range. The fluids studied were
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mineral oils, esters of organic and inorganic acids, and polymer-containing
cilg. The errors obtained by using ASTM slope and the ASTM viscosity-
temperature chart to obttain viscosities by interpclation and extrapolation
are discussed, and methods for eliminating these difficulties are given,
The use of measured viscosities at the temperature extremes encountered

in a specific application is recommended,™ '

3. Paper Concerned with Chemical Structure and Lubrication.
A paper entitled "Chemical Structure and Lubrication® by E. E. Klaus and
M. R. Fenske has been prepared for presentation at the Symposium cn Addi-
tives in Lubricants sponsored by the Petroleum Division, American Chemical
Society in Atlantic City, New Jersey in September 1956, This paper is
designated as report P.R.L.-9-56, The following comprises the abstract
from report P.R.L.-9-56,

"The three types of lubrication, boundary, hydrodynamic, and
quasi-hydrodynamic, are illustrated using three hydraulic pumps and the
Shell four-ball wear machine, Usually correlations between the wear on
punp parts can be made with the wear scars at 1 or 10 kilograms fram the
wear machine. This machine has been modified to permit wear tests at
temperatures up to 700°F,

"Tricresyl phosphate is an effective anti-wear agent 1in some
ester type lubricants and in mineral oils, However, the nature of the
base stock influences considerably its effectiveness, probably because
other components are competing for the bearing surfaces. This is ilius-
trated using various esters and other components such as anti-rust and
detergent additives.

"Examples are given of chemically corrosive additives in contrast
to chemical polishing agents as well as the effects on lubricity of fluids
differing widely in chemical structure.

"Wear data are presented for the vane pump and four-ball machine
at temperatures of 500° to 600°F."

4. Paper for Air Force-Navy-Industry Conference. A paper
entitled "Studies of Hydraulic Fluids and Lubricants at Elevated Tempera-
tures" was prepared for presentation at the Air Force-Navy-Industry con-
ference on aircraft lubricants at San Antonio, Texas on November 5-7, 1956,
Preprints of this paper were made and copies sent to the Wright Air
Development Center, WCRTR-1 in October 1956.

B. PREPARATION OF EXPERIMENTAL BLENDS. A number of large blends
have been prepared and distributed during the period covered by this report.
The preparation of these blends was requested by the Wright Air Development
Center. The formulations prepared include:

1. Two mineral oil hydraulic fluid formulations (25 gallons
each) suitable for use at 600° to 700°F, in a hydraulie
system mock-up,
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2. A 10-gallon sample of GIC 120, a high lubricity fluid
meeting the Speec. MIL-1-7808 requirements,

3. A total of twelve 100-gallon mineral oil and synthetic
hydrocarbon blends for evaluation by the Power Plant
Laboratory, Wright Air Development Center, and

L. A 225-gallon sample of a chlorinated aromatic hydrocarbon
type fluid.

The blends listed in item three above have been discussed pre-
viously in this report. The chlorinated aromatic hydrocarbon (item four)
was procured from the commercial supplier and shipped to the Wright Air
Development Center without blending by this Laboratory.

Several smaller blends have also been prepared and shipped io
various organizations.

1. Experimental Hydraulic Filuids. Thirty (30) gallons of each
of two experimental hydraulic fluids have been prepared. These fluids are
designated as MLO 7116 and MLO 7117. Twenty-five (25) gallons of each of
these fluids have been shipped to Mr., Don Reinke of the Sundstrand Aviation
Corporation, Rockford, Illincis. The remaining five (5) gallons of each
£luid has been sent to the Materials Laboratory, WCRTE-1 of the Wright Air
Development Center.

It has been indicated that these fluids are to be tested by the
Sunstrand Corporation under Contract AF33(616)3126 at temperatures up to
650° to 700°F, Some of the pertinent physical properties of these fluids
are shown in Table 133.

Table 133
PHYSICAL PROPERTIES OF TWO EXPERIMENTAL HYDRAULIC FLUIDS

Properties MLO 7116 MLC 7117

Centistokes Viscosity at

T00°F. - 0.5

500¢°F, 2.1 1.1

350°F, 4.7 2.4

210°F, 19.3 9.7

100°F, 179 110

32°F, 2700 2500

ASTM Slope (210° to 100°F. 0.607 0.776

Flash Poini, C.0.C., °F. 390 430

Fire Point, C.0.C., °F. L30 LOC

Pour Point, °F. -25 ~-10

Neut. No.{mg. KOH/g. 0il) 0.1 0.1

Specific Gravity at 60°/60°F. 0.89 0.90
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MIO 7116 and MLO 7117 are primarily narrow boiling fractions of
naphthenic mineral oils. The two oils differ in composition in that MLO
7116 contains a small quantity of a polybutene thickener in addition to
the oxidation inhibkitor, while MLO 7117 contains only an oxidation inhibitor.
Mineral oils of this general type show good thermal stability under a
ritrogen atmosphere at temperatures up to about 700°F. In the region of
700° to 750°F,, these mineral oils produce a small amount of volatile
products and gas. The residue, hewever, is a liquid and is free from sludge
in the six-hour thermal stability tests shown on Table 134. The large
viscosity loss appears to be duc to the presence of a relatively small
amount of volatile material formed by pyrolysis.

It will be noted from the data on Table 134 that fluids of the
MO 7116 type are not as good as MLO 7117 in thermal stability at tempera—
tures of 600°F. and above., This difference in thermal stability is due
to thermal effects on the polymeric additive. There are no indications
that undesirable solids or deposits are formed with either composition in
a thermal stability test up to T750°F.

The above discussion of fluids MIO 7116 and MLO 7117 relates to
thermal stability in the absence of oxygen. Data showing the effects of
a limited amount of oxygen at 500°F, on the properties of these fluids are
shown on Table 135. Oxygen absorption of C.2 mole per mole of fluid is
equivalent to a minimum volume of approximately 30 cubic feet of air at
O°F. and 760 mm. Hg pressure in a system containing a five gallon charge.
These values assume that all of the air reacts with the fluid. This
requires intimate air-oil mixing for extended periods of time. The data
on Table 135 indicate that small quantities of oxygen in the system do
not result in serious corrosion, viscosity increase, or sludge formation
for either of the mineral oil compositicns,

All of the fluids and lubricants evaluated in high temperature
stability tests tend to produce some small fragments on thermal decomposi-
tion. This phenomenon is not limited to esters and mineral oils. It is,
therefore, advisable to consider inflammability and explosive vapor-air
mixtures from the standpoint of these decomposition fragments.

2. GTO 120 Gear Lubricant. Ten (10) gallons of GTO 120, a high
load carrying oil, have been prepared and sent to the Power Plant Labora-
tory, WOLPF of the Wright Air Development Center. GTO 120 is a high
lubricity fluid which meets the Spec. MIL-L-7808 requirements and which
gives Ryder gear values in excess of 3000 pounds per inch. It has been
indicated that this batch of GTO 120 is to be used for further rig tests
at the Power Plant Laboratory.

3. Fluid Samples Distributed. A one-quart sample of GTO 38
has been returned to the Power Plant Laboratory, Wright Air Development
Center. GTO 38 is a fluid used for interlaboratory calibration of the
Model C panel coker., Calibration studies conducted by this Laboratory
are discussed in the section of this report pertaining to panel coker
studies. This sample was returned tc the Power Plant Laboratory in order
that coker calibration might be checked with a specific sample of the fluid.

WADC TR 55-30 Pt V - 217 -




4379 | wyg | sy [ wv3o ¥y310 | By II0 HY313 § dvI 1831 ¥3idy CIN74 40 IoNYHv3ddy
ve- oy~ 21- I+ Sa- 69- €y- L= *400Q1 LY ALISOTSIA ,
IN0IGTINDD N JINWHD ¥
1*0 1*Q "0 1°G Lo ¥°0 () 0°0 N1
(o) "0 10 10 00 0°0 0'0 0°'0 TYNID1H0
(G074 WI/HON *9W)
HIGWAN NO!LYZivHLn3N
71 2 Q 2 g 8 Z 0 LHO13m NI 58071 %
sz ole] 62 ¢y 001 €z 0G| 62 *gw9 “Q3%UVHD 01174 40 CIM
g g 9 9 g g 9 0z TGHH ‘WI4 1531
0§ 00 059 ong ool 049 gog ¢ oed *do " FNLyEIdW3L 1S3
i
- - - NOILOVH4 VO - - - ~ -gIN13 J1IAYYOAH 38vE- - NOI4¥NSI830 QIR LS3L

TYHANIW ONIL0E
mowEyN L1l 0w

110 TYHINIKW 91IL 0K

mo sed Jo sFessed oyjy SMOTT® TBES oY

eyy,

*pINTI 8YY JO S2YOUT ¥ UBUG aI0W JO 2anj-[] 23 SS0I9% doap sanssead = yiTM UT J0

"pINTI 1827 Ul FUTUTEQUOD sqni-f] B UITM DSTBaS 94B Saqni

azeydsown® usFosqTU B Japum €sqnq sseTf TTR UT Palonpuod Ussq 2aBY s3s29 A9TTTARIS TEWISU]

SaT(Td OTTAVHAAH THALVHESWI HOTH TVINTAINEIXE W0 J0 SOTISTHALOVAVHO IITTIHEYLS TYRMIHHL

TET eTary

- 218 -

WADC TR 55-30 Pt V



Table 135

OXIDATION AND CORROSION CHARACTERISTICS GF SOME HIGH TEMPERATURE

HYDRAULIC FLUIDS AT S500°F.

Procedures and techniques in accordance with Spec. MIL-1-6387

TEST CONDITIONS: TEST TEMPERATURE = 500% 5°F.; TEST TIME = 24 HOURS; AIR
RATE = 0.6 LITER/HOUR; CATALYST = ONE INCH SQUARES OF
COPPER, STEEL AND ALUNINUM,

TEST FLUID

MLO 7ti6 MINERAL
01L-BASE
HYDRAULIC FLUID

MLO 7117 NARROW BOILING
MINERAL OfL FRACTION

L1QUID CHARGE, MOLES

MOLES OF 0, SUPPLIED

MOLES OF O, USED
MOLES Op USED/MOLE FLUID

WEIGHT PER CENT LiQUID LOSS

PER CENT CHANGE [N ViSCOSITY
AT 130°F,
AT CoeF.

NEUT. NUMBER {MG. KOH/GM. FLUID)
ORIGINAL
FINAL

WEIGHT PER CENT [NSOLUBLE MATERIAL

. FINAL CATALYST CONDITION
APPEARANCE

COPPER

STEEL

ALUMINUM

WEIGHT 1.0S5 {MG./CM.2)
COPPER
STEEL
ALUM1NUM

o.20{1}
0,12

0.04
0.20

0.0

TRACE

CUATED
DuLL
BRIGHT

0.20{1)

COATED
DuLL
BULL

+0.12
0.03
0.00

{1) MOLECULAR WEIGHT OF THIS FLUID ESTIMATED TO BE 425,
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One-pint samples of each of two experimental hydraulic fluids
(MLO 7116 and MLO 7117) have been sent to Chance Vought Aircraft, Incor-
porated, Dallas 22, Texas. A discussion of the compositlons and proper-
ties of these fluids is included in part B-1 above,

C. SHELL FOUR-BALL WEAR TESTS. Lubricity tests in the Sheli
four-ball wear tester have been conducted with three test fluids furnished
by the Materials Laboratery, Wright Air Development Center (WADC). These
fluids are designated by WADC as GTO 38, GTO 133, and MLO 9840. GTO 38
and GTO 133 have been evaluated under each of the test conditions shown
in the table below. MLO 9840 has been tested under the first two condi-
tions. The bearings used in all of the tests are SKF Grade No. 1 E.P.
bearings (52-100 steel) of O.5-inch diameter. Tests were conducted at
lcads of 1, 4, 10 and 40 kilograms.

Spindle Speed, Test Time, Test Temp.,

r.Pol. Hours °F. °C.

(1) 620 1 167 75
(2) 1200 2 167 75
(3) 1200 2 LOO 204

Lubricity tests in the Shell four-ball wear tester for GTO 38,
GTO 133, and MLO 9840 are shown on Table 136. Three test conditions were
used in this study. The first set of test conditions incliudes: one hour
test time, 75°C. (167°F.) test temperature, and 620 r.p.m. test speed.
This is the standard test used by this Laboratory. These conditions were
chosen on the basis of a study of variablss conducted previously at this
Laboratory. The 620 r.p.m. test speed was found to give the best repro-
ducibility in this Laboratory's wear tester. Poor reproducibility at
higher test speeds was caused, at least in part, by vibration.

The one-hour test time was chosen on the basis that, in all
cases evaluated, the large percentage of the wear occurring in a two hour
test had already occurred after one hour of running. The 75°C. (167°F.)
test temperature was about the lowest test temperature which could be
maintained for the test period over the entire load range without cooling.
Since these test conditions are used in all standard PRL evaluations, they
have also been included in this study.

In accordance with the WADC request, twe hour itests at 1200 r.p.m.
and 75°C. (167°F.) and 4LOO°F. were also conducted.

The agreement between values obtained for one hour at 620 r.p.m.
and two hours at 1200 r.p.m. can be seen from the data on Table 136. These
data show that GTC 38 and GTO 133 exhibit excellent anti-wear properties.
The silicone lubricant MLO 9840 shows very high wear at loads of 4, 10, and
40 kilograms. The behavior of GTO 38 and GT0 133 with increasing tempera-
ture is typical of dibasic acid esters containing tricresyl phosphate as
the anti-wear additive.
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Table 136
STUDIES WITH THE SHELL FOUR-BALL WEAR TESTER

Test Conditions of Time, Temperature, and Speed are Indicated.

Ball Bearings Used are SKF Grade 1 E.P. Bearings of 0.5 Inch
Diameter (PRL Batch # 12).

Test Fluids GTO 38, GTO 133, and MLO 9840 furnished by Materials
Laboratory, WADC.

WADC TR 55-30 Pt V

- — — Average Wear Scar Diameter, mm., at - - - ~ -
Test Fluid 1 Kg. l L Kg. 1 10 Xg. | 40 Kg
I ) T
1 Hour - 75°C. (167°F.} - 620 r.p.m.
GTO 38 C.15 0.19 0.23 0.36
GTO 133 0.16 0.22 0.22 0.38
MLO 9840 0.32 0.75 143 2.92
2 Hours — 167°F. - 1200 r.p.m.
GTO 38 0.18 0.2 0.25 0.36
GTC 133 0.18 0.19 0.22 0.49
MLO 9840 0.37 0.91 1.78 3.4k
2 Hours - LOOC°F, - 1200 r.p.m.
GTO 38 0.17 0.20 0.24 0.72
GTO 133 0.22 0.22 0.30 0.66
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D. EVALUATION OF SI1LICONE FLUIDS FOR NON-NEWTONTAN BEHAVIOR.
Four silicone fluids have peen received from the Materials Laboratory at
Wright Air Development Center. These fluids are designated as MLO 56-161,
MLO 56-320, MLO 56-491, and MLO 56-492, It has been requested that these
$luids be evaluated for non-Newtonian behavier at high rates of shear.

Two units are available at the Petroleum Refining Laboratory for
non-Newtonian studies at high shear rates. These units are the PRL high
shear viscometer and the PRL low pressure viscometer., Both of these units
are capillary-type viscometers. The method used to supply the driving
head differs for the two units.

In the PRL high shear viscometer, the fluld is circulated through
the capillaries by means of a Hycon Model 674-050 piston pump. The pres-
sure drop through the capillaries is dependent on the flow rate of the pump.

In the PRL low pressure viscometer, the driving head is an inert
gas pressure (nitrogen). In addition, the range of shear rates attainable
differs for the two units. The PEL high shear viscometer can be used to
obtain shear rates from 50,000 to 1,000,000 reciprocal seconds. The maxi-
mum shear rate attainable in the PRL low pressure viscometer is about
80,000 reciprocal seconds. Consequently, for non-Newtonian studies at
high rates of shear the PRL high shear viscometer is normally used. How-
sver, in previous studies at this Laboratory, it has been found that sili-
cone fluids do not have the lubricity requirements necessary to lubricate
the piston pump over the pressure range required with this unit. For this
reason, the non-Newtonian studies on the silicone fluids received from the
Wright Air Development Center have been investigated using the PRL low
pressure viscometer.

Tt has been demonstrated that for a given fluid at the same
shear rate, the viscosity measured by the low pressure viscometer and by
the high shear viscometer are identical. Further, methods for the
extrapolation of non-Newbtonian behavior as a function of shear rate have
been used successfully and experimentally checked with the two units.
This technique is illustrated on Figure 12 for PRL 2914 and a typical
Spec. MIL-0-5606 hydraulic fluid.

The silicone fluids designated as MLO 56-161 and MLO 56-320 have
been evaluated for non-Newtonian behavior at 0° and 1C0°F. in the PRL low
pressure viscometer. The fluids designated as MIO 56-491 and MLO 56-492
were evaluated only at 100°F, The results of these determinations are
found on Table 137.

The limits of error in these measurements are ¥ 2 per cent. On
this basis, the results for the silicones indicate that they are essen-
tially Newtonian in this range of shear rate or shearing stress. For
purposes of comparison, the value for Spec. MIL-0-5606 hydraulic fluid
for the same shearing stress is included on Table 137. It should be
pointed out that recent studies indicate that non-Newtonian behavior is
primarily a function of shearing stress rather than shear rate.
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This comparison shows that for a shearing stress sufficient to

produce 17 per cent viscosity decrease in a Spec, MIL-0-5606 fluid, essen-
tially no viscosity decrease can be measured for the silicones.

E. FLUIDS FOR USE AS STANDARDS. A sample of Acryloid polymer
prepared for use in the preparation of shear stability reference fluid Spec.
MIL-F-5602 has been evaluated. Samples of several fluids have been dis-
tributed by this Laboratory for use as calibrating fluids on an inter-
laberatory basis. Two fluids have been distributed as calibration fluids
for the Shell four-ball wear tester and one fluid as a low temperature
viscosity standard for viscosity determinations at -40° and -65°F,

1. BShear Stability Reference Polymer, A sample of HFS-5 Acry-
loid for use in the preparation of shear stability reference fluid Spec,
MIL-F-5602 has been received by this Laboratory for shear stability tests.
This material was prepared by the Rohm and Haas Company. Permanent shear
tests in the PRL Hycon pump test unit have been conducted with Spec.
MIL-F-5602 type fluids prepared from HFS-4 and HFS-5 polymeric thickener.
Results of these tests using a sharp edge orifice loading device are shown
on Table 138, The data were measured at 800 and 150C p.s.i, pressure drop
across the orifice in tests of 5000 cycles duration. Comparable values
for a Spec. MIL-0-5606 fluid (PRL 2286) are also shown as a basis of
comparison. Values for viscosity decrease versus pumping time for the
two reference fluids are plotted on Figure 13.

The results show that a typical commercial Spec., MIL-0-5606
fluid and a shear stability reference fluid based on HFS-l polymer give
about the same permanent viscosity loss under identical test conditions.
The 1imits of reproducibility in this type of test are considered to be
% 1.5 percentage units in viscosity decrease. The values obtained for
the fluid prepared with HFS-5 polymer are slightly higher than similar
values for the {luid formulated with HFS-4. Over the pressure range
covered, the HFS5-5 type reference fluid shows less shear stability than
a typical Spec. MIL-0-5606 fluid by a factor equal to approximately twice
the limits of error in this test procedure.

On the basis of these tests it has been recommended that
Acryloid HFS-5 be qualified for use in the preparation of Spec, MIL-F-5602
shear stabllity reference fluid.

2. Standard Fluids for Wear Tester, A one-pint sample of each
of two fluids (PRL 3207 ard PRL 3462} has been sent to Mr, F, C. Ferris,
Chemistry Department, Ford Motor Company, Dearborn, Michigan. These
fiuids represent a good non-additive lubricant and a lubricant containing
an anti-wear additive., PRL 3207 and PRL 2462 have been distributed to
several laboratories over the past few years and interlaboratory repro-
ducibility has been good.

3. Low Temperature Viscosity Standard. This Laboratory has
furnished a four-ounce sample of PRL 2815 low temperature viscosity stan-
dard to each of the following organizations. PRL 2815 is calibrated as a
standard for viscosity determinations at -40° and -65°F, The primary
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purpose of this standard is the establishment of a common temperature
scale for viscosity determinations at these low temperatures.

WADC TR 55-30 Pt V

Douglas Aircraft Co., Inc,
Santa Monica, California

Royal Lubricants Company (2 samples)
Hanover, New Jersey

Bastman Chemical Products, Incorporated
Kingsport, Tennessee

Dr. M. Fainman

Standard 0il Company of Indiana
Whiting Research Laboratories
P. 0. Box 431

Whiting, Indiana

Allison Division

General Motors Corporation
Plant No. 5

Indianapclis, Indiana

Commander
Wright Air Development Center
ATTN: WCRTR~-1
Wright-Patterson Air Force Base, Ohio

Baker Caster 0il Company

35 Avenue A
Bayonne, New Jersey
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Table 138

PERMANENT VISCOSITY DECREASE DUE TO SHEAR

Al]l Tests Conducted at 100°F.
Pump Test Unit.

Test Fluids:

MLO 7098

Base Stock at 100°F.

MLO 7099

i

Base Stock at 100°F,

i

PRL 2286

(Pump Inlet Temperature) in the PRL Hycon
In all Cases the Flow Rate was 2600 * 50 ml./min,

7.2 wt.% Acryloid HFS-5 in a 3.5 Centistoke
7.1 wt.% Acryloid HFS-4 in a 3.5 Centistoke

A Typical Commercial Spec. MIL-O-5606 Hy-

draulic Fluid Obtained from The Standard 0il

Company of New Jersey,

Test Fluid MLO MLO PRL
7098 7099 2286
Centistoke Viscosity at 100°F, 14.2 14.1 14.1
% Permanent Decrease Due to Shear(2)
At 800 p.s.i. 30.5 25.5 25.0
At 1000 p.s.i. 36,0(1) 31.5(1) 29,5(1)
At 1500 p.s.i. 40,5 38.5

35.5

(1) BEstimated from a plot of per cent permanent viscosity decrease
versus pressure drop across the orifice,

(2) Decrease in viscosity after 5000 cycles through the orifice.
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