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ABSTRACT 

Oxidation studies with a variety of fluids at high temperatures 
are presented.    These studies emphasize the evaluation of oxygen tolerance 
of the flulrs as opposed to conventional tests measuring the stable life 
or induction period of fluids.    The tests are conducted at S00*C. in a 
glass apparatus.    Test fluids comprise an ester and several naphthenic 
and parafflnic mineral oils  (3 to 77 centlstokes at 100eF.)    Oxygen assim- 
ilation rates are measured using gas Chromatographie methods.    Temperature- 
programmed gas chromatography using an internal standard is used for the 
quantitative evaluation of the oxidized product.    Temperature measurements 
are being made for both the liquid and the vapor space in the reaction 
zone.    Equipment variations are discussed which allow the variation of 
the temperature in the vapor phase.    The effect of the volatility of 
the fluid and of the volatile oxidation products on the rate of oxygen 
assimilation is determined.    The presence of these materials in the oil 
is shown to cause an apparent retardation of the reaction between an oil 
and oxygen  after an initial oxidation period.    Test  conditions necessary 
to optimize the relationship between temperature control of the vapor phase 
and the degree of oxidation in the liquid phase are suggested.    Procedures 
for the recovery and analysis of the debris formed at the wear surfaces 
in a four-ball wear tester are presented.    A lubrication model based on 
metal-fluid interaction in the concentrated contact is proposed.    The 
effects of temperatures,  lubricant, and atmosphere are considered.    }.n- 
vironmental conditions in the concentrated contact are shown to be capa- 
ble of providing fluid degradation products.    These products can then 
react with metals or metal oxides  to produce organometalllc material.    A 
material balance used to quantify the lubrication debris recovered is 
discussed.    Atomic absorption spectrophotometry Is used to obtain the 
metal content of the various  fractions of the wear debris.    The metal 
and metal-containing compounds  are shown to include oil-soluble organo- 
metalllc  compounds,  free metal,  metal oxides,  and extractable organo- 
metalllc material.    A method to  identify iron oxide in the presence of 
iron is presented.    Some preliminary data on the effect   of several materi- 
als on the wear behavior of  steel-on-titanium and titanlum-on-titanlum 
ate presented.     Bulk modulus measurements  for some Spec. MIL-H-83282 
type tlulds are given. 
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I.     FLUID AND LUBRICANT STUDIES 

A.    SUI'MAPY.     Studies have been continued to understand better 
the  Interaction of  libricants and working fluids and the environment In 
which these material? «ust  function.    Studies Involving the  reactions 
taking place at the wear surfaces under conditions  of elastohydrodyiamlc 
and boundary lubrication will aid In the formulation of lubricant?  to 
give optimum performance In a given application.    Mechanism studies 
involving the degradation of fluids and lubricants are necessary  to the 
development of methods to qualitatively and quantitatively measure the 
abilities of various fluids to function under given conditions. 

The oxidation of liquid lubricants at high temperature is in- 
vestigated in this study.     Oxygen assimilation rates have been measured 
for several fluids, employing gas Chromatographie techniques.    Oxygen 
absorption is determined by analyzing samples from the exit gas stream 
and comparing them with the samples of inlet gas.    Air is used as the 
oxidizing medium in a single-pass arrangement.    A bath temperature of 
300 + 30F is used as  the heating source of the fluids with an air flow 
rate of 5.0 + 0.5 liters per hour for all tests conducted.     These tests 
are  conducted in all glass apparatus.    These data,  along with data from 
previous studies,  are used to correlate oxidative characteristics of the 
fluid with their physical properties. 

Oxygen absorption values have been determined for several fluids 
which possess a wide range of properties.    The viscosities of  these 
fluids range from 3.22 to  76.9  centlstokes at 100°F.    The chemical types 
of the fluids include a synthetic diester, two parafflnic super-refined 
mineral oils and three naphthenic super-refined mineral oils.    Tempera- 
ture-programmed gas chromatography is employed in the determination of 
the distillation ranges of the mineral oils before and after oxidation. 
The  composition of  the degraded ester was evaluated by  temperature- 
programmed gas chromatography using tridecane as an internal standard 
to give quantitative results. 

Liquid column  chromatography  is used in the separation of the 
oxidized mineral oils     into  their  respective oxidized and  unoxidizeci 
fractions.     Infrared spectroscopy is  used to check the separation 
obtained in these procedures,     Temperature measurements  are  made   for 
tha   liquid and vapor space  in  the  reaction vessel  during the oxidation 
reaction using copper-constant an thermocouples. 

The effect of volatility of the  fluid and the volatile  oxidation 
products  is demonstrated.     The effect  of   the  control  and  removal  of 
volatile oxidation products  from the  reaction vessel  is also shown  to 
produce data with much less  scatter and less  temperature variations wtth- 
In  the  reaction vessel.     Small  concentrations of nonreactlve volatile 
products,   for example, water,  are  found to dissolve  in  the   reacting 
fluid and decrease  the solubility of oxygen in  the  fluid.     The   removal 
of  these products  is shown  to  restore the  level of oxygen  assimilation 
from a low value  to  a higher value.     The presence of  those  n.aterials  in 
the  oil  is used to explain  the  apparent  retardation of  the   reaction be- 
tween an oil and oxygen  after  an  initial  short period      No evidence  is 
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found to support the cneor>  that nstvnral inhibitors  are  foimed during 
the reaction. 

A lubrication ^oael has been proposed based on  the metal-fluid 
iti? traction in the concentrated contact.    The effects of  temperature, 
1 -jrlcant,  and atmosphere have been considered for  this  proposed model, 
A surface  film was observed in and around the concentrated contact area 
of the bearings.    After wear Is encountered,  evidence of the oxide  film 
originally present on the bearing surface and organometallic product 
produced in tha wear process are found in the system.    In the case of 
nonreactive lubricants  the formation of metal oxides in the wear debris 
Is observed.    The presence of other polar materials appears  to produce 
organometallic wear debris as a result of chemical reaction at the tear- 
ing surface with either the metal oxide surface films or the  freshly 
wiped clean metal surfaces.    Careful tests in the absence of oxygen li» 
the atmosphere or fluid, produce both metal oxide and organometallic 
materr.al indicating the presence of relatively large quantities of 
oxide debris most probably produced by  the wiping action of the bearing 
surfaces. 

A material balance Is  used to quantify the lubrication debris 
from the four-ball wear tests.    Atomic absorption spectrophotoaetry has 
been used to obtain the metal  content of the various  fractions of  the 
wear products.    The metal and metal-containing componi.Js  found in the 
debris analysis   Include   oil soluble organometallic compounds,  free 
metal,  metal oxides,  and extractable organometallic material.     Indenti- 
flcatlon of both iron and iron oxide in the wear particles is b_:?e.d on 
the relative solubility of these materials in an acridlne-inhlbited 
hydrochloric acid.    The iron oxides have been dissolved in the inhibited 
hydrochloric acid for atomic absorption spectroscopic analysis   (AAS). 
Finally the metallic wear debris can be dissolved in mineral acid and 
evaluated by AAd.    The total  weight  loss of the lour ball specimens as 
measured by a microbalance represents  the total wear debris  to be 
accrunted for in the four fractions  including all of the metallic wear 
product!».     In general,  the metal lost  from the balls and the wear 
products found in the analysis  agree  to -•- 12 percent. 

It is not clear from these data whether the orgaumetallic 
compounds result  from reactions between components of  the lubricants and 
iron or iron oxide      It appears that in the case of wear in an inert 
atmosphere that at least some or most of the reactions occur between the 
clean metal surface and the lubricant components      There  is evidence that 
the environment in a four-ball wear tester at  the conjunctions Includes 
temperatures en the metal surface  approaching the melting point  of  the 
metal. 

Some preliminary data on the wear behavior of  steel-on- 
tltanium and titanium-on-titanium in a four-ball wear  tester using halo- 
genated fluids and zinc, sulfur,  and phosphorus-containing additives in 
a mineral oil are included.    Preliminary oxidation data on several  gas 
turbine oils and some experimental sillcone  fluids are presented.     Bulk 
modulus values for several Spec    MIL-H-83282 type  fluids have been 
determined. 
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B.  HIGH TEMPERATURE OXIDATION OF SOME ORGANIC LIQUIDS. The 
most severe limitation to the use of mineral oils and esters as lubri- 
cants at elevated temperatures is the deterioration of the fluid due to 
oxidation. At temperatures above 400aF, the inhibitors available provide, 
at best, a short induction period and/or a reduced oxidation rate for 
some modest time period after the stable life. Essentially all of the 
accepted oxidation t^sts in widespread usage are designed to evaluate 
changes that occur within the stable life or induction period. These 
test methods are not directly applicable to high temperature use without 
a critical analysis to demonstrate limits of error where oxidation rate 
is the prime measurement. 

Mineral oils and synthetic esters have been used extensively as 
lubricants and functional fluids in the moderate to high temperature 
range in aircraft engines and aeronautic and astronautic hydraulic sys- 
tems. There is a need for the development of reliable testing methods 
for evaluation of these fluids at temperatures where the test time ex- 
ceeds the fluid stable life,  Non conformity of testing methods to rigid 
standards give rise to the lack of reproduciblllty in the data obtained 
from these tests. This also allows for the tailoring of testing methods 
to provide desired results for a given fluid. The lack of a proper 
understanding of the parameters and variables Involved in these testing 
methods and the data obtained from these tests could result in faulty 
interpretation of the data. 

The objective of this study is to investigate the variables 
involved in the oxidation of lubricating oils at high temperatures to 
obtain a better understanding of the reaction. Another goal of this 
study is to be able to account for the characteristics of the oxidation 
reaction at high temperatures in physical terms. Possible improvements 
in the testing procedures and in the collection of oxygen assimilation 
data are other goals of this study. 

1, Apparatus and Procedures, The apparatus used in this study 
for the oxidation of oils consists basically of an oil reservoir through 
which air is bubbled as the oxidizing and stirring medium for the oil. 
The oil is heated by a constant-temperature bath. The exit gas stream 
from the oxidation tube is passed through cold traps to remove the 
condensibles before the gas is collected for analysis in a gas Chromato- 
graph  A flow diagram of the apparatus is shown in Figure 1.  This is 
a modification of the single-pass oxidation test system used in the 
Petroleum Refining Laboratory for high-temperature oxidation of lubri- 
cating oils  A temperature of 500 + 30F is maintained in the constant- 
temperature bath, Air is used as the oxidizing medium at a flew rate of 
5 + 0.5 liters per hour. Electrical heat Is provided to the thermo- 
statically controlled constant-temperature bath, 

Air for the system is obtained from the laboratory air supply 
at 80 p,s,i.  Prior to use in the oxidation test, the air is dried by 
passage through a rower packed with Drierite. A calcium chloride- 
Drierlte tube serves as a visual check on the efficiency ot the drying 
tower. The pressure of the air stream is reduced by two reducing valves 
in series set to give a final pressure of about nine pounds per square 
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Inch.    A manifold In the air line provides  for the use of multiple 
oxidation  tests. 

The dried air is roetered  through Individual manometer-style 
flow-meters.    The air is metered by passing the total  flow through a 
stainless steel hypodermic capillary  tubing seven Inches  long and 0.026 
Inch In diameter, and then measuring the pressure drop across  the cap- 
illary.    The pressure drop  across  the capillary Is measured on a standard 
oil-tilled U-tube manometer.     Air flow rates are calibrated In terms 
of pressure drop as Indicated by the difference in height of the mano- 
meter fluid levels.    The dried air is  then bubbled through the  fluid 
charge at a fixed rate of five liters per hour. 

The fluid charge Is placed in the reservoir of an all-glass 
assembly, comprising an oil reservoir and condenser.    The air is added 
to  the fluid through a capillary tube at  the bottom of the oil  reservoir. 
The gas passes through the  fluid and the gas space above  the liquid and 
then through the exit tube to the  cold traps as shown in Figure 2. 
Three sizes of oil reservoirs  are provided to allow significant  changes 
in the oil-air volume ratio.    All three sizes Include the same depth of 
oil and therefore the same air-oil contact  time and area of air-oil 
interface.    The tubes are 450 millimeters long and the diameter of the 
lower portion is 38 millimeters  for the regular,  22 millimeters  for the 
semi-micro and 14 millimeters  for the micro.    The air inlet line is 
thick-walled six-millimeter o.d.   glass  tubing which extends  to  the 
bottom of  the reservoir. 

The condenser or gas space above the liquid can also be changed 
to provide a water condenser,  an air condenser,  and an electrically 
heated Jacket.    The latter condition is achieved by wrapping the air 
condenser with insulated nichrome wire,  over which is placed a covering 
of asbestos webbing to insulate it  from the surroundings.     Current is 
supplied to the nichrome wire and controlled through a Variac.     The  top 
of the fluid reservoir which extends above the bath is also insulated 
with asbestos.    To aid in more efficient removal of volatiles,   the 
direction of the exit port is  changed for some of the tests.     The modi- 
fled apparatus is shown in Figure  3.    The three designs  for the gas 
space provide more careful  control of the volatile products.     Return 
versus  removal of the volatile oxidation products can have a marked 
effect on the course of the oxidation 

The exit gases from the oxidation test are passed through two 
cold traps as shown in Figure 4.     The  first trap at  320F was  filled with 
ice and water and the second trap at -1090F was filled with dry ice and 
acetone.     These traps  removed most of the condensible m-^erials  from the 
exit gas stream.    The exit gas  after the second trap is cixvided into  two 
streams.     One gas stream goes  to a large gas sampling bottle  filled with 
acidified,  saturated salt water.    A representative sairple  is  continuously 
collected in this container during a test run by pumping the saturated 
salt water out of the bottle at a rate of three milllli«-ers per minute. 
The second gas stream is led through a long piece of flexible  tubing,  at 
the end of which Is a section ol capillary glass tubing six inches long. 
The exit gases are exhausted through this line which is kept under two 
inches of water to assure unidirectional  flow of gases  from the system. 
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Samples  for oxygen assimilation  measurements  can also be  taken  from 
this   line.     Gas  samples must  be  taken  at  a rate equal  to or  less  than 
the flow rate of exhaust gas  through  this  capillary system.    The appa- 
ratus  used  for sampling ..he exhaust   gases  consists of a gas burette  and 
a leveling bulb  connected by a length of   tubing and  containing a solution 
of acidified,  saturated salt water.     A diagram of  this apparatus  is  shown 
in Figure 5.    Gas  is drawn into or pushed out of the burette by lowering 
or raising the leveling bulb.    This apparatus was found tn give good, 
repeatable   results  for gas  Chromatographie analyses of the  exit   gases. 

The source of heat  is a constant-temperature bath.     This bath 
consists of an aluminum block cast around 14 steel tubes,  two Inches 
o.d.   and 12 Inches long, which are sealed at  the bottom end.    Strip 
heaters are clamped to the outside of the aluminum block to provide a 
heat source.    The aluminum block is supported at four comers by ceramic 
bricks within a metal box and is  insulated from the box by two Inches of 
glass wool.    The metal box is covered with a transite top which Is flush 
with the top of the tubes,    A mixture of plaster of paris and asbestos 
cement is used to fill the void between  the block and the transite top. 
Construction details are shown in Figure 6, 

To provide good thermal contact between the aluminum block and 
the glass oxidation tubes,  a low melting  (2250F),   lead-bismuth alloy, 
Cerrobase,   is placed in the two-inch steel tubes.    The oxidation tubes 
are held down in the high density molten Cerrobase alloy by an arrange- 
ment of three steel bars mounted about one inch above the level of the 
transite top.    A transite U-shaped clamp,  placed above the enlargement 
ridge of the oxidation tube and under two adjacent steel bars,  anchors 
the tube securely in the bath. 

The temperature of the ba^h is  controlled by a thermocouple, 
mounted In one of the center holes of the bath which actuates an 
indicating pyrometer controller      Eight   thermocouples located at dif- 
ferent positions in the block enable  the measurement of the temperature 
gradient across  the bath from end to end      The thermocouples used are 
copper-constant an,    A single cold junction is employed and the desired 
thermocouple is obtained by means of  a selector switch      Figure  7 shows 
the relative positions of the thermocouples> 

A total of 3,000 watts is available  for quick heating, when all 
heaters are connected in parallel and variacs are set at 100 volts ,     A 
wiring diagram of the bath is shown in Figure 8      The bath is located in 
a hood complete with exhaust  fan and  full  length sliding window for 
safety. 

Before each test  tun,   the oxidation tube is cleaned thoroughly 
jsinft an acid cleaning solution  followed by a water wash and a series of 
vashes  and acetone, naphtha,  and benzene   in that order.    The  cold  traps, 
are subjected to tne latter solvent washes      The tare weight   is recorded 
for the clean dry oxidation  tube      The  tube is then charged with approx- 
imately 200 millillters of liquid for the regular tube, 65 milliliters 
for the semi-micro tube and 25 millillters for the micro tube,  and the 
weight   recorded.     For tests where liquid samples are taken during the 
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run, these weights are not recorded because of the difficulties of 
obtaining a good material balance under these conditions.    After the 
test equipment is assembled, nitrogen is bubbled through the test fluid 
for 15 minutes at five liters per hour at room temperature to replace 
all soluble gases with nitrogen.    The oxidation tube is then lowered 
into the bath and the nitrogen flow allowed to continue for an addition- 
al 15 minutes to prevent oxidation until the test temperature of the 
oxidation bath is achieved.    The exit gas train, comprising the two cold 
traps and the gas sampling bottle,  is assembled and connected before the 
oxidation tube is Inserted in the bath      .\fter the oxidation tube has 
been in the bath for 15 minutes,  the n*   regen is shut and the air started 
at 5.0 liters per hour. 

During the test run,  exhaust gas samples are taken after a half 
hour and one hour of testing and at hourly Intervals thereafter.    These 
samples are analyzed to obtain oxygen assimilation data.    Liquid samples 
are taken in some of the tests to follow property changes as a function 
of oxygen assimilation.    Liquid sampling Is done b>  interrupting the air 
flow for about one minute.    The oil which rises In the air tube is quickly 
transferred to a sample bottle by removing the air tube.    The air flow 
is resumed as soon as the air tube is replaced.    At the end of the test, 
the air is shut off,  the oxidation  tube removed from the bath,  and 
nitrogen is bubbled through the  tube  for about 20 minutes to cool the 
oil with no further oxidation.    The use of. nitrogen during the cool- 
down period also has a safety feature.    The nitrogen prevents a build- 
up of inflammable and explosive mixtures.    The traps are sealed and 
allowed to warm to room temperature.    Test times vary over a wide time 
range but most of the tests used to establish the oxidation character- 
istics during the early phases of the oxidation reaction are of eight 
hours duration. 

2,     Methods of Analysis.     Gas analyses are accomplished with a 
Perkln-Elmer model 154 Vapor Fractometer,    A 20-foot column of 0,25-inch 
outside diameter copper tubing, packed with 5A molecular sieves is used 
to analyze for oxygen, nitrogen, methane, and carbon monoxide.    Another 
column,  27  feet long and 0.25-inch outside copper tubing, packed with 
hexamethylphosphoramlde on 30-60 mesh Chromosorb P,  Is used to anal>ze 
for carbon dioxide and C.  through C,  hydrocarbons.    The volatile liquid 
products were analyzed a 0.25-inch outside diameter column,  20  feet long, 
packed with ß-ß' -oxydlproplonitrlle on 30-60 mesh Chromosorb P.     The 
operating conditions  for the instrument with these columns are shown In 
Table  1.    These conditions afford adequate separation of the peaks of 
the individual components. 

For complete identificatiou of all components In the exit gas, 
two  Chromatographie units have  to be used,  one with a 5A molecular sieves 
column and the other with a hexamethylphosphoramlde column.     Samples  for 
both instruments are obtained with the gas sampling device described 
earlier and shown in Figure 4.     In  taking a sample,  the exit line of the 
exhaust gas is connected to the gas burette by way of a two stopcock 
mechanism.    The gas burette is  flushed twice with the gas before a 
sample is retained.    The two stopcock mechanism is used to insure that 
there is always positive flow from the sampling line. 
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A portion ot  the gas sample  Is  Introduced directly from the gas 
samples  Into  the gas Chromatograph by means of  a constant volume loop on 
tVa Initrument-    A constant volume loop of  200 microliters is used  for 
the  5A molecular sieves   columr,  and one of   '300 microliters  for the 
hexamethylphosphoramide  column 

Nitrogen is  Inert  to the  reaction  system,  carbon monoxide  is 
formed in small quantities with the percentage of  methane being small. 
The percentage of oxygen absorbed can therefore be determined by compar- 
ing the ratio of the area under the oxygen peak to the area under the 
nitrogen peak in the exhaust gas to the corresponding ratio in an air 
standard.     The calculation is done as  follows: 

X Available Oxygen Absorbed = <f 1  - 
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This is done for hourly samples and a plot is obtained of percent avail- 
able oxygen absorbed versus time. The percentages of methane and carbon 
monoxide formed are calculated directly from the ratio of the area under 
the specific peak to the total area under all peaks in the exhaust gas. 
The areas used in these calculations are corrected using the Relative 
Thermal Response Value of each component and procedures developed in the 
Petroleum Refining Laboratory. 

The Chromatographie peaks obtained from these samples are  reg- 
ular triangular peaks and hence  the  areas  are measured by trlangulation. 
The raw area under  the peak is  taken as  the product of  the height of  the 
peak and its width at half  the height       The height  is measured by a rule 
to the nearest hundredth of an  inch and the width  is measured by a 
seven-power Bausch  and Lcmb monocular  containing a scale in inches. 
This method is  reproducible and easy  to perform. 

The   values ot  "percentage ol  oxygen"  are easily converted  to 
moles of  oxygen  in the following manner.     The  flow  rate of  five  liters 
of  air per hour is  reduced to  its value at  standard temperature and 
pressure,  assuming ideal gas behavior.     Room temperature  is  taken  as 
250C and barometric pressure as   73'* millimeters of  mercury.    Standard 
temperature   is  O'C and pressure   760 millimeters of  mercury 

emn   fi 73A  x 5   liters   x 26 3"K STP  flow  rate - T^T ,ö0;;- r-r  760  x  298 K   x   1  hour 

=  4,26  liters/hour 

Number of moles oi oxygen per hour  = 4 26 x 0 2095 
22.14 

= 0,0403 mole oxygen/hour 
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The number of moles of oxygen absorbed at any  time is the product of 
the number of moles of oxygen supplied and the percentage of oxygen 
adsorbed.    The total amount of oxygen absorbed is calculated as  the 
sum of the instantaneous hourly values« 

An F and M Scientific Company Temperature-Progranuned Gas Chrom- 
atograph,  Model  700 Is used In the evaluation of the oils and their 
oxidation products.    This instrument affords both isothermal and temp- 
erature-programmed capabilities.     In the  temperature-programmed mode, 
compounds boiling as high as 950aF can be analyzed.    It is a dual 
column instrument, which tends to reduce or eliminate the problem of 
baseline drift experienced in single-column units.    Baseline drift 
problems  are minimized by comparing the substrate bleeding In the  test 
and reference columns      The instrument Is equipped with a tungsten wire 
thermal conductivity detection system. 

The columns used are two  feet of stainless steel tubing of 
0.125  inch outside diameter and 0.055  Inch  inside diameter, packed with 
silicone  rubber on a substrate of  dlatomaceous earth.    Helium is  used 
as  the carrier gas at a flow rate ot 60  cubic centimeters per minute. 
The  instrument  Is programmed at  a rate of  13.5eF per minute from 122° 
to 608oF.     Sample size is usually   two microliters,  injected into  the 
instrument with a Hamilton 10-microliter syringe,    The complete operating 
conditions  are shown In Table 2. 

For quantitative analysis  on samples,  tridecane  (C..H    )   is 
used  as an  internal standard In approximately 15 percent  (by weight) 
solutions  in the oil samples.    This standard and the operating conditions 
were  chosen on the basis of previous work done  in this laboratory  (AFML- 
TR-70-304,  Part  III).    The peaks obtained are sometimes  irregularly 
shaped, hence the areas under the peak were measured by a weighing 
method.    Each peak was cut out precisely  from the chromatogram and 
weighed on a Metier Gramatic balance  to  five decimal places. 

The average distillation   range  for each of  the  five oils  used 
was determined by a Chromatographie  technique      These oils all  gave very 
broad smooth peaks on  the  recorder   chat:       For  temperature  correlation, 
a mixture  of straight  chain hydrocarbons  of  known boiling point   is  used 
as a standard.     The hydrocarbons   used  are   Liidecane,  C.   H       (b,p.  445.70F); 
hexadecane,  C    H       (b.p,   548.60F);   eicosane,  C    H       (b p,  550oF);   and 
hexacosane, C,-H,..   (b,p    774UF).     The  boiling points of   these  compounds 
are plotted versus  their retention   Limes  measured  from an  air peak- 
This  is  a straight  line  function   for   a homologous series   in  adsorption 
chromatography 

For  the broad oil peak,   the   area  is  measured carefully with a 
Keuffel  and Esser compensating polar  pianimeter and  the  10 percent   and 
90 percent   elution points  determined       Froir the boiling point  correlation 
above,   the   10 percent,  90 percentj   and   initial  boiling points are   deter- 
mined       Typical   temperature-programmed  chromatogiams   for  an oil,   one of 
the standard and correlation plot   are  shown   in   Figures 9  and 10  respec- 
tively. 
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Liquid chromatography involves the separation of unoxldlzed or 
paraffinlc portion of the oils iron the oxidized portion.    This Is 
achieved by percolation of the oil through a dual-packed, silica gel- 
alumina chroiLatogzaphic column. 

A glass column (0 75-inch c d )   is packed with approximately 50 
grams of fully activated grade F20,  80-200 mesh Alco Alumina on the 
bottom, and approximately 250 grams of fully activated 28-200 mesh 
Davidson Silica gel on the top.    The Silica gel is activated at 260oC 
for 16 hours and the alumina at 4009C for 16 hours. 

Approximately 100 milliliters of pure n-pentane are allowed to 
percolate through the colusn after which approximately 15 milliliters 
of the oxidized oil mixed with 15 milliliters of n-pentane are added 
and allowed to percolate.    Pure n-pentane is used to elute the paraf- 
finlc portion.    The n-pentane is added until a fraction of pure n-pen- 
tane is obtained from the bottom of column.    The oxidized products 
on the coluan are eluted with approximately 200 milliliters of dlethyl 
ether followed by methanol, until essentially pure methanol is obtained 
at the bottom of the column.    The desired products are obtained from the 
eluted solvent  product by evaporation of  the solvents. 

Infrared i'pectroscopy is used to check the chemical groups 
present in the oxidized oil.    The Instrument used is a Perkin-Elmer 
Model 137 Infrecord b'pectrophotometer.    All samples are evaluated with- 
out solvent dilution as a thin film between  two sodium chloride plates. 

3,     Factors Affecting the Reproduclblllty ot Results. 

a. Temperature Control The temperature of the bath is 
maintained at 500eF with a maximum deviation of + 3"? High temperature 
oxidation of a lubricant proceeds at an appreciable rate which doubles 
with a temperature rise of approximately 180F. A total change in tem- 
perature of 6'? could therefore cause a measureable change in reaction 
rate- 

b. Control  of Air Flow Rate      The air flow rate is 
controlled by an oil  fi.led manometer  at  a  rate of 50 + 0,5 liters  per 
bout.    This corresponds  to a 10 percent  deviation      In terms of moles 
<~f oxygen supplied to the system,   it  corresponds to a-minimum of 0,0363 
mole per  hour  and  a maximum of 0.0443  mole  per hour      This  variation  is 
caused by  changes   in pressure  In  the  system during the oxidation,  espe- 
cially during violent bumping of  the   liquid      The  flow rate  requires 
frequent  adjustment  dur.ng a test   run when bumping is occucrlng. 

c. Analytical  Methods.     Recorder  response In the gas 
Chromatograph has been found to vary  randomly and unpredictably.     This 
variance  is probably due to changes  in output voltage of the batteries 
in the recorder circuit  and by  changes  in line voltage      It has been 
found that   these  changes  can vary over  a 15-mlnutes period      To compen- 
sate for  these  changes,  an air standard is included in each set of  runs 
made on the instrument 
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Another variance in results steins  from the use of Relative 
Thermal Response Values.    These values were calculated for one set of 
conditions on the gas Chromatograph,     Since these conditions are diffi- 
cult to simulate exactly,  there would be slight error when these values 
are used.    However,  these variances would be evident in methane and 
carbon monoxide percentage only since oxygen percentages are measured 
against air standards. 

Evaluation of fluid properties Involves qualitative and quan- 
titative analysis of liquid products and their boiling ranges by tem- 
perature-programmed gas chromatography.    Previous studies  (AFML TR-70- 
304, Part 111) have Indicated that the factors affecting the analysis 
of compounds by temperature-programmed gas chromatography are column 
length, packing weight, bridge current, program rate, starting oven 
temperature, and carrier gas flow rate.    The use of an internal standard 
provides a reproducible reference point for quantitative as well as 
qualitative analysis. 

The packing material used in the sillcone rubber colunn is 
comaercially prepared.    The solid support  is Chromosorb P, a thoroughly 
washed dlatomaceous earth, 60-80 mesh, with the stationary phase being 
a methyl silicons rubber, GE SE-30.    These are packed in a 2-foot long 
piece of stainless steel, of 0.055-inch Inside diameter and 0.125-inch 
outside diameter.    A hand-held vibrator Is used to aid in close and uni- 
form packing of the colunns.    Matched pairs of columns with equal weights 
of packing are used so that liquid losses are matched in the colunns. 

The use of dual columns reduces  the excessive baseline drift 
experienced in single column units by equalizing the loss of liquid sub- 
strate at high oven temperatures.    The maximum operating temperature of 
the columns is about 620oF,  above which there is excessive thermal de- 
gradation of the liquid substrate..    This sets an upper limitation on 
the boiling points of compounds eluted by the colunn under a given set 
of conditions      This causes a buildup of  any high boiling (>950oF)  com- 
pounds Injected into the colunn over a period of time.    If the unknown 
sample is always charged to the same column the buildup of low volatil- 
ity liquid will cause a high differential bleed rate and result in 
baseline drift.    To balance the effect of this buildup, sample injection 
is alternated between the matched pair of colunns.    In this study,  the 
oven temperature is programmed at a rate of 13.50F per minute, from 
122°  to 608oF, with a carrier gas  flow rate of 60 cubic centimeters per 
minute. 

The mineral oils uteJ do not lend themselves to quantitative 
analysis.    The chromatograms of th^e samples are very broad peaks 
which extend over most of ehe temptiature range and exclude the use of 
an internal standard:     For temperature correlations on these samples an 
external standard is used, which consists of a mixture of normal paraf- 
fins boiling between 450s and 775'F.    A homologous series gives a 
straight-line   relationship between boiling point and retention  Lime in 
adsorption chromatography.    Retention times are measured from an air 
peak for correlation with mineral oil peaks      The 10 percent, 90 percent 
and initial boiling points are determined using this  correlation as 
described earlier.    A certain degree of error  is  incorporated in these 
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values, due to the uncertainty of a constant reference point, since an 
Internal standard was not used» 

The ester, di-2-ethylhexyi sebacate, exhibits a narrow boiling 
range and hence is ideal for qualitative analysis.  Tridecane, C^H.g, 
is used as an internal standard in homogeneous solution with the ester 
of approximately 15 percent by weight. A two-mlcrollter sample of this 
mixture is Injected into the Chromatograph, and allowed to be eluted at 
the operating conditions.  The resulting peaks are carefully cut off 
and weighed to obtain a ratio of the areas.  If a constant weight of 
sample is injected each time, the amount ot unreacted ester of a sample 
of oxidized ester is the simple ratio of the areas under the ester peak 
for that sample to the corresponding area for the original unoxidlzed 
ester.  Since constant weight injection is difficult to perform with a 
micxoliter syringe, the area under each ester peak is reduced to a 
common standard. The ratio of area of the tridecane peak to the weight 
percent of tridecane is determined for the standard solution containing 
the unoxidlzed ester.  This is a constant for identical weights of 
solution with the same concentration of tridecane. This would not be 
true if the sample contains any compounds which elute at the same time 
as tridecane.  No such compounds are observed in these analyses. For 
oxidized samples, the ratio of peak area to weight percent of the tri- 
decane is found. The correction factor for the ester peak of that 
particular sample is given by the ratio of the area to weight ratios of 
tridecane in the unoxidlzed and oxidized samples.  The corrected area 
under the ester peak Is given by the following: 

Corrected Area = 
Raw Area of Unoxidlzed 

Ester Peak in 
Degraded Fluid 

(area/weight %)C13 
standard fluid 

(Area/weight %)C13 
oxidized fluid 

The percentage of ester degraded is calculated as follows: percent 

, ,  ,„„ .,   corrected area ester in oxidized oil,  _. 
ester degraded = 100 (1 -  j —-;—-z )  The 0 area ot ester In standard 

percentage of products foimed are also calculated in the same way  The 
amount of high boiling (^950 F) products farmed could be estimated by 
the difference in the '.otal corrected area of ester and products in the 
degraded fluid and araa of ester in the standard fluid 

4  Quantitative Oxidation Studies,  Most conventional oxida- 
tion tests are designed to determine the effectiveness ct oxldatlcn 
Inhibitors in providing an induction period during which there is little 
or ■ ■> oxidation reaction.  In these re&t%, the requirements for main- 
taining repeatable test conditions include adequate mixing ot the fluid 
and saturation of the fluid with dissolved oxygen  Since there is little 
or no reaction during these tests, the test repeatability is not depen- 
dent to any significant degree on variables such as air rate, contact 
time, and air-oil contact area  It is possible, therefore, to provide 
standard repeatable test conditions fcr oxidation stable lite with a 
minimum of specified test conditions beyond test temperature, nominal 
fluid volume and air rate. 
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If a significant rate of oxidation does occur, test repeatabil- 
ity is far more difficult to achieve. When oxidation does occur, the 
oxidation rate is a function of oxygen solubility in the liquid, liquid 
volatility in the air space, the diffusion rate of oxygen through the 
air-oil interface, the area of the air-oil Interface, the contact time 
between the air bubble and the oil, the temperature of the system, the 
partial pressure of the oxygen at the air-oil interface, and the solu- 
bility of the oxygen in the oxidized oil»  The dependence of oxidation 
rate on these variables increases the experimental problems in achiev- 
ing test reproducibility.  Repeatability for the determination of oxida- 
tion rate under oxidation conditions can be achieved by a careful con- 
trol of all of these variables. To add a more complete understanding 
of oxidative damage to the fluid, the concept of oxygen tolerance Is 
defined as the oxidative deterioration, i.e. the changes in viscosity, 
neutralization number, sludge formation, and corrosion, calculated on 
the basis of moles of oxygen assimilated per mole or unit volume of 
fluid. The combination of oxidation rate and oxygen tolerance will 
yield a useful life for the fluid under these high temperature oxidizing 
conditions in the same manner as stable life studies indicate a useful 
life in the lower temperature ranges. 

a. Air-Oil Contact. In a diffusion limited reaction, the 
area across which the reactant diffusion takes place becomes a limiting 
factor. In a typical oxidation test the air is bubbled through the test 
fluid at a given rate and at a constant temperature.  The area of air- 
oil contact in this type of test, becomes the total area of the surface 
of the air bubbles in the oil at any one time.  The rate of bubble 
formation (bubbles per minute) times the residence time of each bubble 
(minutes) times the area of the bubble surface (centimeters square) 
results in the critical area of contact. 

The area of contact between the air and the oil is a function 
of the number of bubbles rising in the fluid in unit time, the size of 
the bubble and the life of the bubble. The life of the bubble is the 
length of time the bubble resides in the oil. The bubble size is a 
function of the diameter of the air tube, the surface tension of the 
fluid and to a lesser extent the air flow rate.  For a given flow rate 
of air through a fluid, the area of contact increases with decreasing 
bubble size, and increasing bubble life.  The number of bubbles rising 
in the fluid in a given time depends on the size of the bubble and the 
air flow rate. 

For the fluids tested, the exact bubble size can be calculated 
by counting the number of bubbles per unit time at a given air rate 
This information will provide a volume per bubble and the bubble surface 
determined by assuming the bubble to be a sphere.  These tests should be 
determined with a test fluid designed to match the viscosity of the test 
fluid at 500oF and the surface tension of the test fluid using the actual 
oxidation equipment. The description and physical properties of the test 
fluids are shown in Tables 3 and 4. MLO 7710 is a synthetic dlester, 
dl-2-ethylhexyl sebacate.  The mineral oils range from a fairly high 
viscosity, high boiling oil to a low viscosity, low boiling oil. Three 
of the mineral oils are naphthenic, MLO 7625, MLO 7797, and MLO 7685. 
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The other two mineral oils are paraffinic, MLO 7789 and MLO 7478. These 
oils were chosen for their wide range of volatility and viscosity char- 
acteristics. The viscosities of these fluids at the test temperature 
of 500oF were calculated using the ASTM method for prediciton of vis- 
cosities. These values are listed in Table 5. 

The viscosities of all of the test fluids are low at 5000F and 
the volatility or vapor pressure relatively high. The properties of 
normal heptane at 100eF tend to simulate the test fluid properties at 
SOO'F.  (Normal heptane, with a viscosity of 0S523 centistoke at 100

oF, 
was chosen as the fluid to simulate the average fluid conditions at 
500oF.) The high temperature oxidation test conditions were simulated 
with n-heptane at 100oF using standard test equipment and air rate. 
The life of the bubble in n-heptane was on the order of one second. 
The number of bubbles flowing through the fluid in one minute was 300 
with the air flow rate at five liters per hour. The bubbles were 
counted in a five-second period using a stop watch. Ten separate counts 
were taken to determine the average. The average for the five-second 
period was 25 bubbles. Assuming spherical bubbles, the bubble diameter 
was determined to be 8.1 millimeters corresponding to an interfacial 
area of 206 square millimeters per bubble. Since there is an average 
of five bubbles in the fluid at any one time, the interfacial area due 
to the bubbles is 1030 square millimeters. This corresponds to a 
bubble diameter of 9.8 millimeters at the test temperature of 500oF 
assuming ideal gas behavior. The surface area of the bubble corres- 
ponding to this diameter is 302 square millimeters making the inter- 
facial area due to the bubbles 1510 square millimeters. This bubble 
area plus the liquid surface in the oxidation tube gives the average 
interfacial area available for diffusion of oxygen into the oil during 
the oxidation, using a 2.5 millimeter i.do air inlet tube. 

The area of the air-oil interface is increased if the bubble 
size is decreased at constant flow rate. The bubble size may be de- 
creased by providing a means of obstruction in the bubble path which 
causes the bubble to break up or by the use of an air filter which dis- 
tributes the air as a series of small bubbles in the fluid.  In one 
test run, di-2-ethylhexyl sebacate was oxidized In a tube packed with 
short lengths of six millimeter glass tubing. The oxygen assimilation 
results on this test are compared with the oxidation of the ester in an 
open tube in Figure 11.  The fluid height was the same in both tests. 
The test in the packed tube consumed considerably more oxygen than the 
one in the open tube.  The rates of oxygen absorption for the two tests 
are shown in Figure 12,  In a simulated experiment air was bubbled 
through normal heptane in the packed tube at room temperature. The air 
bubbles were observed to break up into a series of smaller bubbles, 
some of which became trapped In the packing for varying lengths of time. 
The increase in oxidation rate is therefore the result of increased 
interfacial area and increased bubble life. 

Previous tests conducted at the Petroleum Refining Laboratory 
(WADC-TR-55-30, Part IV) show that if the air-oil interfacial area is 
continually increased at a test temperature of 500oF, the oxidation rate 
Increases sufficiently to consume all of the oxygen in the air flowing 
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through the reacting fluid. This level of reaction rate can be achieved 
with mineral oils and esters of the types used In this study. In order 
to make meaningful comparisons of oxidation rates at elevated tempera- 
tures such as 500eF, It Is desirable to choose test conditions so that 
the most stable fluids show some oxygen assimilation and the least 
stable fluids use less than the total available oxygen In the air used. 
For comparison of oxidation rates at 5009F an air rate of five liters 
per hour dispersed with a 2.5 millimeter l.d. air tube provides the 
desired relative oxidation rates for the fluids used In this study. The 
larger bubbles In the open tube show a minimum change In Interfaclal area 
for the variations of test conditions studied. The oxidation, of oils Is 
often accompanied by the formation of sludge which sometimes collects at 
the tip of the air Inlet tube. Such a condition would decrease the num- 
ber of bubbles produced by an air sparger. The effect would be less 
severe for the capillary air Inlet used In this study. The high air 
flow rate In the single capillary tends to keep the discharge end of 
the tube clear of sludge. 

The time of contact of the air bubble and oil Is a function 
of the height of fluid In the reservoir, the bubble size, and the den- 
sity and viscosity of the fluid. The height of fluid In the oxidation 
tube Is the length of the bubble path. The bubble size and the density 
and viscosity of the fluid together determine the velocity with which 
the bubble will rise In the open tube. The rate of oxidation of an oil 
Increases with an Increase In contact time of the air bubble and oil. 
For a given flow rate of air In a fluid, the contact time of the air and 
oil may be Increased by Increasing the height of fluid charged to the 
apparatus. The effect of Increased fluid height is illustrated by a 
series of tests conducted previously at the Petroleum Refining Labora- 
tory (WADC-TR-55-30, Part IV). One test was conducted with a charge of 
100 mllllliters in a regular oxidation tube using a 2.5 millimeter l.d. 
capillary air inlet tube. The charge for another test was 800 mllll- 
liters In a series of four oxidation tubes, each containing 200 milli- 
liters of fluid and utilizing a 2.5 millimeter air inlet tube in each 
unit. The fluid is dl-2-ethylhexyl sebacate inhibited with 0.5 weight 
percent of phenothiazine. The oxygen assimilation results from these 
two tests are shown in Figure 13.  In the test with 800 millillters of 
fluid, the exit gas from the first oxidation tube is passed through a 
cold trap to remove the condensible vapors and then used as the charge 
to the second tube.  This process is repeated between the second and 
third and the third and fourth tubes. The length of the bubble path in 
the test fluid for this test Is eight times that of a test with a charge 
of 100 millillters of fluid.  The average percentage of oxygen absorbed 
by the test fluid with eight times the bubble path is 3.7 times that of 
the short path test.  The reason for this nonlinearity in oxygen assim- 
ilation as a function of contact time of the bubble is the decrease in 
the partial pressure of oxygen with increased contact time.  During the 
test with the long fluid path, the partial pressure of oxygen is de- 
creased by oxidation and the formation of gaseous reaction products. 

A comparison of Figures 11 and 13 shows the effect of the 
oxidation inhibitor on the reaction. The high rates of oxygen assimi- 
lation experienced with the increased bubble path have some of the 
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same disadvantages as the use of smaller bubbles to increase reaction 
rate.  Increased areas of air-oil interfaces and iucxeased contact time 
have the same effect «n partial pressure of oxygen.  The bubble path 
for the standard test conditions used in this study provides the de- 
sired oxidation rates and test repeatability. 

The driving force for the diffusion oi oxygen into the oil 
during an oxidation reaction is the concentration gradient across the 
air-oil interface. This concentration gradient is a direct function 
of the partial pressure of oxygen In the air bubble.  There is a reduc- 
tion of partial pressure of oxygen as the bubble of air rises in the 
fluid. This reduction is uniform and does not present a problem In 
reaction control. The diffusion of volatile products into the air 
bubble at random times causes irregular pulses in the partial pressure 
of oxygen in the air bubble and in the total pressure of the reaction. 
This condition is observed from its effect on the flow rate during a 
reaction where the volatile produces are not allowed to escape without 
refluxlng. The flow meter which measures air rate showed sudden and 
abrupt changes and required adjustments to maintain a flow rate of 5.0 
liters of air per hour.  This problem involving volatile products will 
be discussed further in a later section. 

The rate of flow of air through the reacting fluid determines 
the amount of oxygen available for reaction in unit time.  The number 
of bubbles rising In the oil in unit time Is determined by the size of 
the bubble and the air flow rate.  Increasing flow rates result in 
increasing reaction rates.  However, the relationship of oxidation rate 
and air flow rate is not linear,  This is due to bubble interaction at 
high flow rates. There is a tendency to increasing bubble size and 
collision and coalescing of the bubbles to form larger bubbles thus 
decreasing the air-oil interfaclal area. A series of tests performed 
at the Petroleum Refining Laboratory investigated the effect of in- 
creasing flow rate on the rate of oxidation. Air flow rates of up to 
30 liters per hour were used in the oxidation of inhibited dl-2- 
ethylhexyl sebacate using a sintered glass air filter.  One set of 
these tests was performed in an open tube and the other in a tube 
packed witli glass beads.  The results ct these tests are compared in 
Figure 14, The rate of oxidation Increases at a decreasing rate as the 
flow rate of air is incteaseds however the rates do not show a limiting 
value, for air flow rates of 30 liters per hour. The test in the packed 
tube shows a lower rate of oxidation than the test in the open tube. 
This is the opposite effect exhibited by a packed tube experiment 
shown in Figure II  Whereas the larger bubbles produced by the capillary 
air line are broken up by the packing and trapped for periods of time, 
ehe smaller bubbles from the air niter collect on the packing surface 
and coalesce into larger bubbles 

The goal of an oxidation test to evaluate fluids at high temp- 
erature is to produce relative oxidation rates at a given temperature 
or as a function of temperature that can be related to practical high 
temperature systems,  Such tests over the range of fluid types and 
temperatures should produce oxidation rates of less than 100 percent 
but more than one percent ot the available cxygen assimilated  In 
order to minimize the experimental error a relatively constant alr-oll 
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Interf tee is .desirable.    The use of an air rate of five liters of air 
per hour entering the fluid through a 2.5 millimeter inside diameter 
glass capillary tube appears to provide a nearly constant air-oil 
Interface wich a measurable reaction rate for all fluids evaluated at 
500eF and an indication of less than 100 percent oxygen assimilation at 
temperatures of 6000F. 

It appears that this type of test apparatus and procedure 
could be calibrated and related to the kinetics of the oxidation re- 
action by the use of a calibration technique using fluids with estab- 
lished kinetics to measure the relative effects of diffusion on the 
kinetics.    From the data available it appears that a substantial in- 
crease in the air-oil interface would not be desirable because at the 
high values of interfacial area most of the lubricants tested will use 
almost all of the oxygen available at 5000F.    The trends indicated here 
are predicted by the study but not specifically determined.    Further 
specific work in this area of data correlation is required. 

b.    Solubility of Oxygen in the Fluid 

(1).    The Role of Fluid Properties.    The solubility 
of oxygen in mineral oils and organic acid esters shows a slight increase 
with increasing temperature      Increasing molecular weight and viscosity 
level of the liquid decreases oxygen solubility.    If there is no re- 
action between the dissolved oxygen and the fluid, maximum oxygen solu- 
bility is achieved at the temperature at which the test fluid exhibits 
a vapor pressure of approximately 60 millimeters mercury absolute» 
Generally, oxygen concentration in mineral oils and esters is limited 
at high temperatures by the rate of reaction between the fluid and the 
dissolved oxygen.    The point at which measured oxygen solubility versus 
temperature falls below a straight-line relationship indicates that 
point at which the rate of oxygen reaction with the fluid exceeds the 
rate of oxygen diffusion into the liquid phase. 

Another significant problem affecting the solubility of oxygen 
in liquids is the presence in the liquid and/or gas phase above the 
liquid of other gaseous components,.     In the case of oxidation of mineral 
oils and esters the volatile oxidation products such as water,  carbon 
monoxide, carbon dioxide,  and volatile organic oxidation products all 
act to reduce the solubility level of oxygen in the  fluid.    This reduced 
solubility limit then acts to reduce the concentration of oxygen for the 
reaction thereby affecting reaction rate. 

(2),    Assimilation of Oxygen by  the Fluids.    In 
this study severa]   oils were oxidized at 500oF with air bubbled through 
the  fluid at five liters per hour.    These fluids exhibit a wide range 
of physical properties.     Viscosities  range from 3.22  to 76s9 centlstokes 
at 100oF»    Tables  3 and A  list  the physical properties of these  fluids. 
The mineral oils exhibit wide boiling ranges which make quantitative 
liquid product analysis by gas  Chromatographie techniques difficult, 
The synthetic diester   exhibits   a narrow boiling range and quantitative 
analysis of the liquid product was performed by temperature-programmed 
gas  chromatography using tridecane as an internal standard.    Hourly 
samples of the exit  gas were analyzed by gas Chromatographie techniques 
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for oxygen assimilation data.     The pet cent age cl oxygen assimilated by 
the  fluid is determined by  comparing the competition of the inlet and 
exit gas streams, 

The average volatility characteristics oi each of the fluids 
under the conditions of oxidation were determined by a simple method. 
The stripping action of the flow or air through the fluid during oxida- 
tion was simulated by the  use ol nitrogen at SO liters per hour at  the 
test temperature in the oxidation  apparatus.    Two tared cold traps were 
connected to the exit gas line from the oxidation in such a way that the 
flow of the gas stream could be directed through either trap while the 
other is removed for weighing.    Both cold traps were maintained at 
-109oF by dry ice and acetone.    The cold traps were alternated during 
the experiment and the weight of the  fluid removed by stripping was 
obtained at 1, 3, 5 and 7 hours fot each ot the fluids.    The results of 
these tests are shown in Figure IS.    The lowest viscosity mineral oil, 
MLO 7685,  lost the most  fluid due to stripping, with 3.80 weight percent 
stripped over after three hours      The highest viscosity mineral oil, MLO 
7625, showed no measurable loss of  fluid due to stripping after seven 
hours of testing. 

The distillation ranges of these mineral oils were than deter- 
mined by temperature-programmed gas chromatogtaphy.    A two microllter 
sample of the oil was injected into the Chromatograph and the instrument 
programmed from 122°  to öOS^F at a rate of 13.50F per minute.    The area 
of the resulting Chromatograph was careiully measured and the 10 and 90 
percent elution points determined-    By comparison with the normal boil- 
ing point-retention time relationship  for a series of normal paraffins 
of known boiling points,   the temperatures of the 10 and 90 percent elu- 
tion points along with the initial boiling point were determined.    The 
results of these determinations  fot  the five mineral oils are shown in 
Table 6.    These result? are in agreement with the trends of volatility 
of the fluids observed in the stripping of the oils by nitrogenr 

Each oil was  '.hen oxidized at 500 F with rAx bubbling through 
the fluid contained in a semi-micro tube at 5,0 liters per hour.    A 
heated jacket was used to aid In the  removal of the volatile reaction 
products  trom the reaction vessel with a minimum of bumping      The exit 
gases were analyzed at hourly intervals-    The percentages of oxygen 
absorbed are listed In Table  7 for the pure mineral ells      These values 
are plotted as a function of  time in Figures 16, 17,   18,   19 and 20, 
Oxygen absorption values are observed to increase with the volatility 
of the fluid in most  cases.    The tluid with the  lowest  volatility, MLO 
7625 showed essentially a constant percentage of oxygen assimilation as 
a function cf test  tine      The fluids exhibiting high volatility   charac- 
teristics,  for example    MLO  7685,  gave  an exaggerated maximum value of 
oxygen assimilated after one hour ot  oxidation and then the assimilation 
rate decreased sharply to a fairly steady value after  approximately four 
hours of reaction time ,     The 10 percent boiling point  of each fluid was 
plotted against the percentage of oxygen absorbed at   four hours      The 
curve is shown in Figure  21.    The oils seem to follow a general  trend 
of increased oxygen absorption with volatility      The  10 per cent boiling 
point appears to give  a better Indication ot the volatility of the  fluid 
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than does the Initial boiling point, because the initial boiling point 
nay represent only very small concentrations of volatile materials. An 
example of this is shown by the distillation ranges of the heavy naph- 
thenic mineral oil, MLO 7625 which exhibited a difference of 204oF 
between the initial and 10 percent boiling points. 

The low viscosity naphthenic mineral oil, MLO 7797 exhibited 
lower oxygen absorption values than were expected on the basis of its 
volatility characteristics  This oil was not as well refined as the 
other oils tested and may contain small concentrations of polar impuri- 
ties which act as natural inhibitors.  These compounds, however, could 
not be detected readily by conventional analytical methods. 

The rates of oxygen absorption for the five oils are shown in 
Figures 22, 23, 24, 25 and 26.  These rates of oxidation, calculated on 
the basis of moles of oxygen absorbed by one mole of fluid show that 
the two parafflnic oils MLO 7789 and MLO 7478 have absorbed the most 
moles of oxygen per mole of fluid in this series. This interpretation 
of the data, however, does not present a true picture of the reaction. 
This method implies that the fluid deterioration is directly related to 
oxygen assimilation on a mole for mole basis.  In a diffusion limited 
liquid phase oxidation, oxidation of primary, secondary, and tertiary 
oxidation products appear to be involved in the overall oxidation reac- 
tion-  The use of moles of oxygen per mole of fluid would certainly be 
a better indication of the quantity of fluid affected in a vapor phase 
oxidation.  In general the higher the reaction temperature in liquid 
phase oxidation the larger the fraction of molecules of liquid oxidized 
from a given quantity of oxygen reacted. In the temperature range of 
400° to 500oF for high boiling liquids, three to five moles of oxygen may 
react on the average with one mole of hydrocarbon or its decomposition 
products. 

The diffusion limited nature of the oxidation in the liquid 
phase may be responsible for the type of reactions described here. In 
a diffusion limited system, the molecules of oil ate not contacted on 
an equitable basis by the molecules of oxygen,  The reaction is localized 
in a small area surrounding the air bubbles.  The degree to which new 
fluid from the bulk moves toward the reaction site and reacted molecules 
move toward the bulk depends on the mixing in the system. Quantitative 
studies with dl-2-ethylhexyl sebacate have shown that the mixing In the 
system does not approach such equity in the distribution of molecules. 
For calculated rates of more than one mole of oxygen per mole of ester, 
the analysis of the degraded fluid shows that a very small fraction of 
a molecule of ester is degraded.  The mole per mole interpretation of 
the data is misleading as a representation of the oxidation reaction in 
that it includes the bulk fluid in the reaction scheme and is not sen- 
sitive to reactions of primary and secondary reaction products with 
oxygen. The moles of oxygen reacted as a function of 200 nr'lliliters 
of liquid represents a better comparative measure of oxidation than a 
mole for mole basis  This method of presentation of data (Figures 16 to 
20) is based on the differences in the inlet and exit concentrations of 
oxygen in the oxidizing gas and does not make any assumptions about the 
fluid or the mechanism of the reaction.  It is therefore deemed appro- 
priate for this type of comparative study of diffusion limited systems. 
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The products of the oxidations of these mineral oils were 
separated into oxidized and virgin fractions by liquid column chromato- 
graphy.  The fractions obtained from these colums were checked by infra- 
red spectroscopy to ar-ertain when good separation was achieved. An 
example of the separatl n achieved is shown by the infrared spectra of 
the low viscosity naphthenic mineral oil, MLO 7685. Figures 27, 28, and 
29 show the spectra cf the original oil, the virgin fraction and the 
oxidized fraction, respectively. A comparison of the spectra of the 
original oil and the virgin fraction of the degraded fluid shows that 
there Is an absence of a peak at 12 7 microns in the virgin portion which 
Is the only difference in the two figures,  This peak corresponds to the 
frequency of an aliphatic side chain which may have been removed by 
oxidation. The spectrum of the oxidize I fraction shows the presence of 
alcohol, carbonyl and double bonded compounds. This spectra shovs 
separation was achieved by the use of the liquid column chromatography. 
The virgin fraction of the oil was analyzed by temperature-prograimed 
gas chromatography and the initial, 10 percent and 90 percent boiling 
points determined. These results are shown in Table 8 along with he 
initial boiling point of the oxidized product of the three most volatile 
fluids.  These data show an increase In the Initial boiling point cf all 
of the fluids oxidized. This increase in Initial boiling point after 
oxidation is the result of the combined effect of the stripping action 
of the flow of air through the oil and the vapor phase oxidation of 
light ends.  These data also show that the separation of the fluids by 
percolation through a liquid column removes low boiling oxidation 
products.  This is shown by the differences in initial boiling point 
before and after Chromatographie separation of the oils. 

(3). The Role of Oxidative Deterioration. The 
oxidation of lubricating oils is accompanied by the formation of a 
variety of volatile and nonvolatile products.  It has been shown in 
previous studies that in the oxidation of super-refined mineral oils 
at 500oF, about 80 percent of the oxygen absorbed by the oil goes reward 
the formation of volatile products..  These products are principally wa- 
ter (60 percent), the gases carbon dioxide and carbon monoxide (20 per- 
cent), and lesser quantities of volatile acids. The liquid products. 
Including the volatile acids accounted for 20 to 24 percent ct" the 
oxygen adsorbed with products such as ketones, aldehydes, acids, alcohols 
and esters. 

In this study, the amount of volatile products being stripped 
out ur the reaction vessel into the cold traps was measured during the 
oxidation oi the high boiling naphthenic mineral oll, MLÜ 7625,  The 
weight of ehe volatile products was obtained in the same manner described 
earlier tor the stripping operation wich nitrogen.  The weight percentage 
of the volatile products collected was determined after 1, 3, 5 and 7 
hours of reaction. The values obtained are shown in Figure 30  The 
volatile products exhibited a rapid build-up during the first four hours 
of reaction after which the quantity of volatile products in the fluid 
remained about the same. 

The oxygen assimilation curves generally decreased from an 
initial high value co a lower value aicer approximately tour hours.  The 
production of these volatile products probably atfecied the race of 
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diffusion of oxygen Into the oil, 

The oxygen absorption values for two consecutive test runs with 
dl-2-ethylhexyl sebacate, MLO 7710, are compared in Figure 31  An experi- 
ment was conducted to investigate the effect of removal of these volatile 
products on the oxygen assimilation by the fluid. The pure ester was 
oxidized for five hours. The oxidized product was then subjected to 
reduced pressure using a vacuum pump for about 12 hours to remove the 
volatile oxidation products.  The pressure In the apparatus was restored 
to atmospheric by allowing nitrogen into the oxidation tube. The degassed 
product was then oxidized for an additional five hours. The oxygen assim- 
ilation values for these two tests are shown in Figure 32. These data 
show that the removal of the dissolved volatile products from the fluid 
restored the oxygen assimilation values to the original level.  It should 
be noted that nonvolatile oxidation products are not removed by this 
process. The high level of oxygen absorption for the degassed, oxidized 
fluid Is short lived and the oxygen assimilation rate decreases to a 
lower value. The shorter Increment of high oxygen assimilation rate 
with oxidized fluid is probably due to the presence of reactive oxygenated 
molecules In the fluid vhich react to build up rapidly the concentration 
of volatlles In the fluid necessary to affect diffusion of oxygen into 
the oil. The effect of vacuum stripping on the degradation of the liquid 
product is shown Figure 33. There is evidence of Increased degradation 
in the fluid after the fluid is degassed. The volatile products In the 
fluid may also be removed by stripping the fluid with a flow of nitrogen. 
An oxidized ester was stripped by nitrogen flowing at five liters per 
hour for one hour at room temperatur and gave a 0,03 percent loss in 
weight. When this fluid was further subjected to vacuum stripping for 
five hours there was a 1.01 percent loss in weight. 

The effect of these small concentrations of volatile products 
was further elucidated In a series of test runs with the heavy naphthenic 
mineral oil, MLO 7625. The fluid was oxidized for a total of eight hours 
at 500oF (test run number 9)„ The product of this test was subjected to 
vacuum stripping for twelve hours and then oxidized for an additional 
eight hours (test run number 10). The oxygen assimilation values for 
these two test runs (number 9 and 10) are shown in Figures 34 and 35, A 
low rate of oxidation was recorded for the fluid from which the volatile 
products were removed (test run number 10), however, the shape of the 
curve is similar to that of the original.  The level of the oxygen assim- 
ilation curves is subject to changes within the reaction vessel due to 
bumping and the resultant temperature change and to analytical error due 
to variation in the signal to the gas chromatogiaph recorder. 

The errors due to signal problems with the gas Chromatograph 
recorder are the most difficult to determine and eliminate.  On any 
given day the concentration of oxygen could be determined to + 3 percent 
of the determined value. However, due to long time changes in the gas 
Chromatograph, directional drifts in the level of the entire set of 
oxygen values measured for a given system could change as much as seven 
percent over the year during which data were taken with the same Chrom- 
atographie unit. 

Oxygen absorption values as a function of test time may vary as 
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much  as + 10 percent ttom the smooih  curve because cf  the problems of 
bumping and the resultant temperature  cortrol for  tests using an air 
condenser       Tests using a heated  911   .-pare show less  than + 6 percent 
variation of  individual  points  ftc;n 'he    mocthed curve.    The differences 
between  the data points ubtaiA'&'J  in  the  cases  of  the  air condenser and 
the heated gas space provide  a good  indication of the problems  Involved 
In thermal  control of the test syr-rtm. 

In order to obtain gas samples  .for exhaust gas analysis  that 
fall within these error tolerance limits it  is necessary to take the gas 
samples under carefully controlled roi;dltiot.s.     The gas samples  taken 
through the capillary must be  taken at a flow rate somewhat below that 
of the total exhaust gas from the reaction to avoid leaks and contamina- 
tion from room air. 

Since the removal of the volatile products  from the fluid 
restored the oxygen assimilation level  to its original value or close 
to it, the shape of the curve of ox/gen assimilation, appears to be the 
result of the production and subsequent build-up of small concentrations 
of these volatile products in the  fluids ,     To check the validity of this 
theory, the original oil was oxidized for eight hours in test number 16 
and a 50:50 mixture of the oxidized product and the original stock was 
prepared and oxidized further for eight hours  (test number 17) c    The 
oxygen assimilation values for these two test runs  (number 16 and 17) 
are shown in Figures 36 and 37c    These data show that for the mixture 
containing the oxidized oil, including the volatile products (test run 
number 17),  the Initial high level pf oxygen absorption was not observed. 

This effect of oxidized products on the level of oxygen assimi- 
lation of the fluid has been observed by numerous investigators.    There 
is little evidence of attempt;, to determine the cause of the decreased 
rate of oxidation with time.    Suggestions have been made that the reduced 
oxidation rate may be due to the formation of natural inhibitors as 
oxidation products during the reaction.     If this is the case,  the effect 
of the inhibitor could be shown foi very small concentrations of the 
inhibitor in the oxidized stock.    A mixture of 10 percent of oxidized oil 
in virgin stock was prepared and oxidized in test run number 18.    The 
oxygen assimilation values are shown in Figure 38,    There is essentially 
no difference in the values for this  test  from those from the oxidation 
of tht  pure oil in test number 16,     The product of test run number 18 
was st ijected to vacuum stripping for 12 hours and then oxidized for an 
additional eight hours in test run number  19,    The  results, in Figure 39, 
show that  the level of oxygen assimilation rose to essentially the orig- 
inal level exhibited by the virgin stock..    The shape of the curve follows 
the trend obtained by the oxidation of   the virgin stock.    The level of 
oxygen absorption rose to a high value  and rapidly decreased to a lower 
steady value,,    The decrease to the lower value is decidedly more rapid 
for the degassed,  degraded fluids  than for the virgin stock,    The shape 
of these curves could also result from the oxidation of easily oxidizable 
materials in the oil.    To investigate this theory, the product of the 
reaction in test run number 19 was subjected to liquid column chromato- 
graphy, where the liquid product was percolated through alumina to sepa- 
rate the unoxidized fraction from the oxidized fraction of the oil.    The 
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unoxldlzed fraction of the oil was then oxidized for eight hours In test 
run number 20. The oxygen assimilation values shown In Figure 40 are 
almost Identical to those of the virgin stock and the 10 percent oxidized 
oil In the virgin stock. The percolation of the degraded fluid Is also 
an effective degassing procedure. A check run was made with the virgin 
fluid In test run number 21» The results of this test are shown in 
Figure 41. Th* oxygen absorption curve for this test Is similar to those 
of tests nuober 16, 18 and 20. 

The series of test runs 16 through 21 has shown that the shape 
of the oxygen absorption curve Is probably a result of the production 
an*  build up of sfcall concentrations of volatile products In the fluid. 
The removal of these products appears to restore the level of oxygen 
absorption to Its original level. No evidence has been found to support 
the theories that natural inhibitors are formed as reaction products 
during the oxidation of lubricating oils or that easily oxldlzable com- 
ponents in the oil are oxidized rapidly at the beginning of the reaction. 
These data have shown that the addition of oxidized fluid to the virgin 
stock in quantities sufficient to provide enough volatile products to 
affect diffusion of oxygen into the oil, would inhibit the oxidation at 
high temperatures, by reducing the rate of diffusion of oxygen into the 
oil. 

c. System Tenperature 

(1). The Effect of the Exothermic Reaction. The 
oxidation of a lubricating oil is an exothermic reaction. The amount of 
heat evolved depends on the extent of reaction between the oil and oxygen. 
At high temperatures, the heat generated by the oxidation reaction af- 
fects the system temperature appreciably. Temperature measurements were 
made in the vapor and liquid phases during the oxidation of a low boiling 
naphthenic mineral oil MLO 7797. The low boiling naphthenic oil was 
selected to Include significant liquid end vapor phase reactions> The 
temperatures were measured with copper-constantan thermocouples. The 
thermocouple in the liquid phase was placed in the path of the air bub- 
bles. Two separate tests were conducted for a system with a heated 
Jacket and one with an air cooled condenser-  Figure 42 shows the tem- 
perature in the liquid phase for the two tests as a function of time. 
The corresponding values for the vapor phase temperature are shown in 
Figure 43. 

These measurements were made by first bubbling nitorgen through 
the oil until a steady state temperature was attained  This temperature 
was attained within twenty minutes and recorded as the temperature at 
zero time.  It can be noted that the temperature of the fluid with 
i crogen mixing but no reaction Is 484°F or 16'F below the constant- 
temperature bath. The cooling effect noted from a flow rate of five 
liters per hour of nitrogen Is assumed to be a combined function of the 
heating of the cold nitrogen by the oil and the limited heat transfer 
through the glass tube from the 500oF bath. 

The magnitude of the temperature Increase when air is substi- 
tuted for nitrogen is Indicative of the extent of reactionr However, It 
should be noted that these temperatures are measured in a non-equilibrium 
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system where heating and cooling forces operate simultaneouly*    There Is 
an Initial Increase of 8.5eF for the reaction with the heated jacket and 
an Increase of 4.40F for the reaction with  the air cooled condenser.    The 
lower temperature of  the test with the air cooled condenser is due to 
the cooling effect of  the refluxlng condensable products  for which the 
bulk liquid must resupply the sensible and latent heat of vaporization of 
these condensed vapors.    The temperatures of  the  test with the air cooled 
Jacket also show fluctuations.    These are caused by collection of liquid 
drops in the  condenser and the nonuniform return of  these materials to 
the liquid reservoir.    All of the temperatures recorded are representa- 
tive of system temperature at a specific time.    It  is not feasible to 
draw a smooth curve  through the points.    The  temperatures recorded for 
the test with the heated jacket show less variation because of the sub- 
stantial  reduction of refluxlng and bumping in the system.    This reduc- 
tion of  the cooling effect gives a temperature Increase for the test 
liquid that Is approximately that due to  the heat of reaction. 

The  vapor temperatures in Figure 43 show trends similar to the 
liquid temperature,    A temperature increase of 80F was recorded for the 
reaction in the gas phase with the air cooled condenser compared with an 
Increase of S9eF in  the gas phase for the  test with the heated jacket. 
However,  the vapor temperatures in the air  condenser are subject to 
cooling and condensation at  the condenser wall. 

The cooling effect of these condensed vapors and the heat  loss 
at  the condenser wall is dramatized by  the difference in vapor tempera- 
tures with the heated jacket and air condenser system.    The heated 
jacket was maintained at about 2123  to 2i4eF>  to prevent the condensation 
of water and other equally volatile products on the walls.    The jacket, 
therefore,  served to  reduce substantially heat loss at  the condenser wall. 
The temperatures measured In this vapor  space  for the system with the 
heated vapor space were generated from the heats of  reaction of vapor 
phase oxidation, 

(2).    Effect  of  the Heated Jacket .    The use o.v: the 
heated jacket on the  gas space in  the oxidation  tube promotes  the  removal 
of volatile products.    This system design substantially decreases the 
loss of heat   through the condenser walls.    The resultant high vapor  tem- 
peratures  increase  the vapor phase  reaction  rates.     The vapor  temperature 
is 220''F higher  in apparatus with the heated Jacket   than in the apparatus 
with the air condenser.    The reduction of  reflux from the condenser also 
affected the  temperature of the  liquid  resulting in a temperature increase 
of  3CF.    This  temperature increase is in agreement with the differences  in 
temperature and oxidation rates nored between oxidation tests with and 
without excessive bumping from condensation. 

These differences  in liquid and vapor temperature appear to have 
a significant effect on  the  rate of  assimilation of  oxygen by the fluid. 
The major  increase  in oxygen assimilation appears  to occur  in the vapor 
phase.    The high boiling naphthenic mineral  oil, MLO   7625 was oxidized 
at  SOO'F in one  test with an air condenser and the other with a heated 
Jacket.     The comparison of  oxygen assimilation  values  for these two 
tests is shown in Figure 44      The  test with  the heated Jacket   consumed 
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SO percent note oxygen than the one with  the air-cooled condenser,     The 
difference in liquid phase  temperatures is approximately 40F which would 
predict a 22 percent Increase in rate if the  reaction were kinetlcally 
controlled      This would attribute   about  28 percent of the  reaction to 
vapor phase oxidation.    To illustrate  this point  further similar tests 
were run with di-2-ethylhexyl sebacate.     The  results of these tests are 
shown in Figures 45 and 46.    There was  a dramatic increase in ehe amount 
of oxygen absorbed by the ester in changing from the air condenser to the 
heated Jacket-    The heated jacket test  consumed about 2.6 times as much 
oxygen as the air condenser test.    The degradation of the ester was 
monitored by temperature-programmed gas  chromatography.    The fraction of 
unoxldized molecules remaining in the degraded fluid was calculated for 
hourly samples and plotted as a function of time in Figure 47.    These 
results show that the test with the heated Jacket was 1.2 times as 
severe as that In the air-cooled condenser.    The remainder of reaction 
which occurred Is  therefore due to the oxidation of primary and secondary 
reaction products In the vapor phase. 

The vapor pressure of the mineral oil MLO 7625 and di-2-ethyl- 
hexyl sebacate are about the same.     In both cases little vapor phase 
oxidation Is anticipated because of the low vapor pressure  (10 to 15 mm 
Hg)  of the original  fluid at 5000F.    The increase in vapor phase oxidation 
In both cases is due to the primary oxidation products that are more 
volatile than the original material:    The ester decomposition in the 
liquid phase generally yields a C. olefln which would be volatile at the 
test  temperature.     The primary liquid phase oxidation product of the 
mineral oil Is probably no more volatile  than the original mineral oil. 
Secondary oxidation products of  the mineral oil may produce volatile 
products.    The relative Increase in oxygen uptake in the case of the 
heated gas space does correlate well with the relative amounts of volatile 
oxidation products produced in the  liquid phase. 

For most tests performed with  the air-cooled condenser on  the 
ester and mineral oils,  an average of  30 percent  of oxygen was absorbed 
by the fluids,    The temperature profile cf the  reactions suggests that 
little vapor phase reaction occurred under these circumstances.     The  30 
percent of oxygen absorbed is therefore  attributed to liquid phase oxi- 
dation of the fluids.    The remainder of  the absorbed oxygen is attributed 
to vapor phase oxidation of volatile oil  and volatile  reaction products. 
On this baris it was  calculated that  an  average of 0.019 mole of oxygen 
or 47.5 percent of  the absorbed oxygen  reacted in  the vapor phase during 
the oxldati.. » of the ester.    From the liquid product analysis  in Figure 
47 and previous data (Table 9),  it was determined that an average of 
0.0065 mole of volatile reaction products   (average molecular weight  175) 
was available  in the vapor phase  for reaction.     This  corresponds  to 3.0 
mole of oxygen reacting with each mole of reactant ,    Di-2-ethylhexyl 
sebacate Is a high boiling ester.     Therefore  the vapor phase  reactants 
would involve essentially no original ester.    The multiple reaction of 
Intermediate products is substantiated by the dramatic increase  in the 
production of carbon monoxide and carbon dioxide.     The percentages of 
carbon monoxide in the exit gases of  the  two  tests with dl-2-ethylhexyl 
sebacate are compared in Figure 48.     The percentage of carbon monoxide 
In the heated jacket  test is 5.4 times  as much  as  that  in the  test with 
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the air condenser.  (Due to experimental difficulties carbon dioxide 
determinations were not done In this experiment.)  The Increase In pro- 
duction of carbon monoxide which is a product of Incomplete oxldati a 
indicates multiple oxidation of a hydrocarbon or oxygenated molecutes. 

In the series of mineral oils tested, it was determined that a 
small percentage of the virgin fluid was removed by the stripping action 
of the air flow (Figure 15). Using these values and the assumption 
that 30 percent of the available oxygen was due to liquid phase oxida- 
tion, It was determined that one mole of the vaporized fluid reacted 
with or consumed about one mole of oxygen in the initial oxidation reac- 
tion of each of the oils. 

These results show that the major differences measured in the 
tests with the heated jacket was in the vapor phase oxidation of the 
fluids and their reaction products. The heated jacket, while offering 
better control of some of the reaction variables, shifted the emphasis 
of the reaction from the llquM to the vapor phase.  High temperature 
oxidation tests with heated vrpor space may be misleading as a basis for 
relative oxidation stability or oxidation rate,  it can be seen that the 
oxygen assimilation can be changed substantially by vapor phase oxida- 
tion. The effect of low volatility products, if any, formed by the vapor 
phase oxidation provide- an unknown effect on the liquid product and the 
liquid phase oxldacloa. 

(3) .  The Effect of Geometry.  The geometry of the 
test system is an important consideration in the interpretation of data 
from an oxidation test.  In this study, three different sizes of oxida- 
tion tubes were used; regular, semlmlcro and micro. Approximately the 
same height of liquid In the test tube was maintained with fluid charges 
of 200 milliliters In iw.he regular tuhe, 65 millillters in the semlmlcrf 
tube and 25 milliliters la the micro tube. The inside diameters of the 
three tubes are 34, 18, and 10 millimeters, respectively. The air inlet 
tube has an outside diameter of eight millimeters.  This allows an annular 
space of 13, 5, and 1 millimeters, in the regular, semimlcro and micro 
tubes respectively, between the wall of the oxidation tube and the air 
tube.  The nverage air bubble diameter from the standard air tube was 
determined to be 9.8 millimeters.  In test systems where the annular 
space is smaller than the diameter of the air bubble, the shape of the 
bubble is distortad and the time of rise is altered  In extreme cases 
such as the micro test, the formation of large bubbles by coalescence 
has been observed.  In the micro apparatus the bulk of the fluid is 
forced to provide a good contact with the air-oil interface. That is, 
the rising bubble tends to fill the annular space except for a thin film 
of liquid on each tube wall. The degree of mixing and the overall geo- 
metry in the micro test provides for much better diffusion per unit 
volume cf liquid than Is the case in the other two tests. 

The rate of diffusion of oxygen Into the oil would be the same 
for the same bubble slz3, bubble contact time and temperature« These 
factors are essentially the same for the full size and semlmlcro tests. 
In the case of the micro test the time of contact may be about twice 
that in the other two tests and, in addition, fluid mixing and the thin 
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layer of fluid between the bubble and the tube walls should tend to favor 
a higher reacticn rate than in the other two tests      The same amount of 
oxidation in smaller liquid volumes should also  cause a more rapid buildup 
of volatile oxidation products which may reduce the  driving force for thn 
diffusion of oxygen into the oil.    The vapor phase oxidation effect has 
been shown to be important in these high temperature  oxidation tests.    The 
size of the vapor space is not significantly different tn the three tests. 
The liquid-vapor space interface does differ significantly.    It is assumed 
that  the mechanism of transfer to the vapor phase is  primarily volatility 
and entralnment.    The role of the excess air is to sweep away continuously 
the volatile molecules as they leave the liquid surface, and to contribute 
to the entrainment of less volatile material into the gas space and thereby 
contribute to vapor phase oxidation.    Entrainment loss should increase with 
the reduction in free surface of the test tube and the outside diameter of 
the air tube.    The vapor phase oxidation effect should therefore increase 
in order from the regular to the semimlcro to the micro test. 

To determine the over ill effect of these factors affecting oxir 
dation rate as a function of test system size and geometry, a series of 
runs in the regular and semimlcro test systems was made using di-2- 
ethylhexyl sebacate,,    The results of these tests are shown in Figure 49. 
The data show an Increase rate of oxidation for the  semimlcro  test over 
the regular test based on percent of the oxygen assimilated.     It should 
be emphasized that  the di-2-ethylhexyl sebacate shows  a substantial com- 
ponent of vapor phase oxidation in the tests previuously described.    It 
appears that the increase in total oxidation reaction in the semimlcro 
test over the regular test is probably due primarily  to the vapor phase 
oxidation component.    The oxidation rate for these tests is shown on 
Figure 50 based on moles of oxygen reacted per mole of fluid.    In this 
comparison the increased oxidation rate for the semimlcro test is more 
apparent      The moles of oxygen per mole of fluid Is   three times as high 
in the semimlcro test  as in the regular test but the rate of reaction is 
about  four times  as high.    These comparative tests were evaluated in a 
third way as shown in Figure 51.     In this case the percentage of unreacted 
di-2-ethylhexyl sebacate was determined by temperature-programmed gas 
chromatography.     The semimlcro test on this basis appears to be about 1.3 
times as sevexe as the regular test based on the percent of original ester 
oxidized.    It should be emphasized that  this analysis applies only to the 
liquid phase product remaining in the test tube after the test.    These 
three evaluations of oxidation imply ti, at  the amount of vapor phase oxi- 
dation both primary and secondary is very high in these tests.    The data 
indicate further that  there is probably a higher percentage based on the 
charj-e of the liquid in  the semimlcro test that is  vaporized and entrained 
into  the vapor phase  than is  the  case with the  regular test      The rela- 
tively high component of vapor phase oxidation is shown by other tests on 
di-2-ethylhexyl sebacate conducted  In this series 

A comparison between oxtdatlve severity  in the semimlcro and 
micro oxidation test procedures has been carried out with a paraffinlc 
mineral oil, MLO  7789-     An eight-hour test tiiri \as been used in this 
comparison at 500oF and  an air rate af five liuets  per hour as shown in 
Figure 52,    In general the paraffinlc mineral oil  shows  about   the same 
rate of oxidation in the liuqld phase but less vapor phase oxidation than 
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the dlester used to compare the regular and semlmlcro tests.    The semi- 
micro test for the ester and oarafflnlc mineral oil compare very well 
as shown by Figures 49 and 52 and 50 and 53, respectively.    The compari- 
son of the oxygen assimilated shows clearly a higher rate in the micro 
than in the semlmlcro test.     The trends are consistent in that the smaller 
the volume of liquid and the better the air-oil contact with increased 
volatility loss and entrainment the higher the amount of oxygen assimi- 
lated.    The higher level of oxygen assimilated in the micro test is also 
shown in Figure 53 by the 4 to 1 ratio of the moles of oxygen reacted per 
mole of fluid compared with the semlmlcro test.    The wide boiling range 
of the paraffinic oil precludes a quantitative evaluation of the remaining 
virgin fluid after the test by simple temperature-programmed gas chroma- 
tography.    The similar trends between the regular and semlmlcro test,  and 
the semlmlcro and the micro test show a consistent  and significant trend 
based on the geometry of the test system. 

d.    Products of Oxidative Degradation.    A complete identi- 
fication of the products  formed during the oxidation of uncatalyzed di-2- 
ethylhexyl sebacate  at 500oF is discussed In AFML-TR-70-304,  Part III.    A 
list of these products is shown in Table 9.    Of the products identified, 
2-ethyihexyl perlagonate is produced in the largest percentage.    Other 
products identified are 2-ethyl-l-hexene, 2-ethyl-l-hexanol and jnono-2- 
ethyl-hexyl sebacate.    The olefin 2-ethyl-l-hexene is stripped out of 
the oxidation apparatus along with 2-ethyl-l-hexanol and collected in 
the hold trap.    Other products detected in the condensed vapor are 2- 
heptene,  3-heptanol and 2-ethyl-l-hexanol. 

In this study the liquid product of the oxidation of the ester 
was analyzed by temperature-programmed gas chromatography and the per- 
centages of unoxldlzed and 2-ethylhexyl perlagonate determined for hourly 
samples.    To check the reproduciblblity of the results obtained,  the 
percentage of unoxldlzed ester remaining In the oxidation apparatus during 
a test  run In this study is  compared with similar values  reported in Table 
9.    This  comparison is made on Figure 54.    Figure 55 shows  the comparison 
of the percentages of 2-ethylhexyl perlagonate formed in the two tests. 
The two curves show generally good agreement for these  tests  conducted at 
least one year apart. 

No detailed analysis was performed on the liquid product in this 
study.     The exit gases were analyzed at hourly intervals  for each test run. 
The analysis of these  gases was done on a Perkln Elmer Model 156 Vapor 
Fractometer using a 5A molecular sieves column maintained at  100eC to 
analyze  for oxygen, nitrogen,  carbon monoxide and methane,,    A hexylmethyl- 
phosphoramlde column maintained at 330C was used to  analyze  for carbon 
dioxide and C»  to CL  alkanes and alkenes.    On the 5A molecular sieves 
column used,  carbon monoxide and methane have almost Identical retention 
times and a mixture of both  appeared on one peak with a slight shoulder. 
The results obtained  from this peak are reported as  carbon monoxide and 
methane.    However,  it  is believed that methane comprises  a small fraction 
of  the  gas. 

The analysis of the gaseous products shows small  concentrations 
of  carbon dioxide,  carbon monoxide and methane,  along with  traces of C„ 
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to C,. alkanes and alkenes.     The percentages of carbon dioxide and carbon 
monoxide-methane produced in the oxidation of di-2-ethylhexyl sebacate 
at  500oF are shown in Figure 56.    There is a noticeable difference in 
the production of these gases  for the oxidation of  the ester and the 
oxidation of the mineral oils.     In the oxidation of the ester, more car- 
bon dioxide than carbon monoxide-methane is  formed.     The  reverse is true 
for the oxidation of the mineral oil.    The percentage of carbon dioxide 
and carbon monoxide-methane  formed during the oxidation of the heavy 
naphthenlc mineral oil, MLO 7625, is shown in Figure 57.     In the oxida- 
tion of the ester,  carbon dioxide is produced by decarbonxylatlon of the 
original ester and ester products of the reaction.     In the oxidation of 
the mineral oils,  carbon dioxide is produced by oxidative degradation 
of the carbon chain.    The production of these gaseous products increases 
with increased oxygen assimilation by the fluid.    In the oxidation of the 
five mineral oils which absorbed different amounts of the available oxy- 
gen,  the amount of carbon monoxide-methane produced closely followed the 
oxygen absorption trends.     The percentage of carbon monoxide-me thane pro- 
duced in these oxidation tests is listed in Table 10 and plotted in Figure 
58.    The shapes of the curves for these gases closely resemble those of 
the oxygen assimilation curves for the respective oils.    No carbon dioxide 
determination was performed on these fluids. 
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SCALE;   APPROXIMATELY 
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Figure 2.     GLASS APPARATUS FOR OXIDATION TESTS 
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Figure 4. MODIFIED OXIDATION APPARATUS WITH HEATED JACKET 
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Figure  5.     GAS SAMPLING APPARATUS 
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Figure  8.     WIRING DIAGRAM FOR HIGH TEMPERATURE OXIDATION BATH 
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Table 1 

OPERATING CONT/ITIONS FOR PERKIN ELMER 
MODEL 134 VAPOR FRACTOMETER 

Inlet Pressure Oven 
Column Length,  Ft. of Helium Temperature,      Sample 

pslg 0C. Size,  pi 

5A 
molecular 

selves 
20 10 100 200 

hexamethyl- 
phosphoramide 

3-ß-oxydi- 
propionitrile 

27 
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Table 2 

OPERATING CONDITIONS FOR 
TEMPERATURE-PROGRAMMED GAS CHROMATOGRAPH 

Column Slllcone iAnbber on 10 percent S.E. 30 

Column 
Dimensions 

Stainless Steel tubing, 1/4 inch o.d. 
2 feet long 

Detector 
Temperature 6260F, 

Injector 
Temperature 5720F. 

Oven 
Tempe rature 1220F.  to 6080F.  at 13.50F. per minute 

Carrier Gas Helium 

Flow Rate 60 millillters per minute 
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Table 5 

PREDICTION OF FLUID VISCOSITIES AT 500oF. 

Fluid Descriptions Shown in Table 3. 

-,,..„. _         Viscosity at 210oFt, Calculated Vise. 
Fluid Designation ' . -^no,,      (l) 6 cs. at 500 F., es. vx^ 

MLO 7710 3.32 0.82 

MLO 7625 8.14 1.09 

MLO 7789 3.11 0.73 

MLO 7478 3.35 0.84 

MLO 7797 2„27 0.565 

MLO 76«5 1.24 0,42 

Calculated from procedures compiled by L. T. Eby ("Tables for 
Determination of ASTM Slope and Prediction of Viscosities," 
Chem. Div., Standard Oil Devel. Co., July 21, 1946. 
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Test Fluid: As Indicated 
Test Conditions:    Temperature ■ 500 ± 30F., Nitrogen at 5 1/hr 

Charge - 65 ml In a Semi Micro Tube with an Air Cooled Condenser 
Fluid Description Shown in Table 3, 

4.0 

T 
o 

m 
o 

MLO 7685 
MLO 7797 

MLC 7478 

W 0 7789 
MLO 7628 

(10% L.p. 
(10% b p, 

(10% bsp, 

(10% b.p. 

(10% b.p. 

- 440oF.) 
- 558'F.) 

- 5890F.) 

- 6780F.) 

- 7580F.) 

-d 
7 

Figure 15.  Volatility of Test Fluids 
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Table 7 

PERCENTAGE OF AVAILABLE CJCYGEN ABSORBED BY THE FLUIDS 

Fluid Descriptions Shown in Table 3. 

e      i Fluid Designation 

Time, hrs,                 7625                7789 7478 7797 7685 

0.5                          33=36              40.02 64.32 42.65 73.88 

1 31.40              44.21 74.31 45.23 93.95 

2 31.57              44,28 72.00 48.30 87.27 

3 37 11              43 54 49.82 42.39 75.47 

4 34.07              37.13 46 64 43.67 68.95 

5 31.16              37.60 44=11 36.59 69.92 

6 32 20              39.02 41,15 39.22 68.99 

7 35 08              37  37 46.93 38.27 64.54 

8 —                  38.45 43.42 36.60 62.51 

Average                       32 24              40.20 53 63 41.44 73.94 
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Test Conditions:  Test Temperature - 500 i 30F., Air Flow - 5 ± 0.5 1/hr 
Fluid Charge ■ 65 ml in a Semi Micro Tube with a 
Heated Jacket 

Fluid Description Shown in Table 3 
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Percent   cf Oxygen Absorbed at 4 Hours 

Figure  21       RELATIONSHIP OF OXYGEN ABSORPTION AT  FOUR HOURS TEST TIME WITH 10 
PERCENT BOILING POINT 
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Table 10 

PERCENTAGE OF METHANE AND CARBON MONOXIDE PRODUCED 
IN THE OXIDATION OF MINERAL OILS 

Fluid Descriptions Shown in Table 3. 

,                      Fluid Designation Sample  *  
Time, hrs.       7625       7789       7478       7797      7685 

0.5 1.08      1,32      2.42       1.26      4.88 

1 1 14 1,81      4 58       1.85      8.02 

2 1 04 2,03       4,42       2,19       7.54 

3 1 57 2.10       2,49       1,97       6.16 

4 1.34 1,72       2 38       1.87       5,27 

5 1.54 1.88 

6 1-55 1,61 

7 1 73 1.38 

8 —       1.89 

2.13 1.43 5.73 

1.93 1.81 5.61 

2  17 1.64 5.86 

1 93 1.74 4.68 
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Test Fluid: 
Test Condition: 

As Indicated 
Test Temperatures - 500 ± 30F., Air Rate - 5 ± 

0.5 1/hr, Charge - 65 ml in a Semi Micro Tube 
with Heated Jacket 

3       4 

Time in Hours 

Figure 58,  CARBON MONOXIDE-METHANE PRODUCED IN THE OXIDATION OF 
MINERAL OILS 
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C.     STUDIES OF CHEMICAL REACTIONS  IN BOUNDARY LUBRICATION. 
Boundary lubrication has become Increasingly Important In recent years 
due to the general Increase In beaming loading and design In both Indus- 
trial and aerospace technology.  In most cases lubricant degradation Is 
observed as a result of boundary conditions.    The principal result of 
this lubricant degradation Is the formation of Insoluble sludge.    The 
boundary lubrication process comprises chemical reactions at localized 
high temperature zones Involving the lubricant components and the metal 
surface.    The sludge is a result of these chemical reactions at the 
wear site. 

Sludge  formation is  generally associated with poor lubricant 
performance.    Some investigators have recently suggested a friction 
polymer (sludge) mechanism as an effective method of improving elasto- 
hydrodynamic lubrication  (EHD) by providing surface rheology different 
from bulk viscosity properties. 

The object of this study is to determine the conditions under 
which the sludge is formed in boundary lubrication.    The concept of 
friction polymer in EHD lubrication has been included in this study. 
It has been shown in previous static studies that the organometallic 
portion of the sludge is strongly adsorbed on the wear site and may be 
an effective  film to prevent  further wear.    The  film thickness has been 
assumed to be within the elastohydrodynamic range. 

The second object has been to distinguish between the behavior 
of a reactive and a nonreactlve lubricant.    To establish a reaction 
mechanism as  the most Important step In the wear reactions,   the effects 
of surface temperature,  catalysis and reactions in the system must be 
considered.    A study of fluid oxidation suggests a method by which 
oxygen may react with the fluid to produce a lubricant oriented sludge 
rather than a metal oxide.    Oxidation reactions  for typical mineral oils 
and esters become  rapid at  temperatures above 400oF.    The reaction of 
oxygen with the lubricant  in which It Is dissolved will tie up the 
oxygen chemically before reactions with the metal surface take    place. 
A better definition of the conditions favoring organic or organometallic 
sludge  formation due  to chemical reaction should aid in future investi- 
gations of  the boundary lubrication mechanism. 

1.    Apparatus  and Procedure for Collecting and Analyzing Reac- 
tion Products  in  a Wear Test.     A modified  Shell  four-ball wear tester 
and an atomic absorption spectrophotometer were used to obtain data for 
this study.    The  test results are then applied  to a lubrication model 
for boundary lubrication conditions. 

a.     The Shell Four-Ball Wear Tester.     A diagram illustra- 
ting the essential working parts of a wear tester is  shown in Figure 59. 
The range of  lubrication studied by the conventional  four-ball tester is 
in the elastohydrodynamic and boundary regions.     As  the wear progresses 
in a four-ball wear test,   the beating area increases  and the unit  loading 
decreases      Thus   the boundary  conditions become  less  severe  approaching 
elastohydrodynamic  lubrication.     The main advantage of the   four-ball wear 
tester  is that   the  surface  finish of  the bearings  is not  a test variable. 
Fresh surfaces  are  continuously exposed to  the  lubricant during a test. 
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The test cup containing the liquid lubricant is open to the 
atmosphere in a conventional Shell fcur-ball wear tester,    A controlled- 
atmosphere version of  this wear tester incorporates a liquid seal sur- 
lounding the ball pot.     This allows  the imposition of any desired atmo- 
sphere over  the  lubricant during the  test.     This liquid seal allows 
motion of  the ball pot  about  the axis ct  the  rotating ball-    The seal 
between the atmosphere shield and the spindle housing is not gas tight. 
Therefore,  a constant  flow of the test atmosphere from the enclosed 
space to the  room is maintained.    This positive flow rate prevents coun- 
ter diffusion-    A diagram Is presented in Figure 60. 

The controlled atmosphere  Is supplied to the ball pot by a 
system shown in Figure 61 for tests under a nitrogen or argon atmosphere 
and by the system shown in Figure 62  for runs  In an air atmosphere.    When 
air is used,  it  is first reduced from line pressure to about three pslg. 
It  is  then filtered through calcium chloride  to remove any moisture.     The 
gas  flow rate  to the ball pot is regulated by a needle valve preceding 
the capillary restriction.    The pressure drop  across  the  capillary re- 
striction is measured by a differential manometer.    When a nitrogen or 
argon atmosphere  is used,  the gas bottle Is  connected to  the supply sys- 
tem at a point near the vlbratlonal damper on Figure 59,     The gas pres- 
sure is reduced at  the gas bottle to a pressure of  about  three pslg. 

All the  tests  for this study have been conducted within the 
following conditions: 

Test  time - 10 to 150 minutes; 

Tes:  temperature - 167    or 400oF; 

Speed ■ 600 r-p m.   (-40 cm/sec sliding velocity); 

Load • 1, 4,  10,  20 or 40 kg; 

Atmosphere - dry air at 07 liter hour, 
nitrogen at  4 8 liters/hour,  or 
argon at 4,8 liters/hour;  and 

Bearings -  52-100 steel,  PRL batch Nos,   14 and 15; 
0 5 inch diameter . 

The 52-100 steel balls  are supplied by SKF Industries with a tolerance 
of +0.25  x 10"^  inch  in diameter.    The composition of  these balls is 
shown In Table  11 
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Table 11 

Composition of 52-100 Bearing Steel 

Element Weight Percent 

Carbon 0.95-1.10 
Manganese 0.30-0.50 
Phosphorus 0.025 Max. 
Sulfur 0.025 Max. 
Silicon 0.2-0.35 
Chromium 1.2-1.5 
Iron Remainder 

The Shell four-ball wear tester is standardized by comparing the wear 
properties of a series of standard fluids under well defined test 
conditions  Super-refined mineral oils were used to evaluate the 
overall procedure and wear specimens. 

A new set of ball bearings Is used for each wear test. The 
balls are first cleaned with pyridine, scrubbed with tissue paper, 
rinsed with naphtha and acetone followed by air drying. The balls are 
not touched by hand after the cleaning procedure. 

Three balls are locked in the test pot and the fourth is 
placed in the spindle. The ball pot, prior to loading, has been cleaned 
using the same procedure described for the balls. About 20 mllllllters 
of test fluid is charged to the pot. The quantity of fluid assures 
complete coverage of the balls in the ball pot and the contacts between 
the rotating and stationary balls for the complete test. 

The assembled ball pot is placed on the heater and the thermo- 
couple leads are connected. The entire assembly is then placed on the 
ball pot mounting bearing and the restraining spring is connected. The 
desired temperature is set on the temperature controller and the heat 
Is turned on. When the test fluid reaches the test temperature, the 
lever arm containing the desired load is lowered gently from the no-load 
to the load position. The ball pot is centered beneath the spindle to 
assure even distribution of the load on the three lower balls. This Is 
checked by placing a level on the lever arm. The motor Is started and 
the test Is allowed to run for the desired time.. 

In the case of an air atmosphere, 20 mllllllters of test fluid 
is charged directly to the ball pot and dry air at the rate of 0 7 liters 
per hour flows through the ball pot continuously during the test. The 
system is depicted in Figure 62. 

In the case of a nitrogen or argon atmosphere, the flow system 
during the tests is the same as for dry air. The total atmosphere con- 
trol system does include provisions for degassing the fluid and gas 
saturation of the lubricant prior to charging to the ball pot  The 
conditioned liquid charge can then be added to the ball pot without 
exposure of the test fluid to the laboratory atmosphere. A diagram of 
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the system Is shown in Figure 61, A complete test using the controlled 
atmosphere system includes the following steps. 

First, the wear tester pot is cleaned and set up for the wear 
test. The desired test atmosphere at the designated rate is run through 
the system for five minutes to replace the air with the test atmosphere. 
The test fluid is placed in the graduated degassing tube and heated to 
about 1800F  Valve B is opened and valves A and C are closed, A vacuum 
of about 25 millimeters of mercury Is applied to the fluid for about 
twenty minutes until the formation c£ bubbles ceases.  Valve A is opened 
slowly and valve B is closed to bring the system to atmospheric pressure. 
When the system has reached atmospheric pressure, valve C is opened to 
purge the wear tester of air. The test atmosphere is bubbled through 
the system for about twenty minutes at a rate of 4 8 liters per hour. 
The fluid charging tube is lowered in the fluid as shown in Figure 61 
and approximately 20 milliliters of the conditioned fluid is charged 
to the pot  When the fluid has been charged, the tube is raised above 
the fluid level to allow the test atmosphere to flush the pot contin- 
uously during the wear tesc.  The free space above the ball pot is 
about 0,0708 liter at any time.  It was found that a gas flow rate of 
0.08 liter per minute or 4.8 liters per hour provides a positive flow 
through the test pot and a positive leak through the spindle bearing 
system thereby creating the maximum pressure drop that can be contained 
by the liquid seal surrounding the ball pot 

Wear scar diameters are measured with a microscope containing 
a calibrated scale in the ocular lens. Measurements are made so that a 
strip of light is continuous in intensity throughout the diameters on the 
axis parallel to the striations.  If the wear scars are not circular, the 
diameters are measured both parallel and perpendicular to the striations 
and are averaged-  In both cases, the scar diameters of the three station- 
ary balls are averaged-  The spindle ball halo width is also measured and 
recordedr 

b, Atomic Absorption Spectroscopye  The principle of 
atomic absorption spectroscopy and its application to analysis of metals 
has been described in detail in previous reports- Briefly a liquid 
sample is converted into an atomic vapor by a fl^me and irradiated by 
a light from a source whose emission lines are those of the metal being 
sought  The absorption of the light by the valorized sample Is related to 
the concentration of metal in it. 

The atomic absorption spectrophotometer used in this study is 
model 303 Perkin-Elmer Corporation instrument  It was used in conjunc- 
tion with the Perkin-Elmer automatic null recorder readout and a Servo/ 
riter II Potentiometrlc Recorder, Model PS01W64, made by Texas Instruments. 
Basically, the Model 303 is a double beam single detector instrument 
The light beam from the spectral source is split by a rotating chopper. 
Half of the beam is used as a reference beam while the other half passes 
through the sample flame. Both halves pass through the monochromator, 
enter the detector and are compared. The ratio of the intensities of 
the two beams is related to the metal concentration in the sample, and 
is read out as a percent absorption on the recorder chart as shown in 
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Figure 63c    A block diagram of the instrument Is shown In Figure 64, 

The procedure used In operating Model 303 Atomic Absorption 
Spectrophotoner is presented in previous reports      Briefly,  the proper 
source lamp Is installed in the instiument and the standard conditions 
are sett    The source lamp is an Intensltron lamp and is approximately 
ten percent more sensitive In absorption and qualitatively less noisy 
than an iron cathode lamp. 

Since diluted oil samples caused frequent fouling of the single 
slot standard burner head, a three slot boiling burner head was used. 
This burner head increases sensitivity by approximately ten percent by 
increasing the flame cross-section and the gas flow rate. 

A calibration curve is developed by using a series of standard 
solutions in the atomic absorption spectrophotomerr    A typical trace Is 
shown in Figure 63 and the calibration curve is shown in Figure 65.    The 
correct aspiration rate  for a given viscosity of solution is also deter- 
mined by calibrating with solutions of known viscosity.    These solutions 
were made by diluting super-refined parafflnic mineral oil (viscosity at 
1003F - 13.1 cs.) with pyridine according to the blending procedure given 
in ASTM viscosity temperature chart D-341-43 followed by experimental 
confirmation in the laboratory using modified Cannon-Fenske viscometers. 
The calibration curve is presented in Figure 66.    The aspiration rate IS 
measured using a five-millimeter graduated cylinder and noting the amount 
injected for one minute. 

The pyridine used In this study was redistilled in the labora- 
tory-    The redistilled pyridine, blank oil specimens,  and filter papers 
were all tested for iron content.    No iron was found within detectable 
limits. 

Co    Analysis of Wear Debris.    The wear debris,  after a 
test,  is filtered quantitatively and the total amount of debris is noted. 
This debris is then divided into various factions by solvent  treatment 
and analyzed for metal by atomic  absorption.    The portion of  the deb.is 
soluble in pyridine has been shown to be an organic metallic product 
(soluble metal)  and the  remaining portion which is  Insoluble  In pyridine 
and soluble la hydrochloric acid solution has been reterred to  as  in- 
soluble metal      The  test oil is  also analyzed tor metal content and this 
organomecallic product has been called oil soluble metal, 

(1).     Filtration and Weighing,    A metrieel   (0.45 
micron)   filter paper has been found to be very good  for determining 
quantitatively small amounts of debris      The filter paper Is pretreated 
by filtering 50 millillters of naphtha solvent through the unit-     The 
pretreated paper is then dried at 90,:C for one hour  and cooled  for one 
hour  In a dessicator,  until a constant weight is achieved      The weigh- 
ings are made on a Mettler model  2750 B6, semimlcro,  analytical balance: 
The heating and cooling is  repeated until two successive weighings  are 
within 0,05 milligram of each other      By averaging these  final  two 
weights,  the tare weight of the paper is obtained.     The  tared filter 
papers  are stored in planchets  in a dessicator and covered until  use 
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To assure equal treatment for a blank,   two pieces of cleaned 
and tared filter paper are placed In the filtration apparatus.    This 
unit is a 47 millimeter diameter pyrex filter holder.    The iop paper 
will collect the Insoluble material while both papers will be exposed to 
the soluble componenets, i.e. oil and solvent. 

The first step in the analysis is to separace the oil insolu- 
bles from the oil-soluble portion.    For this system, petroleum naphtha 
with an end point of 260oF is used as the solvent.    Organometalllc 
products as well as the organic materials Insoluble in the mineral oil 
will remain insoluble in the naphtha diluted solutions.    In fact there 
is a slight trend to precipitate borderline solubility products of these 
two classes with the naphtha.    The naphtha soluble material provides a 
source of the metal-containing compounds soluble in the oil. 

The procedure for the determination of oil-soluble metal starts 
with the four-ball test pot following a wear test.    Two filter papers, 
for reasons mentioned earlier, are placed In the  filter apparatus.    A 
centrifuge tube is placed under  the filter to collect  the test  fluid. 
When the test pot is  cooled to room temperature,  the lock nut is removed. 
The test oil is  transferred from the pot to the  filter funnel by means 
of a ten-mllllllter pipette.    After the oil has passed through the 
filter paper,  the centrifuge  tube is removed and  the  filter assembly 
connected to the Erlenmeyer flask conncctea to a water aspirator.    The 
ball pot parts are then rinsed thoroughly with naphtha.    A wash bottle 
fitted with a 0.45 micron continuous filtration assembly is used for the 
naphtha rinse.    The balls are rinsed with naphtha with the help of a 
rubber policeman to wash debris from around the wear scar-    The ball pot 
Itself,  the spindle ball, the transfer pipette,  and all equipment that 
comes into contact with the oil and debris during the washing procedure 
is  rinsed-    The filter papers are  then  rinsed with   200 millillters of 
naphtha to remove entrained oil      The filter funnel  is  carefully lifted 
from the filter papers and the filter edges are  rinsed using a five- 
milllliter syringe.    Care is taken not to rinse any loose debris over 
the edge of the top filter paper.    This step is important  since entrained 
oil can usually be attributed to  filter edges.    The  total naphtha rinse 
is  then evaporated to  one sixth of  its  volume  and  tested  for  iron,    Plan- 
chets are again  used to store  the  used  t1.lter  papers      The  same  system 
of heating,  cooling and weighing is used to obtain  the weights of the 
filter papers as was  used for  the  tare weights 

The  top or sample   filter  pape:   rontdins   the  insoluble  material 
while  the bottom or blank filer  paper  iias been .subjected  to  the  same 
oil and solvent  treatment-     If   the popers are now dried and weighed in 
the manner previously  described,  the blank paper should give little or 
no change over the original  tare weight      Fcr a successful test,  the 
maximum change  for  the  blp.nk pape-   is +0  10  to -0   10 milligram,     A 
larger weight gain indicates  transrer ci  the  insoluble material   to the 
blank paper and Indicates an unsatisfactory separation      When  the weight 
of  the blank paper falls within the prescribed limits,  the weight  change 
noted is added to or substracted  rrom the final weight  of  the  sample 
filter paper to determine  the  actual amount of insoluble deposit. 
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{2">.     Separation r£ Wear Debris and Preparation of 
Sample  Fiactions.    Baeirally  the   insoluble wear debris  rrom the  tour- 
baii test   is separated into twe  Satnpiee  tor  analysisi     a)     organometallic 
wear product?  soluble m pyxidine,  and b)     crgancmetalllc products  insol- 
uble in pyiidine along with  the  Iren-iron oxide particulates soluble in 
hydrochloric   acid solution 

<a)    Organometallic  Sample  Preparation,    Pyridlne has been 
found tz be  a good solvent  tec organ .metallic wear products.     The sample 
filter paper after weighing is placed in a flask with 20 mlllillters of 
pyridlne      The sample filter is basically made of cellulose triacetate 
which is solüble in pyridlne,     Genrie heating and stirring were used to 
«peed the dissolving process;     When  the solution cooled,  it was  filtered 
through a high retention lilter paper with a polypropylene  filter paper 
10 micron porosity  as a backup in the  lilter apparatus.    The polypropylene 
filter paper was placed under the high retention filter paper to prevent 
any lint or duet from being carried into the solution.    The presence of 
lint and other particulates will cause problems in the flow rate through 
the capillary aspiration system in the atomic absorption unit -    Both 
filter papers used in this step  are  insoluble in pyridlne.    The residue 
was rinsed with 10 milliliters of pyridlne      After recording the total 
volume of  filtrate collected,   It is placed in a small sample bottle for 
analysis by atomic  abosorption. 

The high retention   filter  paper now hold ng basically metal 
and metal cxide particulates was  again placed in a flask with 20 mllli- 
llters of pyridlne and a second extraction with pyridlne was  conducted 
using the same procedure.     The  residue now contains primarily metal 
chips  and/or its oxide. 

CM    Iron-Iron Oxide  Sample Preparation.    A solution of six 
normal hydrochloric acid was used to dissolve the metal-metal oxide. 
The high retention filter paper containing the metal was placed in a 
50-mlllillter flask along with 20 milliliters of six normal hydrochloric 
acid.    It was heated and stirred until the filter papers were reduced to 
a pulpy mass      The solution was cooled to room temperature and filtered 
again through the high retention paper with a polypropylene  filter be- 
neath It      Ten mlllillters of  six normal hydrochloric acid solution was 
used to rinse the filter papers      After  recording the total volume of 
filtrate collected,  it was placed in a small sample bottle  for subsequent 
atomic absorption analysis. 

(c)    Naphtha Rinse Pore ion,     The total naphtha rinse solution 
was evaporated to about one  sixth or  its volume and the  final  volume 
measured.    A 10-mllllllter sample or   this solution was mixed with an 
equal  volume of super-refined paraxfini: mineral oil   (MLO  7789)   to Impart 
the desired viscosity.    The solLtion was placed in a bottle  for atomic 
absorption analysis. 

fd)    Oil  Soluble Metal Sample Preparation.    The  test oil col- 
lected in the centrifuge  tube was diluted with  redistilled,  filtered 
pyridlne and kept in a sample bottle for atomic absorption analysis. 
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(3).    Metal Analysis.    The samples,  thus  collected, 
are now read for atomic absorption analysis tor metal content. 

(a) Analysis of Iron in Organometalllcs.     Standards  for organo- 
metalllc Iron analysis were prepared by mixing pyridine with  the soluble- 
lron-in-oil-standards supplied by Cannon Instrument Co.,  State College, 
Pa.    The soluble-lron-in-oil-standard concentrations were 100,   75,  50 
and 25 p.p.m. by weight of iron.     The pyridine diluted standards were 
prepared to provide the same viscosity level for analysis and were 10, 
7.5,  5.0 and 2.5 p.p.m.   (by weight of  iron)  concentration.    Unknown 
samples in pyridine solution and equivalent viscosity levels are com- 
pared with the known standards  in pyridine solution in the atomic absorp- 
tion unit.    Two unknown solutions are followed by two known standards 
in the atomic absorption unit to assure proper aspiration rate and 
burning in the analyzer. 

The deflections of the standard solutions  from the  zero parts 
per million line are a measure of the percent absorption for those 
standards.    Similarly,  the deflections of the experimental  samples from 
the  zero solution line are a measure of  the percentage  absorption  for 
the unknowns.    Thus  the metal concentration can be  found  from the 
calibration curve of absorbance   versus concentration prepared  from the 
standards.    This relationship is  linear up to 20 p.p.m. by weight of 
iron.    The two metal concentrations obtained  for each sample are averaged 
to get  the final value  and converted to milligrams of metal by weight. 

(b) Analysis of  Iron in the  Iron-Iron Oxide Fractions.    The 
iron standards for the acid samples were made by dissolving iron powder 
(electrolytically pure grade)  in six normal hydrochloric acid solution. 
The  iron standard concentrations were 10.0,  5.0,  2.5,   1.25 p.p.m.  of 
iron by weight. 

The actual procedure  for determining iron  in HCL solution is 
the same as for the pyridine  in  the oil sample.    Water-base iron stan- 
dards were aspirated,  followed by  two water-base unknowns,  followed by 
the  reference standards, etc.    This sequential procedure was  followed 
until each unknown water-base iron sample had been measured twice. 

(c) Analysis of   Iron  in Test Oil.     The  residual oils were 
diluted with pyridine and analyzed for  iron in the same way as  the other 
organic samples.     In all cases  the reference standards were used between 
tests  for the unknown samples. 

(d) Analysis of  Iron  in Naphtha Rinse.    Analysis cf  the naph- 
tha rinse for iron required a third set of calibration standards.    To 
match  the aspiration rate of  the naphtha  rinse materials,  naphtha is used 
to dilute  the standards supplied by  Cannon  Instrument  Co.,  State College, 
Pa.     Analyses were made  in  the  same way  as described  for   the  two other 
solvent systems  (HCI  and pyridine).    The naphtha rinse was  found to 
contain no iron; hence  the naphtha  fractions were not  measured  for metal 
content  in later  runs.     Because  of   the  inherent  drift  and noise  level 
in  the  instrument,  a new calibration curve was plotted  for each  set of 
unknowns  aspirated.     This was   the   reason  for   running  the  standards with 
each set of experimental samples.     Two metal  concentrations obtained for 
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each sample were averaged to get the final value In all cases.    The 
deviation for the pyridlne samples was within + 0.01 percent and for 
Che acid samples was within +0.04 percent. 

(4.)    Accuracy, Limitations and Reproduclbillty. 
The major factors affecting the reproduclbillty of the debris analysis 
are the quantitative transfer of the wear debris from the ball pot to 
the analysis system,    sample preparation and the basic machine character- 
istlcs of the atomic absorption unit. 

The washing procedure of the wear debris presents practical 
problems  to optimize the sensitivity of measurements.    Extra care was 
taken to minimize any loss of the debris from the ball pots.    The 
problems of consistency in washing the debris Improved with experience. 
The limits of error in the atomic absorption unit can be influenced by 
sample viscosity,  the solvent burning characteristics and the basic 
machine characteristics. 

The viscosity determines  the  rate of sample injection into the 
flame.    The fluid is drawn into the burner by a constant pressure of 
approximately 0.4 psia across the nebulizer and the Teflon capillary 
tubing.     It is important to match the viscosity of the reference and 
unknown samples.    Before each run,  the sample aspiration rate was noted 
for one minute using a five-millillter graduated cylinder and comparing 
with the reference plot.    The reference plot was made by aspirating 
samples of known viscosity  found theoretically by the procedure given in 
ASTM 0-341-43 and followed by laboratory confirmation of the samples 
using modified Cannon-Fenske viscometers. 

The burning characteristics of the solvents were eliminated 
as  a significant error by using the same solvent system in the standard- 
ization samples and the unknowns.     In addition,  the air-fuel  ratio was 
adjusted  to provide optimum response  for the standard solutions before 
evaluating the unknowns. 

The atomic absorption spectrophotometer was optimized  for 
maximum absorptioa by adjusting the wave length,  aligning the burner 
head  in  the beam path and adjusting the  aspirator.    Necessary dilution 
of  the sample to keep  the metal  concentration in the proper range  for 
precision measurements in the atomic absorption spectrophotometer 
multiplies the percentage error by the dilution factor.    This  factor 
was constant since dilution of all samples was made to the same extent. 

Atomic absorption spectrophotometer precision, method of 
sampling and transfer of debris affect   the overall reproducibility of 
the  tests.    Within these limits,   the overall reproducibility was  found 
to be +  10 percent. 

2.    Boundary Lubrication Studies.    The process of wear and 
lubrication under boundary conditions  appears to be very complex. 
The  process probably involves  an  interaction between the beariTig 
avxLaces,   and a component  or  components  of  the lubricant  Including 
additives,  polir impurities,   and  dissolved gases  from the environment 
in   the bearing system.    Very high localized surface  temperatures are 
generated at  the concentrated contact.     The local high temperatures 
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exercise  considerable Influence on the wear characteristics under 
boundary conditions.    These temperatures promote chemical  reactions 
Involving bearing surfaces, oxygen and the lubricant components.    At- 
tempts have been made to identify  the polar components  as  thermal or 
oxidative decomposition products ot  the lubricant base  steck.     Such 
reactions  at  the concentrated contact have been found to produce a deposir 
on  and around the wear scar area.    Attempts have been made  to  isolate this 
deposit by its selective solubility In pyrldine and to identify the  con- 
stituents  in this deposit.     It is suspected that this reaction product 
may affect  the wear characteristics  as  the wear progress^      This product 
may remain preferentially absorbed on  the wear site and provide a pro- 
tective  coating on the bearing surfaces.    The rheology of this product 
might provide an elastohydrodynamic component to mitigate further wear. 
By carefully choosing test conditions,  the present work has been designed 
to study  these system variables,  reactions and reaction products, 

a. Calibration and Standardization of the Wear Tester. 
The four-ball wear tester is standardized by comparing the wear proper- 
ties of  a series of well defined lubricants      The object of  this study 
is  to calibrate the conditions ot  the  tester and the quality of the test 
specimens.    These calibration  tests  are summarized in Table 13-     Super- 
refined mineral oils are used as  the  test  fluids over the conventional 
load range. 

b. Effect of Temperature and Atmosphere on the Wear 
Performance of Steel.    Experiments were designed to  find the effect of 
bulk reaction temperature and gaseous environment over the  test  fluid 
on the wear performance of standard 52-100 bearing steel balls.    Super- 
refined mineral oils and a dibasic acid ester were used for  this study. 
Fluid properties are presented in Table 12      To effect  a controlled 
atmosphere, the procedure described previously was employed.    The results 
of this study are summarized in Table 14.    An interesting fact shown by 
these data is that  temperature has an apparent influence on  the wear 
performance of a mineral oil      Wear is  low under a nominal nitrogen 
atmosphere at a bulk fluid temperature of 167'F.    Tank nitrogen has been 
tound by a gas Chromatographie method to contain typically  about  0.5 
volume percent oxygen.    The consequent lower wear under  a nitrogen atmo- 
sphere  than under an air  atmoshpere  at  the same temperature  and condition 
of  sliding Indicate  that  oxygen plays  an  important role  in boundary 
lubrication reactions.    Lower wear  at   a bulk temperature of 4003F with 
uninhibited super-refined mineral  oils  is a definite Indication of a 
temperature dependent  fluid-oxygen  reaction.    This  reaction  appears  to 
remove  free dissolved oxygen otherwise available to the  reaction site. 

Dissolved oxygen as  a lubricity additive  available  from air 
produces  the highest wear at a bulk  temperature ot  16 7JF in  the test 
system      At  this temperature oxygen solubility  is high  and  reactivity 
with  ehe  fluid low.    Tills provides  a high  concentration cf  dissolved 
ox} ge-s  to act as a corrosive  lubricity additive.    On  the ether hand, 
highe.   wear  results under a nominal nitrogen atmosphere  at   aOO^F      The 
temperature dependent oxygen-fluid interaction probably  removes  the 
dissolved oxygen to a level below that necessary for satisfactory boun- 
dary lubrication  reactions       It  appears  that   lor ncnadditive  super- 
refined mineral oils,   an optimal oxygen concentration  is necessary  to 
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provide minimum wear. The oxygen concentration of conventions, com- 
piessed nitrogen seems to approximate the optimal value at a teaperature 
ct  167CF, The behavior of the diester, on the other hand, is different. 
The wear characteristics of the diester are more directly a function of 
temperature and appear to be less dependent on oxygen concentrationr 

c. Wear Debris Analysis and its Relation to Reacted 
Metals, Boundary lubrication Involves a chemical reaction. The reaction 
products have been collectively termed wear debris. This wear debris 
was analyzed to identify the major types of wear productsc 

A set of experiments was designed to produce wear debris 
which could then be separated and analyzed.  The quantitative measure- 
ments of the metal concentration have been determined by atomic adsorption 
spectroscopy.  Separation of the debris and subsequent sample prepara- 
tion and analysis have been described in an earlier section. Super- 
refined mineral oils and a dibasic acid ester have been used in these 
tests.  Fluid properties are presented in Table 12, Results of these 
analyses are summarized in Table 15, 

A material balance was used to quantify the wear debris from 
the four-ball wear tests. The same principle of debris analysis was 
employed with one main difference. The bearings were weighed before 
and after tests and the weight of metal loss as found by weight difference 
was correlated with metal present in the various fractions of the wear 
debris. The metal bearings were cleaned as usual and placed on a metal 
planchet for weighing. The weighings were made on a semi-micro analytical 
balance  The ball bearings and the metal planchet were weighed, followed 
by a weighing of the planchet alone.  The difference in weight gives the 
weight of the ball bearings.  The same procedure was applied after the 
rest using the cleaned balls but without touching the balls by hand  Care 
was taken to maintain the balance pan in a level position. The overall 
difference in weight gives the minimum total metal loss from the bearing 
surface«. The cleaning procedure, was not severe enough in these studies 
ro remove all of the varnish and corrosive products. The majority of the 
deposits were removed by this cleaning technique. Results of '■his study 
are presented in Table 16,  The total metal loss as found by bearing 
wtight differences agrees well with the sum ot the metal concent rat ion 
found In pyridine soluble and insoluble wear debris. The relationship 
between wear scar diameter and total wear debris, pyridine soluble com- 
pounds containing metals, and pyridine insoluble metallic compounds is 
presented in Figures 67, 68, and 69, respectively. 

Lubricant additives are a class of compounds which when added 
to a base stock impart certain new properties or enhance desirable prop- 
erties originally present in the base stock  Additives of many types have 
been made to meet diverse lubrication needs.  These additives are polar 
materials and interfere with each other and with oxygen as the preferen- 
tially adsorbed molecules on the metal surface. 

Super-refined mineral oil MLO 7789 was mixed with one weight 
percent 2,6 di-tert-butyl-4-methyl phenol (Parabar 441); MLO 7625 was 
mixed with one weight percent 4,4'-methylene-bis-2,6-di-tert-butyl 
phenol (Ethyl 702) and the diester base stock was mixed with 0 5 weight 
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percent phenothiazine.    Four-ball wear tests were conducted with these 
inhibited fluids  in a test atmosphere  of dry  air at 0,7 liter per hour. 
The ball bearings were weighed before and after all tests  to determine 
a material balance.    Results on the evaluation of  these inhibited fluids 
are presented in Table 17.    A marked difference is observed in the values 
of the organometallics   (metal soluble  in pyridine).    The organometalllc 
debris  formed by  the inhibited  fluids  MLO  7710 and MLO  7625  is less by a 
factor of 10  compared to the  comparable product  formed by uninhibited 
fluids.    The organometalllc value for inhibited MLO 7789 is a factor of 
1.6 lower compared to the uninhibited  fluid.     Pyridine insoluble metal 
oxide wear debris  for the uninhibited mineral oils is higher than  for 
the inhibited  fluids.    The wear characteristics of the ester fluid appear 
to follow a different trend. 

It has been found that for the super-refined mineral oils,   the 
wear levels are low in two types of systems       These are a nominal nitrogen 
atmosphere contaminated with 0.5 volume percent oxygen  run at 1670F and 
and air atmosphere at 4000F. 

Data on the solubility of various   gases  inhibited and unin- 
hibited super-refined mineral oils are discussed in previous reports. 
These data show that the oxygen solubility in a super-refined mineral oil 
increases with increasing temperature  up to  temperatures where oxidation 
of the mineral  oil becomes  a significant  reaction.    By  the time the bulk 
temperature reaches 390oF,  the oxidation rate exceeds  the rate of diffu- 
sion through the air-oil interface.    For nitrogen, however,  the solubility 
increases with increasing temperature  until  the temperature is reached at 
which the fluid exhibits a vapor pressure of 50 millimeters of mercury or 
higher.     It appears that nitrogen is Inert and does not participate in the 
lubrication reaction. 

Oxygen solubility values from previous studies are shown in 
Table 18 as a function of wear scar diameter and plotted in Figure   70. 
From the data shown on Table 18 and Figure  70,  it can be seen that  an 
oxygen  level  of 0.53 p.p.m. by weight  is effective in producing low wear 
in lubrication  reactions  for the super-refined paraffinic stock.    The air 
atmosphere  (20.8% 02)  appears to give corrosive wear due to an excess of 
active oxygen.     A level of 0.5 percent   oxygen from the  compressed nitrogen 
cylinder,  on the other hand,  still functions  as an effective lubricity 
additive.     Thus,   dissolved oxygen behaves  as   a concentration-sensitive 
antiwear additive in super-refined mineral oils.    The oxygen solubility 
values  are presented in Figure  71, as  a function of organometalllc materi- 
al, metal oxide and metallic  (pyridine  insoluble)  debris  (Table 19).    It 
can be seen that the formation of the  total wear debris decreases with 
decreasing oxygen to the point of minimum wear.     The pyridine Insoluble 
(metallic) wear debris then increases below the point of minimum wear. 
It  is  apparent   that  this  increase  In metallic  debris below the point of 
minimum wear represents a change in wear mechanism.    The organometalllc 
formation as an indication of the lubrication reactions  does not change 
even in this new wear region.     It is apparent  that  this organometalllc 
reaction becomet   limited by  the  amount  of organic  reactant  available 
The increase  in metallic particles  is  indicative of seizure  in the  con- 
centrated contact.     The decreasing wear observed with increasing tempera- 
ture with mineral  oils  appears  to be primarily due  to the dissolved oxygen 
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level control by the fluid oxidation. Oxygen appears to be the most 
effective lubricity additive in teat systems involving lubricants con- 
taining less polar constituents than oxygen. 

At 1670F the oxygen that remains dissolved in the bulk fluid 
from an air atmosphere is enough to produce corrosive wear. At 400oF 
there is a rapid rate of fluid oxidation, thus increasing the concentra- 
tion of polar oxygenated products but decreasing the amount of dissolved 
oxygen. It appears that these products of oxidation are also polar and 
reactive at the high temperatures existing at the sliding contacts.  It 
appears that all lubricity additives are sensitive to concentration as 
well as to relative polarity. The increased wear in a nominal nitrogen 
atmosphere at 400oF indicates lubricity additive concentrations below 
the minimum for effectiveness. The 0.5 volume percent oxygen present 
in a nitrogen cylinder is involved in the fluid oxidation at this 
temperature and assimilated by the fluid faster than its rate of diffu- 
sion to the metal surface. This oxidation process, therefore, consumes 
enough oxygen to reduce the concentration b^low the value for minimum 
wear. The net effect is the production of an increasingly "inert" 
environment at the wear surface. Well documented studies demonstrate 
high wear with increasing chemical inertness of the bearing-lubricant 
system. Very high friction and even welding have been reported.  It 
appears that the wear in this portion of the system is probably controlled 
by seizure. The super-refined paraffinic mineral oil produces wear levels 
that are higher than the super-refined naphthenic mineral oil. This indi- 
cates a lower sensitvity of the naphthenic stock, to oxygen concentration. 
The probable reason for the reduced oxygen concentration effect is the 
presence in the naphthenic stock of significant quantities of polar im- 
purities which dominate over the dissolved oxygen in adsorption on the 
bearing surface. A similar relationship has been shown for oxygen con- 
centration versus wear for super-refined mineral oil containing tricresyl 
phosphate antiwear additive.  In this fluid system the effect of oxygen 
concfctitration is eliminated. 

It has been shown that the apparent dependence of wear on 
fluid viscosity is essentially related to the impurity levels in the 
fluid.  Superrefining removes large amounts of these impurities.  It has 
been determined that polar impurities are harder to remove from high 
molecular weight fluids than from low molecular weight fluids. On this 
basis the low molecular weight paraffinic stock should have less polar 
impuritier than the naphthenic stock. The difficulty of removing im- 
purities from the higher molecular weight oil MLO 7625 than from MLO 7789 
is reflected in the viscosity-wear trends. 

Organic debris formed by the wear process is determined to be 
the difference between the total debris weight and the sum of the metals 
in the organometallic and metallic fractions.  The organic debris formed 
by the mineral oils is generally lower than similar values for the ester 
fluid. Organic debris in almost all cases exceeds the metallic debris 
by a factor of 2 to 10.  The two cases shown where the organic debris is 
of the same order of magnitude as the metallic debris or even less are 
believed to represent cases of major weighing errors.  In both cases with 
the ester and mineral oil check determinations are available to indicate 
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that the error appears tc be In the weight of the total debris. 

The wear behavior of the ester base stock follows a trend dif- 
ferent from that of the mineral ells       For a given bulk temperature the 
wear does decrease with decreasing oxygen concentration-    There is no 
indication of a minimum wear value such as  that found with the mineral 
oils.    The wear keeps decreasing with decreasing oxygen concentration to 
the lowest oxygen concentrations attainable with this system.    The wear 
level is affected by bulk temperature at any level of oxygen concentration. 
The increase in bulk temperature level appears to increase thermal degrada- 
tion of the ester and thereby provide an excess of polar corrosive products. 
The result of Increased bulk temperature at any oxygen concentration is 
an Increase In wear-    Oxygen solubility in esters has been studied and 
discussed In previous reports.    These values were given in mlcrollter/ 
mlllillter of fluid      These values can be converted to ppm (by weight) by 
the use of equation  [1], 

ppm (Wt.) -  (ST)   (yL/ml)T [1] 

where: 

S„ - 
(mol wt;  of gas) 

T       (22,4)   (Fluid density), 

The fluid density versus temperature relationship is linear.    From 
values available in the literature and equation  [1], values of oxygen 
solubility in the ester have been converted to ppm by weight and are 
shown In Table 20.    Oxygen solubility as a function of wear scar diameter 
is shown in Figure  721    The oxygen solubility values of the ester are 
presented In Table 21 and Figure  73 as a function of pyridine-soluble 
wear debris,     A trend to lower debris  formation with decreasing oxygen 
can be observed at both 167° and 400 F operating temperatures r    Thermal 
Instability with Increasing temperature  is  reflected in higher generation 
of wear debris at  400'F.    The load in  the bearing system also appears  to 
exert some Influence on thermal degradation of the ester.    Increased load 
also Increases  the wear level of the uninhibited dlester fluid-    The same 
characteristic trend of decreasing wear with decreased oxygen concentra- 
tion can be observed      The oxygen chemically  combined in the ester  coupled 
with a low threshold of thermal degradation provides adequate teactivlty 
at the bearing surface without oxygen tcom the atmosphere      The corrosi- 
vlty of the ester degradation products  appears  tc keep the general wear 
level higher  than the minimum values  rbtalned with mineral oils at. optimum 
levels of dissolved oxygen 

The primary degradation produces  of  the ester Include corrosive 
organic  acids  that  Increase  the wear   thtcugh a chemical corrosion mechanism. 
Presence of high temperature, metal su:iace  and oxygen appears to accelerate 
this degradation.     Studies  conducted previously   (AFML-TR-70-304,  Part   III) 
indicate  that  a significant amount  of   sebacic  acid Is found in  the 
thermal decomposition products or the ester       That work also shows a lower 
level of stability  for  the  first ester  group  in the dlester      The oxidatlve 
and thermal  degradation of   the ester  picduced similar types of degradation 
products       It appears oxldatun conditions   lower the temperature over 
thermal conditions at which the ptimary products are formed      The pyridine- 
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soluble organometalllc material appears  to represent the products of 
reaction of  the metal  surface with ester degradation products      The ester 
degradation produces  and free dissolved molecular oxygen are the two 
principal competing polar materials in this  system. 

The wear performance of the ester inhibited with phenothiazine 
is different  from that of the uninhibited fluid.     The organometalllc 
debris values for the uninhibited fluid are higher  by a factor of 10  than 
those for the inhibited fluid.    This Indicates that the presence of pheno- 
thiazine reduced the  lubrication reaction with the  steel-     It is not clear 
how the phenothiazine  affects  the wear level      Phenothiazine does provide 
a stable life for the ester fluid.    The phenothiazine also appears to 
become involved in the reaction with metals  in static corrosion tests. 
The degradation of the inhibited ester produces  the  same type of products 
upon oxidation as that of the uninhibited ester  (AFML-TR-70-304, Part III). 
In static corrosion  tests  the phenothiazine becomes  involved in the forma- 
tion of metal corrosion products which in turn form a varnish-like  coating 
on the metal surface  (organometalllc debris in wear tests).    This coating 
prevents or reduces  further metal corrosion even at high acid numbers 
This same type of reaction may be responsible  for  the lower organometalllc 
debris in the inhibited ester wear tests. 

Four-ball wear tests were performed according to the standard 
procedure with the ester (MLO 7710)  inhibited with phenothiazine  (PRL 
3207)  and a combination of phenothiazine and trlcresyl phosphate  (PRL 
3462).    An air atmosphere was used.    Results  are presented in Table 22. 
The corresponding wear scar values for the uninhibited fluid are also 
given.    The effectiveness of TCP in reducing the wear level of ester 
fluids Is shown In this comparison.    The effectiveness of TCP an antlwear 
additive is related to preferential adsorption on the bearing surface 
followed by chemical  reaction with the metal during boundary lubricationc 

It appears that the additive effectiveness is a function of polarity. 
That is, the active ingredients in the trlcresyl phosphate adsorb on the 
bearing In preference  to oxygen or anv other component present  in the 
fluid.    As a result,  the reaction taking place at  the bearing surface is 
between the acid phosphate and the metal.    This iron phosphate layer sup- 
ports the load adequately and reduces wear. 

Debris  analyses show that  the total oil  Insolubles cannot be 
accounted for by considering only iron and iron oxide      To effect a good 
material balance,  it  is necessary to consider the  Involvement of the 
lubricants,  its  impurities  and the decomposition products in the forma- 
tion of the wear debris.    High oxygen concentration available at or near 
the wear surf ice results in high wear      A corrosive mechanism appears 
therefore as  the probable mechansim      Iron oxide formation and oxygen- 
lubricant  interactions  are the primary reactions occurring,     The products 
of the oxygen-lubricant  reactions subsequently react with the bearing 
surface to form the organometalllc compounds.     It  appears that  a charac- 
teristic role played by the organometalllc material  is to provide a 
protective coating on  the bearing surface against  further corrosive attack. 
It is clear that a high concentration of dissolved oxygen in the lubricant 
fosters high wear.     The preferential  reaction of the same amount of dis- 
solved oxygen with the  fluid provides less wear.     The reasons  for this 
difference are not clear.    The reaction of the oxygen with iron and 
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lubricant In the vicinity of the rubbing surfaces is faster because of 
higher temperatures. This route may remain reactive until the organo- 
metallic reaction occurs. Multiple oxidation reactions on a hydrocarbon, 
for example, render this route less corrosive. 

It has been shown by qualitative observations, that a sludge- 
like material was generated when the lubricants were evaluated in the 
four-ball wear tests. These sludge-like materials form at low bulk 
temperatures of 1670F in one-hour tests. Even under low-bulk temperatures, 
high surface temperatures exist at the rubbing surfaces. This system also 
differs from the static oxidation or thermal tests since wear in a four- 
ball tester always generates metallic debris. This debris may vary in 
particle size depending on the test conditions and the lubricant. These 
wear particles are generated from subsurface bearing metal under an 
inerting oil blanket. Further, tha metal particles are probably hot and 
reactive and much of the iron oxide found may be formed after the wear 
particle is removed from the bearing. The quantitative measurement of 
the lubrication debris provides an important key to the mechanism of 
lubrication. These data also aid in understanding practical lubrication 
problems. 

d. Composition of Lubricant Debris. The complex reaction 
in boundary lubrication between lubricant components, bearing surfaces 
and oxygen generates reaction products which are difficult to character- 
ize. However, a semiquantitative analysis of the debris may be compared 
with fluid-metal interactions from static oxidation and corrosion tests. 
This might suggest a series of reaction steps and potential reaction pro- 
ducts. The organometallic component of the debris has been shown to be 
the result of the thermal or oxidatlve decomposition products of the test 
fluid at or near the concentrated contacts and the subsequent reactions 
of these products with the bearing surface. The inorganic or the pyrldine- 
insoluble portion of the debris may range from iron chips to iron oxide as 
oxygen availability Increases. It is clear though, from the wear debris 
analyses that under all conditions studied, the wear debris consisted of 
metal-oxygen and organic material. Simple material balance data indicate 
this to be true. The separation of wear debris into several fractions by 
solubility and reactivity indicates that in all cases, there is at least 
some unreacted metal, metal oxide and organometallic material. It is 
suspected, although it cannot be shown conclusively, that in advanced 
stages of wear-debris formation, an organic sludge is also a common 
constituent. The purpose of this study is to estimate the extent of free 
metal, metal oxide and organometallic material in the wear debris as a 
function of lubricant composition, load and temperature. 

Acridine-inhibited hydrochloric acid selectively dissolves iron 
oxides but has little effect on iron. An attempt was made to find the 
rate of dissolution of iron oxide and iron in an acridine-inhibited hydro- 
chloric acid.  For this purpose about 0.5 grams of iron powder was weighed 
into each of seven 100-mllliliter beakers. A 30-milliliter sample of 
freshly prepared acridine-inhibited hydrochloric acid solution was added 
to each of the seven beakers. The products of these tests were then fil- 
tered through 0.45 micron filter paper after reaction times of 1, 5, 10, 
15, 20, 25, and 30 minutes. A polypropylene filter paper was used beneath 
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each filter. The solvent was 4.2SN with respect to hydrochloric acid end 
0.007 molar with respect to acridine. The filtrates were analyzed in the 
atomic absorption spectrophotomer to determine the quantity of iron dis- 
solved. A similar test was performed with an oxide of iron (Fe.O.). The 
entire operation was performed at room temperature. 

Results of the above tests are presented in Figures 74 and 75 
for the rate of dissolution of iron powder and iron oxide respectively. 
Results shown in Figure 74 indicate that the rate of dissolution of iron 
powder in acridine-inhibited hydrochloric acid approaches zero asymtoti- 
cally on the time axis.  It is assumed that the powder, on storage, was 
partially converted to an oxide. It is probably this oxide concentration 
that was dissolved until it was completely removed after about 15 minutes. 
After the apparent reaction of the iron oxide no appreciable reaction rate 
is noted. Figure 75 indicates that the rate of dissolution of iron oxide 
in acridine-inhibited hydrochloric acid increases with time and is pro- 
portional to the concentration of the reactants. The data point at 30 
minutes appears to be an experimental error incorporated during filtration 
or dilution- It could also be from the hydrolysis of the ferric chloride 
and retention of part or the hydroxide on the filter paper during filtration, 

These findings were next applied to separate and quantify the 
oxides of iron, unreacted iron and organometallic material in the wear 
debris obtained from the four-ball wear tests, Three wear tests were 
performed - one each under air, nitrogen, and argon atmospheres using 
the same super-refined paraffinic mineral oil (MLO 7789) . The load, test 
duration, speed and bulk fluid temperature were maintained at the same 
level for each of these tests. The major variable was, therefore, the 
gaseous environment over the test fluid. The amount of oxygen in the 
gaseous environment represents the major change in the reactive ingre- 
dients in the test system. The tank nitrogen was contaminated with 0.5 
volume percent oxygen  The oxygen contamination of tank argon could not 
be determined chromatographically because of similar relative thermal 
response values, The analysis furnished by the supplier of the argon was 
accepted. According to this analysis the oxygen in the tank argon is 20 
ppm (by weight). 

The wear tester was set and tests were performed according to 
the standard test procedure. For nitrogen and argon atmospheres, the 
same procedure of degassing and gas saturation of the fluid prior to a 
test was employed.  The same procedure of fluid charging and maintaining 
a vapor blanket over the test fluid was followed.  For the test under air 
atmosphere, the fluid was charged directly to the ball pot.  After these 
tests were over, the oil insolubles were collected by filtration. The 
debris was nexc treated with pyridine tc dissolve the organometallic 
compounds. The portions remaining after the dissolution of the organo- 
metallic material were next treated for the selective extraction of the 
oxides of the iron from the unreacted metal. The organometallic com- 
pounds were separated by the procedure described earlier  The filter 
papers now holding the insoluble debris were placed in 100-millillter 
flasks and 20 milllllters of freshly prepared acridine-inhibited hydro- 
chloric acid solution was added to each. The solution was 4,25N with 
respect to hydrochloric acid and 0,007 molar with acridine Reaction 
times were 60 seconds with mild stirring,  The flask contents were then 
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filtered using a 0.45 micron netrlcel filter paper with a polypropylene 
filter paper beneath It.    The residue was rinsed with 10 milliliters of 
the solution.    The volume of the filtrate was noted and then kept In a 
sample bottle for analysis of metal concentration by atomic absorption« 
This represents the quantity of the metal oxide In the debris'.    The resi- 
due left on the filter paper was basically unreacted metal.    This was 
dissolved In 6N hydrochloric acid solution In the same way described 
previously and filtered.    The volume of the filtrate was recorded and 
then kept In a sample bottle for analysis.    This represents the unreacted 
metallic contents of the debris.    Thus, the pyrldlne Insoluble portion of 
the debris was separated by the solubility method Into two fractions. 
The selective solubility characteristics of Iron oxide In an acrldlne- 
Inhlblted hyrochlorlc acid solution was applied to achieve this separation. 

The samples were next analyzed by atomic absorption spectroscopy. 
These data are presented In Table 23.    It can be seen that with Increasing 
oxygen availability, the composition of the metallic wear changes from 
Iron to iron oxides.    Conversely, with decreased oxygen availability,  a 
trend towards unreacted metal can be observed. 

The acrldlne-lnhlblted hydrochloric acid extraction did separate 
the oxides from the wear debris and show substantially different reaction 
rates with Iron and Iron oxides.    The Increased amount of oxide formed 
with Increased oxygen availability suggests a direct oxygen-bearing sur- 
face Interaction.    The part of the dissolved oxygen that did not react 
with the fluid may have reacted with the steel wear surfaces to form the 
oxides.    At  the temperature of the studies,  the oxygen reacts rapidly 
with steel.    Thus,  at Increasing oxygen concentration,   the amount of wear 
Increases with Increasing corrosion of the wear surfaces by molecular 
oxygen.    The rate of organometalllc material generation also appears to 
be a function of the oxygen concentration.    The organometalllc values 
Increase by a factor of approximately two when the atmosphere over the 
test fluid Is changed  from argon to nitrogen  (with 0.5 percent oxygen) 
to air. 

e.    Wear Debris Formed In Sequential Tests.     This section 
describes successive tests  that have been conducted on the same metal 
surface with a "run-In" test preceding the test of principal Interest. 
These tests have been called sequential tests.     The same procedures and 
analytical techniques  for debris analysis  that have been applied to the 
single run tests have been applied to the second portion of  the sequential 
test.    Test discussed In the earlier sections are referred to as original 
tests when compared with sequential tests. 

(1).     Theoretical Analysis of Surface Temperature. 
Temperature has a considerable Influence on the wear characteristics of 
the mineral oil or esters.     Thermal and oxldatlve decomposition of the 
test fluids  to produce reactive components are  temperature dependent 
functions.     In boundary lubrication systems,  these  reactive components 
and oxygen are available  for preferential adsorption on  the metal surface. 
The adsorbed materials are  then in position to react with the metal surface 
when the surface temperatures are increased by boundary  friction.    Such 
reactions occur at  the concentrated contacts even  though the bulk fluid 
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temperature is not high enough to promote a chemical reaction.    It Is at 
or near the high temperature bearing surfaces that the reactions appear 
to take place      The high surface temperatures are of extremely short 
duration but appear to exercise considerable influence on wear character- 
istics under boundary lubrication conditions.    For example, the surface 
temperatures appear to be high enough to cause the formation of organo- 
metallics, metal oxides, phase changes, and surface melting of the metal. 
Because of their short duration and localization, direct measurements of 
these temperatures are difficult,    A theoretical estimate is therefore 
usually sought.    These surface temperatures have been termed flash tem- 
perature or 'hot spot'  temperature in the Blok-Archard's  flash tempera- 
ture theory.    This theory has been used by many investigators and is 
applied here to determine the flash temperature.    According to this 
theory, the 'hot spot'  temperature can be estimated by the following 
equation: 

T - 0.4356 NL1/2 + T (2) o 

where: 

L - 

f g    TT P ec        m 
J 8 Cp (3) 

2 a Or P )1/2 (4) 

m 

The term ß is a heat distribution factor and a function of L.    L is the 
parameter introduced to indicate the depth of penetration of the heat 
below the surface.    This equation  (2) suggests that the heat has little 
penetration and is essentially confined to the surface.    This theory 
employs an Idealized model of rubbing surfaces between a moving heat 
source and a stationary body.    The terms in equations  (2),   (3), and  (4) 
are: 

T   •   'hot spot'  temperature,  CC, 

T   " ambient temperature,   'C, 

f   ■ friction coefficient, 

2 
g   " acceleration due to gravity,  cm/sec 

2 
P    ■ yield pressure,  g/cm , 

m 

J   - mechanical equivalent of heat  (4.18 x 10    Joules 
per calorie), 

6    = density,   gm/cc, 

C    m specific heat  ot steel,  cal/gm-0C, 
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W * applied load, gm,  and 

U - sliding velocity,  cm/sezr 

The temperature is calculated on  the assumption chat  the heat  Is gener- 
ated at the true point of contact and that this heat is conducted away 
into the bulk of the rubbing members.    The equation is developed consi- 
dering load, sliding speed and type of deformation between moving and 
stationary elements. 

Values of the unknowns for steel-on-steel system for elastic 
deformation were obtained from the literature*. Using these values and 
equations (3)  and (4) , N and L are found to be 

M      1.5 x 980 x 3cl4 x 7.04 x 106        0.,   ,„ N -  =    « 916 o 72 
4,18 x 10    x 7.78 x 0 109 

(40x1000)1/2 x 40 

2x •  127  x (3.14X7.04X106)1'2 
7,12 

The value of S has been found by the interpolation of the graphical 
technique given in this  theory and Is found to be Or85. 

Thus,  using equation  (2), T for the present study is 

T »  (0,435 x 0,85 x 916-72 x M21/2)0C + 75eC.  = 9908C. 

where T    - 75 "C  is the bulk fluid temperature and has been considered 

as the ambient temperature      The hot spot temperatures are obviously 
high enough to cause chemical reactions between molecules on the contact 
surface. 

Four-ball wear  tests were conducted according to the standard 
wear test procedurec    Super-refined mineral oils and the diester were 
used as the base stocks.     The "run-In" test was conducted under the 
standard operating test  conditions of cne hour at 1670F and a 40 kg load, 
After the test,  the fluid from the ball pot was illtered into a centri- 
fuge tube.    The ball pot assembly was subjected to a thorough cleaning 
procedure without disassembling any parts.    With the stationary balls 
still locked in position,  the ball pot was cleaned with pyridlne to 
remove any soluble organometallic and organic debris.     Lint-free paper 
wetted with pyridlne was used to scrubb off the deposits  from around the 
wear scar areas.    This was followed by a five minute flush with a high 
pressure jet of water.     The ball pot was held inverted during this 
flushing by water-    This  effectively removed the metal particles  from 
the ball pot.    This was  immediately followed by several  rinses with 
acetone to remove the water.    Any residual water, trapped in the ball 
pot system, was removed by heating to 100'C for ten minutes.    This drying 

*Furey, M.J., ASLE TRANS,,  7,  133-46  (1964) 
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procedure was followed by further solvent washes with pyridine, naphtha 
and acetone.    The solvents were finally removed by dry air.    The spindle 
ball without being removed from the chuck was also thoroughly cleaned. 
Any deposit from around the halo area was scrubbed by lint-free paper 
wetted with pyridine.    The same procedure tor solvent rinse was used but 
the flush with water was unnecessary.    The ball pot was flushed with 
water because the metal particles from the wear test would settle at the 
bottom of the ball pot»    Because the balls were left locked In position, 
the ball pot assembly provided many Inaccessable corners which were dif- 
ficult to clean by a simple washing operation     Removal of the metallic 
particles and other wear debris from the preliminary "run-In" In neces- 
sary to Insure that the next test Is not adversely Influenced by unde- 
sirable material left In the system.    The ball scars from the preliminary 
"run-In" were then measured with a microscope without removing the speci- 
mens from the ball pot. 

The cleaned ball pot assembly and the rotor ball were then used 
for a test run.    The same rubbing surfaces are used with a fresh fluid 
charge.     In the second test In this sequential series, the bearing loads 
and surface area are essentially constant.    In the "run-In" test or a 
typical test with new balls the load and wear surface changed rapidly 
during the Initial phase of the test.    Under such rapidly changing con- 
ditions It Is difficult to determine how much of the wear debris was 
formed at each set of test conditions      A comparison of wear debris 
between the "run-In" test and the second sequential test using the same 
test conditions and test fluid should show any differences due to the 
higher initial loadings and surface temperatures in the Initial test In 
the sequencer    A series of sequential tests using the same test conditions 
of bulk temperature, atmosphere,  load, and test fluid were studied in this 
series.    Super-refined mineral oils  (MLO 7789 and 7625)  and the dlester 
MLO 7710 were used in these sequential tests 

After the second run in the sequential tests,  the lubrication 
debris was collected by filtration.    The oil insolubes were extracted 
with pyridine to obtain the pyridine-soluble ojrganometalllcs „    The pyri- 
dine fraction and the residue were then analysed for metal concentrations 
by the atomic absorption technique a    The wear scar diameters were mea- 
sured according to the standard procedure.    Data for these sequential 
tests are presented in Table 24. 

The wear characteristics of the diester base stock have been 
found to depend more on temperature and less on oxygen concentration. 
The decrease in unit loading and hot-spot temperature in the second test 
cf the sequence should result  In a lower rate of generation of the pclar 
fluid decomposition products-     This trend is reflected in a lower con- 
centration of pyridine-soluble organometallic compounds for the diester 
base stock in the second test In the sequence.    A comparison of  the 
second and first tests In the sequence In Table 24 and Table  16 shows 
that  the pyridine-solüble organometallic values differ  substantially. 
This  comparison is presented in Table 25:     The production  ot pyridine- 
soluble organometallic materials  in the  first test is 25 times  as high 
as  that In the second test  m rhe sequence.    The pyrldine-lnsoluble 
metallic-oxide wear is higher  in the second test  than in the  first.     This 
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Indicates that the wear characteristics of the ester are more dependent 
en temperature and less on oxygen concentration. The essentially con- 
stant unit load and surface temperatures during the second test in the 
sequence has resulted in a lower rate of generation of polar fluid de- 
composition products. 

It has been observed in the original "run-in" tests that the 
polat organic acids produced from the thermal fluid decomposition and 
oxygen are better polar competitors for the bearing surface. The ad- 
sorption of polar organic material and oxygen on the metal surface will 
depend on their relative concentrations. It appears that the polar 
organic materials are not present in sufficient concentration during the 
second test in the sequence and as a result oxygen dominated the adsorp- 
tion process on the bearing surfaces. 

The wear characteristics of the mineral oils have been shovn 
to depend on oxygen concentration. Oxygen adsorbs on the surface in the 
absence of highly polar decomposition products. In case of mineral oils 
high bulk temperatures and to a lesser extent high surface tenperarures 
promote the formation of polar organic oxidation products. The oxida- 
tion products do not appear to be as surface active or as polar as the 
thermal and oxldatlve decomposition products of the esters. The trends 
between the "run-in" test and the second sequential test are the same 
for the esters and super-refined mineral oils in an air atmosphere. The 
magnitude of organometallic materials soluble in pyridine is lower in 
the case of the mineral oil than for the ester. The production of pyri- 
dine-soluble organometallic compounds in the "run-in" test with the 
mineral oil is only 4 to 6 times as high as that in the second test in 
the sequence. This comparison is presented in Table 25. 

Because of the lower surface temperatures existing in the 
second run in the sequence, the rate of fluid oxidation appears to have 
been lowered compared with the "run-in" tests- The higher oxygen con- 
centration appears to have resulted in more non-oxygen reaction to pro- 
duce iron oxide rather than pyrldine-soluble organometallic materials- 

Wear levels are higher in an air atmosphere than under a 
nitrogen atmosphere as shown in the second tests in sequence-  The wear 
levels under nominal nitrogen atmosphere are lower in the second tests in 
the sequence than in the original tests.  It appeais that the 05 volume 
petcent oxygen concentration m die nitrogen gas used is more etfective 
as a lubricity additive because ot decreased loading conditions prevalent 
in the second tests in the sequence.  Seme cf the characteristic differ- 
ences between the two mineral oils as discussed earlier can be observed 
again  The wear level is lower for the high-viscosity niphthemc stock 
than for the low-viscosity parafflnic stock  These differences have been 
shown to be related to the relative volatility rather than the viscosity 
of the stocks. Another possible difference is the presence of polar 
impurities (natural lubricity additives). The oxygen sensitivity for 
the wear-oxygen relationship of the naphthemc stock is much lower  The 
presence of polar impurities in the fluids is retlected in the organic 
debris formed in the wear tests.  The naphthenlc stock produced much 
higher organic debris levels than the parafflnic stock  The volatility 
effect is exhibited in both tests in the sequence  The presence of 
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polar materials  in the higher molecular weight naphthenic stock appears 
to be responsible for the reduced wear and oxygen effect.     Changes  in 
oxygen content  do not appreciably  alter the basic lubricity reaction 
mechanism in the sequential  tests. 

For the ester,  the reaction at the beating surfaces  appears 
to be more a function of the concentration of oxygen and/or organic acid 
than the relative polarity of the two materials.    For the mineral oils, 
on the other hand, the wear characterisitics appear to depend more on 
the preferential adsorption of oxygen on the metal surfaces rather than 
the relative concentrations of oxygen and polar oxygenated materials. 

The same base stocks were studied with oxidation inhibitors and 
the results compared with the same test conditions on the base stocks 
alone.    Tests were conducted under air.    The cleaning procedure and 
analytical techniques used were  the same as those described previously. 
Results of the debris analyses  for sequential tests with inhibited  fluids 
are presented in Table 26. 

A comparison of the original and second test in the sequence 
is shown in Table 27.    The presence of the inhibitor alters significantly 
the amount of organometallic product  In the wear tests.     The organometal- 
11c values  for all three inhibited fluids in the sequential  tests are 
lower by a factor of 1.5 relative  to the corresponding tests  on the un- 
inhibited fluids.    For the diester,  the organometallic  debris  for the 
inhibited fluid is higher by a factor of 1.6 than the corresponding val- 
ues  for  the uninhibited fluid.     For the super-refined paraffinic mineral 
oil,   the organometallic debris value  for the inhibited  fluid  is a factor 
of 1.2 higher than the corresponding uninhibited fluid in the second 
test in the sequence.    For the naphthenic mineral oil,  the trend is re- 
versed and the organometallic values  for the Inhibited fluid are lower 
than those of the corresponding uninhibited fluid in the second test in 
the sequence. 

It should be emphasized that in the case of the naphthenic 
mineral oil without the inhibitor the presence of polar impurities 
appears to dominate the wear process.    Thus, the presence of the inhibi- 
tor which would normally emphasize the role of polar dissolved oxygen 
should have little effect. 

Between the two mineral oils,  the inhibited paratfinic stock 
produced more organometallic material than the inhibited naphthenic 
stock.    This may be attributable to the fluid volatility which appears 
to affect the combined chemical reactivity and removal of the reaction 
product from the wear surface.    The paraffinic stock is mcie susceptible 
to oxygen-metal wear reaction-    This is reflected in the lower wear 
values exhibited by the Inhibited fluid In the second test in the se- 
quence . 

One distinct trend that is evident in the comparison of 
inhibited and uninhibited fluids is the increased concentration of oil- 
soluble organometallic material found in wear tests with the inhibited 
fluids.    Such an increase is indicated in spite of a oramatic total 
reduction in pyridine-soluble organometallic compounds  in the same  fluid 
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system compared with the uninhibited fluids.    The answer  to  this problem 
appears  to be found In the role of the anti-oxidant  In  the overall  test 
system.     Static corrosion tests with hindered phenol- and phenothlazlne- 
type oxidation inhibitors  show a trend toward altering the metal corro- 
sion characteristics of the base stock.    The inhibitors  appear to react 
preferentially with the metal surface  to produce soluble organometallic 
products.    The involvement  of an acidic phenol in such a reaction is not 
unexpected. 

The  reactions between  the hindered phenol  or  the phenothlazine 
and  the metal would appear to be   the source of the  oil  soluble organo- 
metallic material.     It  appears   that   the  reaction takes  place   at  the 
rubbing surfaces although  there  is no clear cut proof  of this.     Static 
corrosion  tests indicate  that  these additives are capable of  the organo- 
metallic  reaction with the netal  surface even at low temperature.    The 
potential   for high reaction  rates  at   the elevated  temperatures  in the 
sliding contact zone make   this  area appear to be  the  source of  the  re- 
action.     In considering  this organometallic reaction based on  the contact 
zone,  it  is necessary  to postulate some adsorption of  the inhibitor on 
the bearing surface for the  fluids  containing Parabar 441 and phenothla- 
zine.     In view of the other wear products it appears  that several matei- 
lals  from the lubricant system are  Involved in tne adsorption step, 
From the Increased prominence of  the soluble organometallic  compounds 
in  the debris  from the second test  in a sequence,  it appears  that less 
severe reaction conditions may be  required for this  reaction  than for the 
production of the other products noted.     It appears  for example that  the 
formation of iron oxide is more  temperature dependent  than the inhibitor- 
metal reaction. 

The behavior of  the viscous naphthenic mineral oil  containing 
Ethyl  702 oxidation inhibitor  requires special treatment.     In  this 
Inhibited  fluid test series   the  oil-soluble organometallies were below 
detection limits.    Previous   uninhibited   fluid tests   indicated   less wear 
and  a different analysis of wear  debris   from the super-refined paraffinic 
mineral  oil.     This difference was   attributed to  the presence  of polar 
impurities   (natural lubricity additives)   in  the  fluid which  appeared  to 
be more  polar than  the dissolved  oxygen.     These impurities  also appear 
to be more polar than  the  Ethyl   702  inhibitor and thereby prevent   the 
reaction  of the oil soluble  organometallic material.     These  data provide 
a consistent explanation   for the wear values,   the lubrication   chemistry 
at   the  concentrated contact,   and   the  static corrosion  trends  noted  at 
moderate  temperatures  using  the  same   fluids  and metal  systems. 

The presence  of  an  organometallic material  has been  demonstra- 
ted  in all  tests under sliding  conditions.     It  is  interesting  to note 
that  corrosion stops  after some   time with both inhibited  and  uninhibited 
fluids.     This suggests   that   the  protective  coating  is  still   formed and 
that   its   formation  iü  not   retarded  by   the   inhibitors.     Although   the 
coatings   formed by uninhibited   fluids   appear to be  much more  effective 
in  stopping  further corrosion,   this  could be due  to  the more  limited 
quantities  of polar Impurities  present  which  represent   the   total capa- 
bility of  iron corrosion.     It   appears   that   the  rate  of organometallic 
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generation Is a function of unit load, bulk fluid temperature, avail- 
ability of 'hot-spot* reaction zones, the presence of other polar 
Impurities such as Inhibitors, and the laactivlty of the fluids with 
oxygen. Primary among these variables appears to be temperature for 
esters and oxygen for mineral oils. The rate of organometalllc product 
generation appears to be very high In the beginning but gradually fall- 
ing off as more and more constant conditions are established In the 
concentrated contacts. The polar nature of the organometalllcs and 
their adsorption on the bearing surfaces can be demonstrated. The 
thermal or oxldatlve decomposition products of the fluids are removed 
from the oil. As they approach the metal surface they are adsorbed on 
the surface followed by chemical reactions.  It appears that the organo- 
metalllcs are held by chemical bonds to the metal surface and cannot be 
easily removed by mechanical action. The organometalllc materials there- 
fore offer a protective coating to the bearing surface against further 
corrosive attack. Corrosion falls off with time, probably not because 
of a lack of corrosive material, but because of a lack of corrodlble 
surfaces. High-wear levels can be generally attributed to the protection 
offered by the organometalllcs. In order to be effective to protect the 
surfaces, It appears that a minimum film thickness has to be achieved. 
This film should be equal to or greater than the mean separation of the 
surfaces. Alternatively, elastic deformation of the bearing surfaces Is 
necessary to provide the necessary contact area to maintain a coherent 
film. 

The metal distribution In various phases suggests that the 
polar decomposition products from the base stocks probably find their 
way to the bearing surfaces by a diffusion process. For the ester this 
resistance to diffusion Is offered by oxygen versus the polarity of the 
oxygenated materials. 

It appears that the Inhibitors perform two functions o First 
they protect the fluid from oxidation and Impart a stable life. Second, 
f'.air oxldatlve decomposition products themselves participate In the 
organometalllc reactions. This oxldatlve decomposition makes the Inhi- 
bitors become depleted. The depletion rate of the Inhibitors appears to 
depend upon temperature, inhibitor concentration and available active 
metal surfaces. 

f. Analyses of the Oil-Soluble Metal Salts.  It has been 
observed that metals are found in the test oils during ehe second test 
in the sequence.  Soluble organometalllc materials were also found in 
single tests with some Inhibited fluids.  It appears that the reasons 
for the formation of organometalllcs may be different for the two cases. 
To obtain further data on oil-soluble organometalllc products, some 
additional four-ball wear tests were conducted according to the standard 
test procedure.  The test fluids from these tests were collected, fil- 
tered to remove any solids, and analyzed for metal concentrationt  The 
results of these tests are presented In Table 28 for uninhibited fluids 
and Table 29 for the inhibited fluids. 

In all cases the repeat studies of the formation of oil- 
soluble organometalllc material are in excellent agreement with the 
previous studies where more extensive analysis was done:  That is, the 
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data in Tables 16 and 17 are in excellent agreement with those in Tables 
28 and 29,  In the formation of oil-soluble organometallic products, 
static corrosion tests show that primary reaction products only are 
involved,  Secondary and tertiary reaction products result in insolu- 
ble products,  In the case of an oxygen-poor environment, the presence 
:)f oil-soluble organometalllcs may be attributable to the lack of oxygen 
f^r secondary and tertiary reactions,  In the case of the second run 
in a sequence, sufficient oxygen is available but because of the decreased 
unit lead the operating conditions of temperature and pressure are 
significantly lower resulting in reduced reaction rates in the wear zone. 
The presence of the oxidation inhibitors in the initial tests also tend 
to produce oil-soluble organometallic products. Here It appears that 
the reaction at the bearing surface may actually Involve the oxidation 
inhibitor and, in addition, reaction rates should be reduced by the 
presence of addltonal Inhibitor in the fluid  It should be noted that 
the explanations proposed are consistent with the findings from liquid 
phase oxidation and static corrosion test results, 

go  Catalysis in Boundary Lubrication. Reactions of metals 
and primary decomposition products of the lubricant base stock, have been 
observed so far-  In the dynamic wear system employed in this study clean 
metal surfaces are continuously produced by the removal of the metal re- 
action products from the bearing surface. The object of this portion of 
the study is to evaluate the catalytic activity, if any, by the clean 
metal surfaces  These active surfaces could produce chemical reactions 
or changes in the base stock.  It has been indicated that high localized 
temperatures of short duration are typical of concentrated contacts. 
These temperature peaks are of milli or micro second duration in rolling 
contacts and should be relatively short in sliding contact where the 
sliding is net continuous  For rhe four-ball systen where continuous 
sliding on the stationary balls will maintain a high surface temperature, 
intermittent operation appears to be a simple way of  providing cooling of 
the bearing surfaces 

The diiierence between continuous high temperature bearing 
surfaces and intermittent hot and cold surfaces should demonstrate the 
difference between thermal and catalytic effects. Catalytic reactions 
will result from a change in lubricant molecules which will contact clean 
metal surfaces under experimental conditions  It catalytic activity on 
rhe metal sunace dominates, then the dissociative adsorption of the 
lubricant en rh^ surface may produce reactive fragments. These fragments 
may teart vith dissolved oxygen to produce organometalllcs, 

Experiments were designed to cool the system for the same time 
as the heating cycle tor exposing the clean metal surfaces  The Shell 
four-ball wear tester was operated through a Flexopulse set with a 15 
second-on 15 second-off cycle. This means the actual rubbing process 
occurred for 15 seconds followed by 13 seconds of rest to cool the system. 
For these tests, debris analysis was measured by the usual procedure. 
The total test time was 120 minutes duration  The actual rubbing occurred 
for 60 minutes which is comparable to the standard continuous 60 tninuce 
runs.  An air atmosphere was used with super-refined mineral oils and 
the diester as the test fluids, Debri . . aalyses tor both types of tests 
were made using standard analytical techniques,  Pyridine-soluble 
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and insoluble fractions were prepared and analyzed. The results for the 
Intermittent operation as shown in Table 30 can be compared with the 
standard continuous runs in Table 16. These data show that the produc- 
tion of pyridine-soluble organometallics in the continuous tests is 
three to four times higher than those values for the intermittent runs 
with mineral oil fluids. The catalytic effect of the metal surface does 
not appear to be as important as the temperature effect on triboreactions 
at the bearing surface. 

The role of metal surface appears to be limited to high tempera- 
ture reactions with the fluid or fluid components.  The metal does not 
appear to have an unusual catalytic effect on reaction rates. Wear pro- 
perties for the continuous and intermittent runs are about the same for 
a given fluid. Debris analysis tends to show that polar contaminants 
will affect wear properties more than does catalysis by metal surfaces. 
In static corrosion tests, it was found that the rate of gas formation 
wes higher in tests containing metals than in metal-free systems c This 
suggests that reactions between the metal and liquid components will 
occur on oxide-coated metal surfaces and involve the metal, The role 
of the metal may therefore be limited to a reactant rather than a cat- 
alyst.  It can be speculated that the presence of clean metal does not 
affect greatly the rate of thermal decomposition of the fluids in 
contact with the surface. The differences between the paraffinic and 
naphthenic mineral oils in the wear process may be attributed to existing 
Impurities in the fluid or thermally induced reactions at or near the 
surface. 

For the diester, the organometallic values from the continuous 
tests are higher by a factor of six than in the intermittent test. The 
conclusions drawn for the mineral oils also appear to apply for the 
ester. Generally higher metallic oxide debris for the ester suggests 
that oxygen concentration was high enough in all cases to act as a pre- 
ferentially adsorbed molecule on the metal surface. 

In static corrosion tests with the ester performed with and 
without metal catalyst, it was found that the neutralization number was 
lower for a given amount of degradation in the presence of the metal 
(AFML-TR-67-107, Parts II and III).  The reduced neutralization number 
In this case is indicative of reaction between the acid degradation pro- 
ducts and the metal. 

h.  Particle Sizes of Wear Debris.  Particle size and 
distribution of the Wear debris from the four-ball test were measured 
for both tests in the sequence. The difference between the two tests 
with a common fluid show the "run-in" on wear particle size. The supei- 
reflned mineral oils and the diester base stock were used as test fluids 
under an air atmosphere. 

Four-ball wear tests were conducted according to the standard 
procedure.  The ball pot was allowed to cool to room temperature, shaken 
vigorously without disassembly, a drop of test fluid was collected, and 
spread on a microscopic slide. The slide was covered by a watch glass 
and placed under a microscope.  The ocular lens of the microscope con- 
tained a calibrated scale on which the smallest unit is 7,6 microns and 
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measurements  can be estimated to 0.76 micron.    The  length and width of 
the particles were measured by using this scale as  shown in Table 31. 
The particle area was calculated and is presented in Table 32 as a func- 
tion of wear scar diameter.    Test with the ester and the super-refined 
paraffinic mineral oil produce particles of  about  the same size.    Super- 
refined naphthenic stock produced low wear in all cases compared to the 
paraffinic stock or the ester.    It can be seen that  the particle size 
of the wear debris also is low.    The ester is more corrosive than the 
paraffinic stock, but  this  fact is net reflected by the particle size 
of the wear debris in a single four-ball wear test.     In a test sequence, 
however,  the particle size of the ester debris in the second test is 
higher than that of the corresponding super-refined mineral oils.    For 
the two super-refined oils,  the particle size of the paraffinic stock 
is higher than for the naphthenic. This order of particle size repre- 
sents a correlation with the relative corrosivity of the three fluids. 
The severity during "run-in" tests, probably hides  this relationship 
during a single one-hour test. 

In the sequential tests,  the particle size is higher in the 
original tests by a factor of 1.3 for the ester,  1.8 for the paraffinic 
stock and 1.2  for the naphthenic stock.    This appears  to be a function 
of unit loading under the conditions producing the new surface in the 
wear tester. 

The particles were sized and counted in this study by calcula- 
ting the mean value from eight sample determinations for a given test. 
This procedure was used for the paraffinic mineral oil.    The particle 
distribution is presented in Figures  76 ana  77 for the original and 
second run in the sequence.    The size which represents  the highest num- 
ber of particles iv.  the original test Is about twice that value in the 
second test In the sequence.    These values appear  to be load related. 
The gross contact area was determined from the wear scar and halo width 
diameters.    This contact area includes  the roto ball track and the wear 
scar areas of the three stationary balls and represents the maximum 
probable contact area.     The relationship between these contact areas 
and wear scar diameters is presented in Figure 78.     The initial contact 
area is produced by elastic deformation of the balls under the applied 
load.    These data indicate the amount of corrosion in a particular time 
based on the area of contacts at that  time.     It should be mentioned that 
a larger contact area implies a higher elastohydrodynamic component of 
lubrication. 

i.    Wear Rate Studies.     It has been observed that the 
boundary lubrication reactions in all cases  generate organometallic 
compounds  that are found preferentially adsorbed on the bearing surfaces. 
They are probably formed on the bearing surface by chemisorption and 
have not been removed because of the level of energy required for remov- 
al.    As more and more organometallic materials are  formed,  the available 
surfaces  for boundary lubrication reactions  diminish.    It can be postu- 
lated that, with the progress of wear,  the surfaces will be covered by 
the organometallic compounds which will act  as a protective  film against 
further corrosive wear.     In addition,  as  the wear-scar size increases 
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and the EHD film component Increases the shearing action as well as 
cavltatlonal forces on the surface layers decrease. 

The various conditions that govern the formation of these 
organometalllcs have been discussed in earlier sections.    High surface 
temperatures at the metal surface appears to be one of the most Impor- 
tant conditions.    This has been observed In the sequential tests.    In 
the beginning of the wear process,  the bearing surfaces are "run-In" 
under the most severe conditions.    The high loads and high temperatures 
diminish with the "run-In" procedure.    The decreased unit loading with 
the progress of wear will generate Increasing surface contact area.    As 
a result a nearly constant load and wear may be expected from the latter 
part of the one-hour wear test In the original test or for all of the 
second test In the sequence.    The experiments discussed In this section 
have been conducted to determine the validity of this theory. 

Four-ball wear tests were conducted according to the standard 
test procedure for 10, 30, 60, 90, 120, and 150 minutes with the dlester 
base stock.    The oll Insolubles were collected after each test and the 
pyrldlne-soluble and Insoluble fractions were prepared and analyzed. 
Results are presented In Table 33.    The relationships of wear scar dia- 
meter and pyrldlne-soluble and Insoluble metals with time are presented 
In Figures 79 and 81.    It can be seen that wear rate reaches a constant 
value after the "run-in" period.    Similar data foz the super-refined 
mineral oils MLO 7789 and MLO 7625 are presented In Table 34 and Figures 
79, 82, and 83.    A log-log relationship of wear scar diameter versus 
time Is presented In Figure 80.    The slope of this relationship Indicates 
the wear rate and provides a convenient means to compare lubricant per- 
formance. 

It can be seen from the estez data that oil-soluble material 
containing metal Is below detection limits after 30 minutes of test. 
This indicate? that the chemical corrosion process taking place in the 
bearing conjunction has been substantially reduced      The probable factors 
Influencing reaction rate are temperature and sufficient metal to react. 
As the bearing surfaces are Increased in size by wear the unit loading 
decreases and the possibility of thicker fluid films  (EHD component) 
Increases.    This trend reduces substantially the surface temperature as 
well as the tendency to remove surface films by shear or cavltatlonal 
forces.    It should be pointed out that the formation of metal and metal 
oxide particles do not follow the same reaction-rate path as the chemical 
corrosion reaction.    The higher relative rate of metal particle and 
metal oxide formation under the milder wear conditions has been noted 
in all of the tests run in this study.    This information would tend to 
confirm the observation that metal corrosion by organic materials has 
a strong temperature function.    Metal oxide formation appears to proceed 
at  low temperatures with less apparent temperature sensitivityr 

It can be seen from the wear data for mineral oils that cor- 
rosion is rapid at  the beginning of the tests in the same manner de- 
scribed for the ester.    The same explanation for the reduced rate or 
production of metal  fluid reaction product with  test time applies to the 
mineral oils as well as the ester, 
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The contact area versus time relationship Is presented In 
Figure 84. The surface area of contact also Increases with time and, 
with progress of wear, tends to achieve a constant value. A decrease In 
unit loading la associated with the generation of Increasing surface 
area of contact. 

The effect of load on debris formation Is presented in Table 
35 and Figure 85. These data show that organometalllc formation varies 
directly with load. Within a single test at any load, the change In the 
rate of formation of organometalllc material follows the form of the 
curves shown In Figure 81, 82, and 83, These latter figures were all 
determined for a 40 kilogram load. 
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Figure 59 . THE SHELL FOUR-BALL WEAR TESTER 
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A - Vibrational Damper E - Thermocouple 

B - Liquid Seal F - 200 Watt Cartridge Heater 

C - Gas Inlet & - Transite Spacer 

D - Transite Insulation H - Friction Torque Arm 

FIGURE 60.    SHELL  FOUR-BALL WEAR TESTER MODIFIED  FOR CONTROLLED 
ATMOSPHERE  STUDIES 
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Figure    61.   SAMPLE PREPARATION AND CHARGING SYSiiiM FOR CONTROLLED 
ATMOSPHERE  FOUR-BALL WEAR TEST 
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Table 12 

PROPERTIES TYPICAL OF THE BASE STOCKS 

Test Fluids: Di-2-Ethylhexyl Sebacate (MLO 7710) 
Super-Refined Paraffinlc Mineral Oil (MLO 7789) 
Super-Refined Naphthenic Mineral Oil (MLO 7625) 

wa— i  ■ i .i  i.L J. ■,—   _;■;:-■:   i       r ■ tarn  KITS   I   r1 ■■ 'i   ■        ■ : ■:   t   = msKssssmss r  - -'T   •  .,       '   i1 =   asasasa   -1 ■  sssssssssaoBsBa* ■ 

Fluid Type, PRL Designation       MLO 7710    MLO 7789    MLO 7625 

Viscosity at 210oF., Cs. 3.31 

Viscosity at 100oF., Cs. 12.6 

Viscosity Index (ASTM) 155 

ASTM Slope 0.703 

API Gravity, Degrees   

20 
Density, D^u g./ml. 0.902 

.  T .    20 Refractive Index, n   

Calculated Molecular Weight       426 

Hydrocarbon Analysis: 

Wt. % C as Aromatic Rings         

Wt. % C as Naphthenic Rings        

Wt. % C as Paraffinic Chains 

Boiling Point Range at 

760mmHg., "F. 795        600-770      800-950 

3.11 8.20 

13.1 77.3 

110 77.4 

0.763 0.766 

37.3 28.1 

0.838 0.883 

1.4637 1.4823 

331 430 

0.0 0.0 

31.3 41.9 

68.7 58.1 
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Table 13 

PERFORMANCE CHARACTERISTICS OF THE 
SHELL FOUR-BALL WEAR TESTER 

Four-Ball Test Conditions Include: Test Speed = 600 r.p.m.; Load 1,4 
or 10 Kg.; Test Temp. ■ 1670F.; Test Time ■ 1 hr.; Fluid Charged = 
20 ml.; and Bearings = 52-100 Steel, PRL Batch No. 14. 

Test Fluids: Super-refined Paraffinic Mineral Oil (I 10 7789) 
Super-refined Naphthenlc Mineral Oil (MLO 7625) 

TesL Fluid Load, Kg. 
Av. Wear Near Scar 

Diameter, mm. 

MLO 7789 1 0.42 
4 0.49 

MLO 7625 4 0,34 
10 i\43 
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Table 14 

EFFECT Or XEMPERATURE AND ATMOSPHERE ON 
WEAR PERFORMANCE OF STEEL 

Four-Ball Test Conditions Include: Test Speed » 600 r.p.m.; Load - 10 
or 40 kg.; Test Temp. - 1670F.; Test Time - 1 hr.; Fluid Charged - 
20 ml. and Bearings ■ 52-100 Stßel, PEL Batch No. 14. 

Test Fluids:  Super-refined Paraffinic Mineral eil (ML0 7789) 
Di-2-Ethylhexyl Sebacate (MLO 7710) 

SB—SMM T ; "S—r-:,T-s--s-= 

Test Test Load Temp, Av. Wear Scar 
Fluid Atmosphere Kg. 

0F. Diameter, mm. 

MLO 7789 Dry Air at 
0.7 l./hour 

10 167 0.48 

MLO 7789 Dry Air at 
0.7 l./hour 

10 400 0.40 

MLO 7789 Nitrogen at 
4.8 l./hour 

10 167 0.32 

MLO 7789 Nitrogen at 
4.8 l./hour 

10 400 0.43 

MLO 7710 Dry Air at 
0.7 l./hour 

10 167 0.55 

MLO 7710 Dry Air at 
0.7 l./hour 

10 400 0.70 

MLO 7710 Nitrogen at 
4.8 i./hour 

10 167 0.46 

MLO 7710 Nitrogen at 
4.8 l./hour 

10 400 0.68 

MLO 7710 Nitrogen at 
4.8 l./hour 

40 167 0.70 

MLO 7710 Dry Air at 
0.7 l./h-^i 

40 167 0.79 

137 - 

http://www.abbottaerospace.com/technical-library


LO 

m 
H 

Q 
Z a o 

M 

& 
o 
u 

< 2 
H 
U 

W  U 
t« a. 
^^ 
z z 
< o 

(-( 
M    CL, »; 2 
C5  O 
w en 

ta 
O U 

M 

SS 
^^ 

M 
S 

ta 
O        M 
r^   a) 
vO    (X. 

II 
m 
u 
41 

a, 4J 
E i-( 
0)   r-( 
H 

00 
4-1 
co <r 
(U 
H  *J 

to 

■  c 
bC <u 

o 
o  u 
<t    4J 

1-1 
>-•  SB 
o 

M 
O    O 

l-l 
II    3 

O 
-a j= 
to 
o IN 

E  a) • 
.    4-1 o 

•  iH 
M X! 

r~. a 
O       - 4-1 
o o rt 
v£> PQ 

•a  w Oi 

a) <; « 
a in 

en  j^ <u 
i-i a) 

♦J  Q -U 
ifl (/) 
0)   II 
H O 

V O 

•• <U    I 
i; x: £N 
T3 a, IO 
3 CO 
H O 
•J E 

il 

n <; 
CO 
at 
C 

■u i-l 
CO >-l 
0)    tfl 

u 
■H    •- 
T;    • 

I-a 
o 

CO 
a)   ii 
H 

M     Ü 
R]    OD   II 
a)  M 

x; ~ 
iH u 

to -a 
pq TH  4J 

I      3    CO 
)-i iH   a; 
.1 ta H 

x; 

e 

Ov m 
00 CM 
r^ vO 
r^ r^ 

C o 

^ i 
O O   O 
rH 
r-~ ^ ^H 
f^» CO   to 

M     l-l 

►J c 
2n 

c 
■H   -H 

a) ij a 
u -^ .H 
to a a 
U -H (U 
CO M-( 

XI -4-1 
ai co x: 

x: 
4-1 

a 
to to 

rH   ta Z 

5?-a T) 
a)  a) a) 

x;  c d 
iH   -H -H 
>, V4-I 14-1 

x:  tu cu 

w I I 
H    M 

rg   a)   0) 
;   a. c 

■H   3   3 
Q en en 

co 

•H 
3 

to 
a) 

H 

% 

H   H . ^ m 
CO   M 60 <; iH 
•M  XI e "-' • 
O   0) O 
H O 

r>> sr m <3\ 
U     «^s M Oi fvl CN 

•H   tfl  « o en 00 o 
a -H  i • 
CO     K4    < 6 rH d CM 
00X> '^ 
M   tU 
O (3 

d   (T)   0J     • »^v 
4J «J co bo pg 

d 
-H 
-a 

o 
1.4   co 
>. d 
ta  M 

i3 

cu 
d a)   ■> 

•H  ^H  -1 .H 
•a ja co • C^ 
•H   3   4J SP O 
U *-{   i) e • 
>,  O  X o 
ta tn 

0) 

(0 

0)   a) 
CO   i0 

u 

0) 
M 
tu 

x: 
4J a 
to CO 
ID 
H e 

o 

O 
CM 

CN 
OS 
o 

en 

o 

ITl 

o 

CM 
vO 
O 

O 
CM 

o 

d 

C^J 

o 

-c    • 
CO   00 
o .* 

U   T3 r-^ 
CO   -H r^ 
a)  3 
H -H O 

ta d 
f-, 

a. 

Li 
t->    3 
cO   O 

x: 

< H 

u    • 
Q O 

O 

d 
O 

d 

(U 
bo 
to 
a 

d 

-o 
tu 

■v 
3 

r-l 
U 

g 

4J   3 
CO   O 

x: 

< -i 

u   • 
Q O 

O 

to 3 o 
d J3 
tu — 
oo   • 
O H 
Id 
4-1   00 
•H      . 

CO   3 
o 

d J3 
0) ^ 
60 . 
O -{ 
u 
u 00 
•H     . 

138 

http://www.abbottaerospace.com/technical-library


M 
e 

o •* ^-s 
•H CO PQ 

s •rl 
^ 

aox* 'W 

M at 
O Q 

CO o o o o o o o o 
rH  -H • o vO a\ co IN o ro r-. 
Ifl    (-1 

% 
/*> vO o\ CO vO ■* ir, <■ ro 

4-) ^3 < • • • • • • • • 
O   0) N-^ o o o o o o O O 
H O 

■H i-t     « sr fs o oo ON o r~» vO 
fl}  n)  to • ^ CM oo f~. vO *> CO m o 
4J    iJ    M 00« i-i vf o H o •H o tH 
0   0)   o E ^-^ • • • • • ■ • • 
H S hJ o o o o o o o o 

•a 
(U 
T) 
3 
-H 
U 
c o u 

J3 
CO 
H 

01   rH 
C XI #t 

•W   3 rH 
"O  rH CO 
•rt    O *J 
t-i    CO 0) 
>.   C s 

A-   M 

0) 
C   0) #k 

•H  ^H rH 
-O J3 fl) 
•H    3 4J 
M   rH 0) 
>» o » 

eu w 

$ 

u 
0) 0) 
00 u 
Cfl    M M i l-i   CO (0 
a) a) o 1 
5 ^ w iH 
< o 

0) 
IH 
01 
•C 

w a. 
to w 
0)    o 
p-1 E 

4J 

TJ     • 
CO   00 o 
O  J* rH 

r-> 

Oi 
00 

+J -a r» 
m -H r^ 
0)   3 
H   rH § 

vO 
I*» 

oo o 
IN rH m 

d d 

O 

n en v£) 
CM 

vO 

O 

00 
CN 
o 

o 

d 

fM 

o 

o m 
o 

o 
CM 

oo 
in 
o 

vo 
oo 
o 

-a- 
o 

o 
o 

o 
CN 
o -3- 

O 

vO vO 

d 

o 
o 

o 
CO 

o 
00 
o 
o 

vO 
en 
o 

cs 00 
-a- 

H M *J   n W   M M M <->   M u   U 
U   3 *J  3 CO  3 cfl   3 iJ   3 ^   3 CO   3 CO   3 
cfl   0 cfl   o O 0 cfl   O cfl   O 0 O 

•C X! e x C5 43 X! X! ß X e x 
u ^ M  "^ 0) *». (U -^ M   ■■», u  ->. (U -- 0) *">» 
•H     • H     • 60   • 00    • •H     • •H      • 00    ■ 00   • 
<   rH < -H O H 0 ^ <   rH <   rH O   rH O   rH 

u u l-l u 
^rv ?sl^ U 00 «J oo f^f^- >^ *J OO u oo 
u    • U     • •H     • x4     • t-l       • M •H      • •H     ■ 
Q O P O 55 *• z «* Q O o o Z  -* •z <t 

o o o o 

u-l 
CN 
vO 

- 139 - 

http://www.abbottaerospace.com/technical-library


Ü      « 
i           •HO            ^-s 

C  -H     •      PQ rH r^ VO m r^ 
Cd    M    00       1 o r-( oo a* m ro 
oco a   < • •H • • • • 

i            M   (U            ^ rH 2 o o o o • •* O P 

fa 
0 1                     * 
f>- 10 
vO iH iH     •  »-v r« O cr. r^ o -a- 
iH CO   M   00< 

4-1 ,Q   a ^ 
rH • • o • «H m m 

II O   0) rH o rH rH d d 
H P 

ii 0) H 
& OOrH ja 
H    • C -Q   3 sO vO CO vO 00 •* 

O ..   -H   3 ^H   M o> v£> CO O o m 
*J Z Sfl •3 -H   0 H 00 a» f~~ a\ CM m 
n a •o  o to cd rH -H rH r-i rH rH 

M 01 X td <o e 4J • • • ii • ■ 
tB tu H   Ü -H   01 o O o a o o 
H fu 4J (0 >%>H    a 
xS (0 

o "31 O   W3 00 fj 

es ■-53 —J 

H O PK <d 
O O «» 4.J 00         0) 
w w * Ä n      ü 
z a. II   iH » H   «   C 
M w 01 w ,c o) vO a. CM -H m r^ 
< •O   0) iH cd oo M «^ f-t rH CM CN rH H 
Ö S (0   4J ed a» iH Qj PQ • • • • • 
M O o w 4J .i     0)   <4H   v.' o O o o o O 
O  M hJ o S «w 

H o H >.        -rl 

^& 
•«o X,         T> 
• 1-1 

ei o a i 
pq w • CM 0) 

g5 am ^^ /-\ 0) H • a. m C JO     •> sr O m vO oo H 
U   || 00 CM •H   3 iH     . rH o c>. VO Ov CM 

vO         ZU r^ vo •a rH cd op 
•H o 4J e 

rH sr o rH Ov Ov H    2S o to r^ r* rH rH rH rH o O 
O   00 M  w ai • • • • 

tt)        HO vO  c O O o o o O d d 
.a     c3 < N    M ssä fa   M 
at      M id s^ \—'• 
H        1* O •o a» m    « 

s % 0) PQ iH i-l rH rH     • * « « * * * 
S   M 0) •W   -H   ^N ^•§21 i-3 .j *J lJ _] H] 
►J (A P.TJ o o o P S p P P P 

«Ö MS i-l f-) r^. 
0rl% PQ PQ PQ PQ PQ PQ 

e^ «J «)   <0 r~. CO 
09   ••> M   M 

M 0)     • 0»   01   O 
(H  W H   U C   C   d 0) 
O H £ eai« 

■H   rH  rH      " CM vO oo O O CO 
M Pa •• .H T3 JO   Cd   00 00 \o IT» «a- o cn 
u < 0) U   U    0) •H   3  4J   B f^ «n vO r» n vO 
JZ   m t3   N ■H  -H   4J ZtS O o o O o o 
"^ 3 3 e e A • • • • • 
^J -JS •H   0)   u fa  CO o o o d o o 
< J i4-i us  a) Sd C  -H <4-l    4-1   ^ 

M H td J3   <u u Vl u «J m 4J    U 4J    M 

ä? uaw 0) U   3 4J   3 *J   3 cd   3 ed 3 cd  3 
ca *J ed «d M ffl   0 cd o cd o o 0 0 

M   « (3   a! fa  Z  iH « J3 4= .    J3 C Ä 3 j: a JS 
oü a O   0) •o -o 5? A u ^. M -^ L| *^ 0) ■^ o» ^ 0) ^ 

Sg •H H w a •H      . ■H     • H     • 00   • oo   • 00   . • 
4J 0)   0)   ot m (a < H <   rH < rH O   rH O <H 0 H c 

§ T*   •« d   C J3 Äi H u Vl o 
•O     • •H -H  rH »%r>» ^r^ er^ 4J 00 4J  00 VI 00 •H 

SI M «-4    >, 4J Vl     . •H     • •H     • ■H     • M 
<U   0)  J2 < P O P O P o Z •* Z >» z «a- O 

u M     »1    4-1 0) 
o 1     1   M VI 

4J  CM M   U    | M     • 0) 
(0 0)   0) (N a) d M •3 
0)   II a a i 00 J   (U 
H 3   3 -H cd c/} ^   • •* 0\ en o rH r>» 14H 

T3 OT cn o M     oi a r^ r» m r» vO -a- o 
b   4! (U    M     S     g 

> <B  cd 
• • • s • • 

«a t>o o o o o o o «J 
(U   h • •                        j <  0» -H •H 
S « « »  P a 

U3 •a •H 
^ O •H H 

« -a 9 o a\ u-l o CTs m 
»-1 H CO CM rH 00 CM » 

PQ -H fa *J 73 r^ rv vO 1^ r^ vO s 
1    3 (0  -H r> r^ 1^ r^ r^ r» H 
h H 4J 0)   3 0) 
3 fa to H rH O o o O Q O PQ 

£ Ä                    1 fa s 
^ 

i $ 
^ 

ä * 

140 

http://www.abbottaerospace.com/technical-library


1 1     |    1    |     1     11 
OD A Air Atmosphere       | 

• B A Nitrogen 
Atmosphere 

0  0MLO  7789                   | 

A   AWL0  7625                   | 

□   |HL0  7710 

2.0 

Test Conditions and Fluid Descriptions given on 
Tables 15 and 16.                                        ■ 

oil e 

U 

r-l 
4 
4J 
0 

H 

1.0 

0.8 

D 

0,6 

0.4 

—                          o 
A      A.                   1 

0.2 

n               i 

n i i 
1 1 

0.2       O.t* 0.6 

Average Wear Scar Diameter, mm. 

0o8 

Figure 67.    RELATIONSHIP OF TOTAL METALLIC DEBRIS TO AVERAGE 
WEAR SCAR DIAMETER 
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Table 18 

EFFECT OF DISSOLVED OXYGEN ON THE WEAR BEHAVIOR 
OF A SUPER-REFINED PARAFFINIC MINERAL OIL 

Four-Ball Wear Test Conditions Include:  Test Speed - 600 r.p.m.; Load 
» 10 kg.; Fluid Charged - 20 ml.; Test Time = 1 hr.; and Bearings - 
52-100 Steel, PRL Batch No. 14. 

Test Fluid: Super-refined Paraffimc Mineral Oil (MLO 7789) 

Test 
Temperature, 

"F 

Test 
Atmosphere 

Average 
Wear Scar 
Diameter, 

mm. 

Dissolved Oxygen 
Concentration 

ppm (by weight) 

167* Dry Air at 
0.7 l/hour 

0.48 41' 

400* Dry Air at 
0 7 l./hour 

0.40 1.3' 

167' *Nitrogen at 
4.8 l./hour 

0.32 0.43' 

400* *Nltrogen at 
4.8 l./hour 

0.43 0.2' 

Solubility values  taken  trom previous  reports 

Nitrogen tank contains 0 5 volume percent oxygen. 
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Table 20 

EFFECT OF DISSOLVED OXYGEN ON THE 
WEAR BEHAVIOR OF AN ESTER 

Four-Ball Wear Test Conditions Include:     Test  Speed = 600 r.p.m. ; 
Load = 10 kg.;  Fluid Charged = 20 ml.;  Test Time = 1 hr.; and Bearings 
= 52-100 Steel, PRL Batch No.   14 

Test Fluid:    Di-2-Ethylhexyl Sebacate (MLO7710) 

Test Test 
Temperature,    Atmosphere 

Average 
Wear Scar 
Diameter, 

mm. 

Dissolved 
Oxygen 

Concentration, 
Ml/ml 

Dissolved 
Oxygen 

Concentration, 
ppm (by weight) 

167* Dry Air at 
0.7 l./hour 

0.55 33' 53.0 

400° Dry Air at 
0.7 l./hour 

0.70 1.0a 1.80 

167° *Nitrogen =U: 
4.8 l./hour 

0.46 0 3C 0.48 

400* *Nicrogen at 
4.8 l./hour 

0.68 0-2 0.36 

Solubility values taken from previous reports. 

Nitrogen tank contains 0o5 volume percent oxygen. 
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Table 22 

WEAR PERFORMANCE OF THE ESTER INHIBITED WITH PHENOTHIAZINE AND 
A COMBINATION OF PHENOTHIAZINE AND TRICRESYL PHOSPHATE 

Four-Ball Wear Test Conditions  Include:     Test Speed ■ 600 r.p.m.; 
Load:    At  Indicated;  Test Temp.  • 1670F.;  Test Time =  1 hr.; 
Fluid Charged -  20 ml.;   and Bearings =  52-100 Steel,  PRL Batch No.  14 

Test Fluids:    Di-2-Ethylhexyl Sebacate  (MLO 7710) +0.5 Weight Percent 
Phenothiazine (PRL 3207) 

PRL 3207 +5.0 Weight Percent Tricresyl 
Phosphate (.PRL 3462) 

Test Fluid 
Load, Average Wear Scar 
kg. Diameter, min. 

MLO 7710 

PRL 3207 

PRL 3462 

1 
10 0.59 
20 
40 0.74 

1 0.25 
10 0.47 
20 0.60 
40 0,83 

1 0.13 
10 0.26 
20 0.28 
40 0.38 
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Figure    75-    RATE OF DISSOLUTION OF  IRON OXIDE   (Fe203) 
IN  ACRIDINE-INHIBITED  HYDROCHLORIC 
ACID  SOLUTION 
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Tabie 31 

PARTICLE SIZE OF THE WEAR DEBRIS 

Particle Size Determined by Microscopic Examination of 
Product from Four-Ball Wear Teats 

Four-Ball Wear Test Conditions Include:  Test Speed = 600 r.p.rr. ; 
Load = 40 kg ; Test Temp, = 1670F. ; Fluid Charged = 20 ml.; Test 
Atmosphere = Dry Air ar 0.7 liter/hour; and bearings = 52-100 Steel, 
PRL Batch No. 15 

Test Fluids: Dl-2-Ethylhexyl Sebacate (HLO 7710) 
Super-refined Paraffinic Mineral Oil (MLO 7789) 
Super-refined Naphthenic Mineral Oil (MLO 7625) 

Test 
Fluid 

First Hour Original Test 

Mean Length 
of 

Particle, 
micron 

Mean Width 
of 

Particle, 
micron 

Second Hour in 
Sequence Test 

Mean Length 
of 

Particle, 
micron 

Mean Width 
of 

Particle, 
micron 

MLO 7710 22.4 16.8 22.0 14.4 

MLO 7789 25.9 16.2 20.0 11.5 

MLO 7625 22.6 10.5 38.2 10.6 
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D-     OTHER STUDIES  IN PROGRESS.     Progress  is being made on a 
number  of studies  In addition to chose emphasized in this report.    Studies 
in which appreciable progress has been made during this period include 
the  following. 

1.    Preliminary Studies in Titaniun. Lubrication.    A number of 
0.5-inch diameter titanium ball bearings were obtained from the Air Force 
Materials Laboratory.    Some preliminary studies to determine the lubri- 
city characteristics of titanium-on-titanium and titanium-on-other metal 
surfaces  (primarily steel) have been carried out. 

A new Shell four-ball wear tester obtained by the Department 
from the Roxanna Machine Works will be used in this work.    This machine 
is a Brown-G E,  Modification and is equipped for use at higher tempera- 
tures  as well as operation under a controlled atmosphere. 

The machine  incorporates an air thrust bearing for support of 
the ball pot.    A pneumatic-hydraulic loading piston provides continuouly 
variable loading at  the wear surfaces.    Two loading pistons having differ- 
ent diareters provide  two ranges ot loading.     The load imposed on the 
bearing surfaces Is indicated by  a pressure gauge.    Loading may be varied 
during a run while the spindle ball is  turning.    The wearing surface 
geometry is  the same as that in the machines used previously. 

A speed control allows  a continuous  range of shaft speeds.    The 
duration of a run Is controlled by a preset timing device.    A friction 
transducer  is attached to the arm of the ball pot and friction values are 
recorded on a chart recorder.    T^e test  temperature is also continuously 
indicdted on  the  chart  recorder. 

Several calibration  runs have been made  to  compare values ob- 
tained with   the machine used previously and those obtained using the 
new  tester       The wear  tester  standards  PRL  3207  (0 5 Wt,% phenothiazine 
in di-2-ethylhexyl sebacate)   and PRL 3462   (5.0 Wt.% tricresyl phosphate 
ir  PRL  320 7)  have been used as  test  fluids       The values obtained are 
phown on Table  36. 

A paraffinic white  oil  having about  13 centlstokes viscosity 
at   100  F has been  used as  the base  fluid  for  experimental blends.     Both 
titAnium-on-ticanium and steel-on-tltanium wear sunaces have been eval- 
uated,     Two  types  ct  tests   are  used       In  one  case,  the  test is started 
at  a given   load and run in the  conventional  manner.     A second procedure 
involves  starting the  test  at   a  very  low  load and increasing  the load 
incrementally with  tine. 

In  order that  surfaces   in boundary  lubrication can be lubri- 
cated,  it   is necessary  to provide   an easily  sheared  film on  the surface. 
Reaction  at   the  surface  is  dijucult  to achieve v;ith  titanium.     Using 
steel-on-tltanium,  if  may be  possible  to provide  the   reaction  and re- 
sultant   tilm at   the steel  surtac Additive  types evaluated in  the 
ir.ineral  oil  base  stock  include  acid phosphites  and phosphates  alone  end 
in  combination with materials  lont.ilning zinc, or sulfur.     Several halo- 
gtmateu  oils  have been used both  as  test   fluids  and as  additives  in the 
mineral  oil  base  sto'k      Preliminary  results  indicate some effectiveness 
a1:   relatively  low  loads  to.c   a halocarbon oil with botn beating surface 
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combinations and for the  acid phosphite-zinc combination as well as  a 
dlthiophosphate for the steel-on-titanium system. 

There have been many evaluations of the wear properties of 
titanium in bearings.     In all cases tltanlum-on-titanlum (Tl-on-Tl) 
bearings show extremely poor load carrying ability.    Very reactive   (cor- 
rosive)  halogen-containing materials provide the best apparent lubrica- 
tion properties  for Tl-on-Tl.     It is evident that a lubricant  that will 
work on lightly loaded titanium bearings  is much too reactive and un- 
stable to be used advantageously in typical lubrication systems.    Much 
of  the so-called Tl lubrication studies were conducted with It members 
containing metal coatings on the Tl surface.    In fact these are merely 
wear studies  that could be conducted on other metal substrates.    Some 
meaningful tests with steel-on-Tl have been conducted to demonstrate 
the problem of Tl lubrication.     It is evident  from these  tests  that any 
metal transfer from the Tl surface to the surface of the steel provides 
a Tl-on-Tl wear system and results in  failure.    The successful lubrication 
of steel-on-Tl appears to require a relatively thick coating  (probably 
organometalllc)  on the steel bearing surface.    Preliminary indications 
are that such films prevent the  adhesive  transfer of Tl  to the steel 
surface by providing a sacrificial, easily sheared film. 

These studies show some interesting features of lubrication 
additives,    The successful tests  in  the  four-ball wear tester were run- 
in by starting with a load of less than one kilogram and Increasing to 
the desired load of 4 to 15 kilograms over several minutes  run-in!     Those 
tests started at the  final load value  gave erratic results  Indicating 
the problems of initial  load and wear.     The overall results  show that 
an effective  film formed on steel surfaces under boundary lubrication 
conditions such as zinc dlalkyldlthlophosphate can provide satisfactory 
lubrication  for steel-on-Tl at moderate bearing loads„ 

An interesting additive effect was demonstrated by  the steel- 
on-Tl studies.    Zinc naphthenate,  sulfurlzed terpene,  and alkyl acid 
phosphates provide Zn,  S,  and P  in polar  form for comparison with the 
effect of the zinc dlalkyldlthlophosphate.    Recent studies show that 
this latter material almost inevitably contains polar  impurities  rich 
In Zn and P.    A comparison of  the  zinc dlalkyldlthlophosphate with  com- 
binations of the two polar compounds containing only P,   Zn,  or S has 
been made      These data (Table  37)  show that  the use of polar  zinc com- 
pounds in  combination with effective additives containing active sulfur 
or phosphorus approach  the effectiveness of the  zinc  dlalkyldlthlophos- 
phate , 

1.    Oxidation Studies of Several Fluids,    A series of  fluids 
has been received from the Air Force Materials Laboratory  for evaluation 
of oxidation characteristics.     These  fluids include several  commercial 
turbine engine lubricants,  some  compounded slllcone  formulations,  and 
two dlmerate esters.    Some preliminary work has been done with  these 
fluids.     Stable life  tests at 400°  and/or 4250F have been conducted for 
each of the  fluids and oxygen assimilation studies have been made with 
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several of the samples. 

The data fcr the stable life evaluations are shown on Tables 
38 through <*1      The stable life values are determined by a sharp Increase 
In neuttaii^aticn number with test time  Stable life values for the gas 
turbine type lubricants at both 400' and 4250F are shown on Table 38. 
In general, the lubricants exhibit similar values at these temperatures. 
When looking at final pzopertles of the test fluids, It should be remem- 
bered that these tests have been continued well beyond the stable life 
of the fluids. 

Stable life evaluations tor several slllcone formulations are 
shown on Table 39. MLO 7813 is a iluorinated slllcone containing three 
weight percent tncresyl phosphate. At about 50 hours test time at 400aF, 
a sludge cz inscluble resin-like material is formed, This material Is 
Insoluble in naphtha bat is readily soluble in such solvents as pyrldlne, 
acetone, and benzene. Several additional tests were carried out with this 
fluid. These tests and the results obtained are described on Table 40. 
The role of the oxygen and metal catalysts in the formation of this resin- 
like material is evident. To accomplish the filtratlons shown, the fluid 
from run number one was decanted after the Insoluble material has settled 
zo  the bottom of the tube. The other two slllcone fluids, MLO 7814 and 
MLO 7815, did not increase in neutralization number during the test time 
although excessive metal corrosion is shown after the relatively long 
test time 

Data on Table 41 show stable life type tests for di-2-ethyl- 
hexyl dlmerate and trl-2-ethylhexyl trimerate. An oxidation inhibitor, 
phenothlazine, has been added to each of these fluids. Both fluids, MLO 
7817 and MLO 7818, show a steadily increasing neutralization number with 
time Indicating no stable life cr induction period. The di-2-ethylhexyl 
dlmerate (MLO 7817) was hydrogenated over a nickel catalyst and the pro- 
duct (MLO 71,17H) was again oxidized at 400eF. The neutralization number 
relationship with time for the hydrogenated fluid indicates a stable 
life of approximately 25 hours followed by oxidation. The effect of 
hydrogenation on oxldative stability is indicated by these preliminary 
data-. Additional data at 3474F are desirable to provide more conclusive 
results. 

Oxygen assimilation tests have been conducted on the gas tur- 
bine oils. Data from these tests are shown en Table 42. Both fluids 
(MLO 7798 and MLO 7799) have been oxidized at 4250F for periods In excess 
of their respective stable lives.  Relatively small amounts of insolubles 
are formed In these tests. More work needs to be done before relative 
oxygen assimilation values can be determined tor this series of fluids, 

3.  Pressure-Viscosity Studies  Film thickness of the lubri- 
cant in the bearing is an import ant consideration in aircraft applica- 
tions where minimum high temperature viscosity levels are used to achieve 
low temperature operabillty.  Film thldtneas is determined generally by 
the use of appropriate elastohydrodynamic (EHD) equations which require 
a value for the viscosity-pressure coefficient ai. The PRL pressure vis- 
cometer can be used to determine o in the range (0 to 10,000 psig) which 
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appears to be pertinent to use In EHD equations. 

Previous studies relative to the development and use of the 
PRL pressure vlsconeter are discussed in Annual Reports WADD-TR-60-898, 
Part III; AFML-TR-67-107, Part I; and AFML-TR-70-304, Part II. The 
latter two reports present the development of correlations for the pre- 
diction of a for fluids of various chemical types and for polymer-con- 
taining fluids, respectively. 

Current work Involves the determination of additional data on 
blends of varying molecular weight. Additional work on the time-pressure 
relationship on the viscosity of certain chemical types of hydrocarbons 
will be carried out. These are fluids which In previous studies have 
Indicated a tendency for the pressure coefficient a to decrease as the 
pressure Increases, 

Pressure coefficients are being measured for a series of Penn- 
sylvania mineral oils, some parafflnlc resins, and various blends of 
these materials. Viscosity levels Involved range from 10 to 8400 centl- 
stokes at lOO'F, Preliminary studies Indicate that the use of regres- 
sion analysis and a correlation of the type discussed In Annual Report 
AFML-TR-67-107, Part I can predict the pressure coefficient of these 
mixtures covering a wide molecular weight range, 

4,  Bulk Modulus Determination,  Bulk modulus values have been 
determined for a series of Spec. MIL-H-83282-type fluids received from 
the Air Force Materials Laboratory and Frankford Arsenal. Some of these 
fluids have been modified as Indicated on Table 43. The determinations 
were made at 100eF In accordance with the procedure In Spec- MIL-H-27601. 
The isothermal secant bulk modulus values at 2000 pslg Intervals are 
shown on Table 43. Graphs Indicating values over the range of 0 to 
10,000 pslg are Included as Figures 86 through 91, 
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Table 36 

CALIBRATION OF NEW FOUR-BALL WEAR TESTER 

Test Conditions: Test Time - 1 hr.; Test Temperature - 750C; and Test 
Speed - 600 + 10 r.p.m. 

Steel Balls; SKF Industries Grade No. 1 (0.5-inch Diameter) 52-100 
"""""  Steel Ball Bearings, PRL Batch No. 14. 

Test Fluids; PRL 3207 - 0.5 wt."* Phenothiazine in Di-2-Ethylhexyl 
Sebacate 

PRL 3462 - 5.0 wt. X  Tricresyl Phosphate in PRL 3207 

Test Fluids 
Average Wear Scar Diameter, mm. 
Steel-on-Steel Bearing Surfaces 

1 Kg. 10 Kg. 40 Kg. 

PRL 3207 

PRL 3462 

PRL 3207 

PRL 3462 

Standard Values (Old Machine) 

0.36       0.50       0.79 

0.16        0.23        0.38 

Values with New Machine 

0.75 0.37 0.47 

0.38 0.47 

0.39 0.55 

0.18 0.25 0.36 

- 183 - 

http://www.abbottaerospace.com/technical-library


Table 37 

WEAR STUDIES WITH TITANIUM 

Test Temperature - 165 + 30F.; Test Speed - 600 + 10 rpm 

Test Fluid 
Bearing     Wear Scar Diameter, mm. 
Surface      at Kg. load indicated 

Halocarbon Oil Ti-on-Ti 

Steel-on-Ti 

Mineral Oil (13 cs. 3 100oF.)  Steel-on-Ti 

Zinc Dialkyldithiophosphate 

0.80 
0.57 

0.29 
0.50 
1.38 

3.22 

4 
4* 

4 
10* 
15* 

4 

in Mineral Oil Steel-on-Ti 0.29 
0.33 
0.39 

4* 
10* 
15* 

Ti-on-Ti 3.81 4* 

Zinc in Mineral Oil Steel-on-Ti 4.16 4 

Sulfur in Mineral Oil Steel-on-Ti 3.11 4 

Phosphorus in Mineral Oil Steel-on-Ti 4.03 4 

Sulfur and Zinc in 
Mineral Oil Steel-on-Ti 0.40 4 

Phosphorus and Zinc in 
Mineral Oil Steel-on-Ti 0.23 4 

Sulfur and Phosphorus in 
Mineral Oil Steel-on-Ti 4.09 4 

*    Load increased from < 1 Kg.   to value shown during first  few minutes 
of run. 
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E.  CONCLUSIONS. The characteristics of oxidation of liquid 
lubricants with air at 500oF using typical liquid phase oxidation test 
procedures have been evaluated critically. The rate of oxidation Is 
Increased by Increasing the area of the oil-air interface; increasing 
the volume rate of flow of air through the fluid; Increasing the partial 
pressure of oxygen in the gas; increasing the residence time of the gas 
bubble in the fluid; an! increasing the amount of fluid vapor (Including 
entralnment) In the heated gas space. The tests are very responsive to 
vapor phase oxidation and as a result can produce misleading results in 
comparing fluids of different volatility level or tests from equipment 
differing substantially in geometry related to volatility loss. 

Test repeatability is adversely affected by the condensation 
and return of volatile oxidation products to the heated liquid phase. 
This results In bumping and a reduced liquid temperature during the oxi- 
dation. The use of an adequately heated vapor space provides the best 
temperature control and oxidation rate in liquid phase. The measurement 
of oxidation by total oxygen assimilated in tests involving a heated gas 
space tends to give misleading results because of the variation of vapor 
phase oxidation which is dependent on fluid entralnment by the gas, fluid 
volatility, and/or primary oxidation products. A combination of a test 
with the heated gas space but with test severity based on degree of oxi- 
dation In the liquid phase appears to be the optimum oxidation test based 
on repeatability. 

Typical liquid phase tests tend to exhibit the highest rate of 
reaction in the early phases of oxidation. This behavior is observed in 
spite of the demonstrated trend of primary oxidation products to be more 
susceptible to oxidation than virgin fluid molecules. The reduction of 
oxidation rate of the liquid with test time appears to be a strong func- 
tion of the build up of volatile liquid and gaseous oxidation products 
which reduce the amount of oxygen soluble in the system as well as the 
diffusion rate of the oxygen into the liquid system. 

These studies suggest that the optimum conditions for compara- 
tive evaluation of oxidation of liquid lubricants include a test temp- 
erature where 10 to 50 percent of the available oxygen is reacted in the 
liquid phase.  This requires a combination of temperature control and 
air bubble size. 

Super-refined mineral oils and a good grade of dl-2-ethylhexyl 
sebacate show a distinct trend toward decreasing wear with decreasing 
dissolved oxygen concentration in the fluid until a minimum wear value 
is obtained at some optimum dissolved oxygen concentration. Optimum 
oxygen concentration appears to be sensitive to load and fluid composi- 
tion or polar impurities in the fluid.  In the case of the super-refined 
mineral oils the wear-oxygen concentration curve is independent of tem- 
perature over the range of room temperature to 400oF. The ester appears 
to be temperature sensitive by defining two parallel wear-oxygen concen- 
tration curves. The A008F tests define a line indicating higher wear 
than the test at 1670F. The obvious difference between the mineral oils 
and ester in these studies is the relatively low threshold of the ester 
to thermal degradation. The ester thermal degradation produces organic 

- 197 - 

http://www.abbottaerospace.com/technical-library


acids which appear to be effective In producing corrosive wear In 
boundary lubrication.    At 10 and 40 kilogram loads with the super-refined 
mineral oils, It Is possible to show Increased wear at oxygen concentra- 
tions below the optimum.    The wear mechanism below the optimum wear ap- 
pears to be different from the corrosive wear suggested for wear levels 
at oxygen concentrations above the optimum.    The test procedures used to 
reduce oxygen concentration were not good enough to achieve the optimum 
wear level at one kilogram loads with the mineral oils or at any loads 
up to 40 kilograms with the ester.    The inability to obtain the experi- 
mental conditions for optimum wear does not preclude the existence of 
this condition at lower oxygen concentrations. 

There appears to be a distinct difference between the two 
super-refined mineral oils in their response to oxygen concentration. 
The lower level of oxygen sensitivity in the case of the viscous naph- 
thenlc mineral oil may be attributed to the presence of smaJ I quantities 
of polar impurities.    The presence of oxygen in the basic ester molecule 
places the ester in a polar category which appears to modify the effect 
of dissolved oxygen. 

Debris analysis provides a method of determining a material 
balance on fluid insoluble material as well as metal in .he fluid and 
fluid insoluble material.    The difference between metal (articles and 
particles of metal oxide can be determined using an acrldlne-lnhlblted 
hydrochloric acid solution.    The proper use of debris analysis with 
other chemical information on boundary lubrication provides a signifi- 
cant step in the evaluation of the lubrication mechanism. 

Debris analysis in this study has been applied to the deter- 
mination of relative polarity of lubricant constituents including oxygen; 
the effect of unit loading on reaction rate; and the effect of tempera- 
ture and/or catalysis on trlboreactlons. 

The unit loading in the four-ball wear tester is highest at 
the start of the test.    The wear rate is highest at the start of the 
test with a large decrease in wear rate after the initial "wear-in" 
process.     The decrease In wear rate with time is attributed to a de- 
crease In unit loading, a decrease in surface temperature,  a buildup in 
the  formation of an elastohydrodynamic  film,  and an increase in  the 
bearing surface area.    This basic model applies to all of the tests run 
in this study including the sequential tests  and those run as a function 
of  time.     In all of the tests there Is evidence of organometallic wear 
products  along with a metal-metal oxide  fraction.     In the first  time 
Increment of all sequence tests, where the most severe load and tempera- 
ture  conditions existed,  the highest  rate of  formation of oil soluble 
organometallic products and total organometallic products were noted. 
Since the potential catalytic metal surface Increases with time,   it 
appears that temperature rather than the catalytic nature of the surface 
dominates  the organometallic reaction.     The  formation of metal-metal 
oxide particles  appears to be less  temperature dependent.    This  frac- 
tion shows a smaller reduction in rate of formation with test time  than 
does  the organometallic fraction 

In general it appears that the total debris formation is 
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directly proportional to the amount of wear produced or Inversely pro- 
portional to the lubricity.    A general measure of debris tends to show 
a larger value for the contribution of the organic lubricant than from 
the metal bearing.    The definite decrease in the rate of formation of 
organometallic product with time appears  to be related to the method 
of removal of the reacted film on the metal surface rather than the 
formation of the film.    As the bearing area increases and the bearing 
pressures decrease and a fluid film develops,  the shear forces and/or 
cavltation effects on the bearing surface should decrease.    This model 
is proposed as the reason for the decrease in rate of wear rather than 
a decrease in reaction rate on the surface. 

Very reactive (corrosive) halogen-containing materials provide 
the best apparent lubrication properties  for titanlum-on-titanium wear 
surfaces.    These lubricants are too reactive or unstable for use in a 
typical system.     Steel-on-titanium wear surfaces can be lubricated so 
long as the lubricant    and its componenets  form a relatively thick 
coating (sacrificial,  easily sheared film)  on the surface of the steel. 
If  this condition is not met, adhesive  transfer of  titanium to the steel 
occurs and lubrication fails.    Additives  containing a polar form of 
zinc,  sulfur,  and/or phosphorus provide effective coatings to reduce 
wear in steel-on-titanium wear surfaces. 
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Preferential Adsorption In the Lubrication 

Process of Zinc Dlalkyldlthlophosphate 

1 2 
D. B. Barton, £. E. Klaus  (ASLE)   , 

J. R.   Strang (ASLE)3,  and E.  J. Tewksbury  (ASLE)2 

Abstract 

Paper chronatography has been used lu conblnatlon with neutron 
activation analysis to analyse the polar lubricity additive zinc dlhexyl- 
dlthlophosphate.    This additive Is ihown to contain small but significant 
quantities of both phosphorous- sad zlnc-contalnlng polar Impurities. 
Results of lubricity tests suggest that these polar Impurities are ad- 
sorbed preferentially on a metal surface and therefore are available for 
the lubrication reaction In preference to the zinc dihexyldlthlophosphate 
molecule Itself.    An acid phosphate-type compound is believed to be the 
active polar impurity controlling the wear behavior of zinc dihexyldlthlo- 
phosphate . 

A chemical lubrication mechanism for zinc dlalkyldlthlophosphate 
Is proposed. This lubrication mechanism Involves the formation of a metal 
phosphate surface film. The agreement between this mechanism and lubrica- 
tion data presented by previous investigators is discussed. 

I.    Introduction 

The effectiveness of a lubricity additive is dependent upon Its 
polarity (affinity for the metal surface), with the more polar components 
controlling the wear reaction.    It is known,   for example,  that polar 
phosphorous-containing Impurities In tricresyl phosphate are adsorbed 
preferentially on metal surfaces  (1).    Very low concentrations (< 0.01 
mole percent)  of these polar Impurities result in significant adsorption - 
the adsorption being controlled by impurity concentration.    This low 
concentration of polar phosphorous-containing impurities dominates the 
wear reaction and causes wear reduction. 

Zinc dlalkyldlthlophosphate  (ZDF)  is an excellent lubricity 
additive which also exhibits antioxidant, extreme pressure, detergent,and 
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corrosion inhibition activity.    Although this  compound has been the 
subject of much study,   the detailed mechanism by which this additive 
functions has not been completely understood. 

Several  investigators agiee  that  the lubrication mechanism of 
ZDP Involves  a chemical reaction between the additive and the bearing 
metal  (2-4).    Both phosphorus and zinc have been Identified in the re- 
acted surface  films.     Other authors advance  the  theory that thermal de- 
composition of  the ZDP additive molecule occurs prior to chemical reac- 
tion (4-7).    The  results of a study evaluating the antiscuff performance 
of ZDP used as  a motor oil  additive show that  the  atomic ratio of Zn:  S:P 
changed   .pon decomposition of the zinc additive   (8).    This finding sup- 
ports    '.e theory  (4)   that the P to Zn linkage is broken when ZDP additives 
decompose. 

Another investigation shows  that the antiwear effectiveness of 
a number of common additives,  Including ZDP,   is  closely related to their 
adsorption kinetics - the more rapidly adsorbed additives being more 
effective  (9).     ZDP was found both to adsorb  rapidly and to be a very 
effective antiwear additive when used in a corrosion preventive oil. 

The  thermal stability of zinc dialkyldlthiophosphates has been 
proposed by several  researchers as a parameter for determining the relative 
antiwear activities of these additives  (8,  10-12).    An examination of 
these references yields several serious differences.    One paper (11) 
Indicates that the more thermally stable structures are the more effective 
in reducing wear, while another (12) states  that the thermally unstable 
compounds show better antiwear activity.    Two others conclude that there 
appears to be no correlation between thermal stability and antiscuff 
performances  (8,10).    All authors do agree,  however,  that experimental 
conditions along with chemical structure are the critical factors in 
determining the thermal stability.    The reason for the apparent inconsis- 
tencies of the  results is  that the experimental conditions and the chemi- 
cal structures are not standardized in the investigations.    One author 
(10) also claims  that  the zinc atom in the additive molecule directly 
affects  the thermal scaoility of the molecule.    Another  (11)  concludes 
that neither the alkyl group nor the zinc cation play a direct role in 
the effectiveness of  the antiwear film, but only an indirect one by 
controlling thermal stability.    A third  (13)   Indicates  that  the antiwear 
effectiveness of  ZDP depends directly upon  the alkyl group.    Two of these 
authors   (10,  11)  state  that  the thermal decomposition mechanism,  the 
active antiwear species,  and the surface reaction product leading to 
chemical wear are unknown. 

This paper presents a study of the lubrication mechanism of 
the tVlar lubricity additive zinc dihexylditaiophosphate.    Paper chroma- 
tography has been usea to separate the zinc additive into its various 
constituents.    Neutron activation analysis has been applie ' as the qtiuntl- 
tative technique  for analyzing    he Chromatographie separation (14 ).    Com- 
parative tests have been conducted on the  four-ball machine to investigate 
the lubrication behavior of the ZDP additive on a metal substrate  (15). 
Specifically,   this study attempts to determine  the presence of. Identify, 
and define  the  role of polar impurities in the zinc dihexydithiophosphate 
additive,  thus  leading to a better understanding of the  lubrication 
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mechanism of zinc dlalkyldlthlophosphates. 

II.    Analytical Techniques 

Paper chromatography is a very sensitive quantitative separation 
technique based on relative polarity.    This microanalytlcal technique 
generally Is more effective In separating polar substances than the com- 
plementary and alternative method of thin layer chromatography (16).    In 
this study, a commercial zinc dlhexyldlthlophosphate  (PRL 3043) was sepa- 
rated Into Its  constitutive components on high purity chromatography 
paper.    This high purity paper contains only sodium as a major Impurity. 
A single drop of the zinc additive  (equivalent to 0.421 milligram phospho- 
rus) was applied near one end of a strip of this paper.    The strip then 
was held In a vertical position with the sample end Immersed In a 70:30 
(by volume) n-propanol:2N ammonia (aqueous)  developing solvent.    Separa- 
tion of the ZDP components  according to polarity occurred as the solvent 
migrated by capillary action up the chromatostrlp - the least polar com- 
ponent traveling the farthest.    After air drying to evaporate the solvent, 
the chromatostrlp was sealed in polyethylene tubing for subsequent neutron 
activation. 

All Chromatographie samples were activated in the Pennsylvania 
State University nuclear reactor.    The samples were positioned at the 
front face of the reactor core and Irradiated for two hours at a power 
level of 500 kilowatts and a neutron flux of 9.1 x 10^2 neutrons per 
square centimeter per second.    After irradiation,  the samples were left 
in the reactor pool for eight to twelve half-life periods of sodium-24 
(tj/2 ■ ^ hours)   to allow this isotope to decay to an insignificant 
activity level.     The samples then were analyzed quantitatively for their 
phosphorus-32   (t]/2 =14.3 days)   and zinc-65   (t]/2 ■ 245  days)  distribu- 
tions,    Phosphorus-32 was measured by scanning trie Chromatographie strip 
with a sensitive end-window Geiger tube connected to a ratemeter-strip 
chart recorder system.     Zinc-65 was measured by gamma-ray spectrometry. 

Obtaining the sulfur distribution along a paper chromatogram 
is a more difficult task since both the phosphorus  and the sulfur in 
ZDP activate to phosphorus-32 upon irradiation in a nuclear reactor. 
The problem thus becomes one of discriminating between  the phosphorus- 
32 formed from the thermal   (n,y)  reaction of phosphorus-31 and that 
formed from the  threshold   (n,p)   reaction of sulfur-32.     The phosphorus 
can be measured by waiting  for the short-lived sulfur-37  to decay  to an 
insignificant activity level and then using a calibrated aluminum ab- 
sorber to screen out the weak beta particles emitted by sulfur-35. 
However,  in order to measure sulfur directly,   it is necessary to suppress 
the  interfering   (n.y)   reaction of phosphorus  caused by both thermal and 
resonance neutrons. 

It is  known that  cadmium is  an extremely effective  thermal 
neutron shielding material.     Also, boron-10 in natural boron has  a very 
large 1/v neutron capture cross-section which extends well into the 
resonance region   (17)   and  thus  is effective in reducing the  resonance 
flux reaching a sample.     Therefore,  tests of  the  feasibility of utilizing 
boron in combination with  cadmium to suppress   (n,Y)   phosphorus  activation 
were  conducted.     Equal  amounts of phosphorus  and sulfur in the  form of 
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NH,  H-PO,   and   (NH,)2SO,  were irradiated under three experimental condi- 
tions using a polyethylene-boron rabbit in conjunction with a cadmium 
liner as neutron shielding materials.    The conditions and results are 
shown in Table 44,    The  relative amount of phosphorus-32  produced in 
each  case has been normalized to the activity of sulfur irradiated in 
the unshielded condition.     In the unshielded case,  the  activity of the 
phosphorus-32  from the phosphorus is about 16  times more  than that from 
the sulfur.    Using only the cadmium liner,  the activity from the phos- 
phorus is about   77 percent of that from the sulfur.    Using the 30 percent 
boron rabbit plus a cadmium liner, the activity from the phosphorus is 
only 20 percent  of that produced from the sulfur, a net Improvement of 
about a factor of 80 over the unshielded condition in the ability to 
measure sulfur in the presence of phosphorus.    Also,  tnere is a relatively 
small loss of fast neutrons in passing through the boron-cadmium shielding 
materials and thus only a slight reduction in the threshold activation of 
sulfur.    Therefore, after activation using boron-cadmium shielding,  the 
sulfur distribution along the chromatostrlp can be obtained in the same 
manner as previously described for phosphorus. 

III.    Activation Analysis of Zinc Dihexyldithiophosphate 

A paper chromatopraphic separation of zinc dihexyldithiophos- 
phate  (ZDP) was made on high purity chromatography paper.   'After irra- 
diation, the paper chromatogram was scanned for phosphorus-32 activity 
by the ratemeter-recorder system.    A 137-mllllgrains per square centi- 
meter aluminum absorber was used to screen out all beta activity due to 
sulfur-35 and zinc-65.    Therefore, only the beta particles of phosphorus- 
32 were detected during the scan.    The resultant phosphorus distribution 
of the zinc additive is shown in Figure 92.    Two polar impurity peaks are 
evident - one near the starting point of the Chromatographie separation 
and a less polar one next to the bulk ZDP additive peak.    Each polar 
impurity peak represents about one percent of the phosphorus present in 
all three peaks 

After scanning the above paper chromatogram for its phosphorus 
distribution, it was cut into one-half-inch segments  for a gamma zonal 
analysis in order to obtain the zinc distribution along this chromatogram. 
Each segment was  subjected to an instrumental gamma spectrum analysis for 
the 1,12 MeV gamma photopeak of zinc-65.    The  gamma zonal  analysis and 
resultant zinc distribution is shown in Figure  93.    A very large polar 
Impurity peak is evident near  the starting point of the Chromatographie 
separation.    This polar component represents about 25 percent of the zinc 
present  in the bulk additive and the polar impurity peaks. 

In order to obtain  the Chromatographie  sulfur distribution of 
ZDP,  a boron-carbide polyethylene brick sample holder was  designed and 
fabricated.    This sample-containing brick then was wrapped in a cadmium 
liner prior to irradiation.    However, no sulfur distribution was obtained 
since  the Irradiation dose necessary to see any polar Impurity peaks ex- 
ceeded the limiting irradiaiton dose of  the polyethylene  in  the brick 
composite,  thereby  causing both cylindrical expansion  and  thermal welding 
of   the brick container which  destroyed  the Chromatographie  sample.     It is 
felt  that in the  future a "Bor-Al" material consisting of  35 percent 
boron carbide powder in an aluminum matrix might be used  in place of the 
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boron-carbide polyethylene brick In order to obtain a definitive sulfur 
distribution of ZDP. 

Figures 92 and 93 Illustrate  that the commercial lubricity 
additive zinc dihexyldithiophosphate  (PRL 3043)  is not homogeneous,  but 
rather contains small but significant  amounts of polar impurities.     These 
figures show that the very polar material near the starting point of the 
Chromatographie separations  contains both phosphorus and zinc.    The zinc- 
to-phosphorus ratio is much greater than the ratio of zinc-to-phosphorus 
in the ZDP molecule.    Therefore,  these polar impurities appear to be 
multicompcnent. 

In ZDP the molar ratio of zinc-to-phosphorus  is 1:2 while in 
the polar impurities the molar ratio is 25:1.    It is clear, therefore, 
that not all of the Impurities contain phosphorus.    On the other hand, 
these data do not Indicate whether or not  the phosphorous-containing 
impurity contains zinc.    The polar phosphorous-containing compound has 
been observed to behave chromatographlcally in the same manner as  an 
acid phosphate.    This polar material may be a mono- or di-acid phosphate 
or a zinc salt of the mono- or di-acid phosphate.    Other polar zinc-con- 
taining impurities present may be  zinc oxide and/or the  zinc salt of an 
organic Cg acid. 

The possibility of sulfur being associate with  these polar 
impurities must be considered.    Thioacids are excluded as polar impuri- 
ties since the excess zinc present should neutralize any thioacids,   there- 
by forming molecules of ZDP.    However,  an acid grouping could replace an 
alkyl group of ZDP and any  two oxygens  could lose their respective alkyl 
groups and be linked by zinc,  thus producing a polar acid dithlophosphate 
molecule which cc.Id be of any chain length.    This would build up  the 
zinc-to-phosphorus ratio in these polar impurities. 

IV.    Comparison of ZDP and TCP 

Bieber (18) used a thin-layer chromatography/activation analy- 
sis technique to determine the presence of polar phosphorous-containing 
impurities in tricresyl phosphate  (TCP).     It was shown that  these polar 
impurities enter into the lubrication reaction in preference to the TCP 
molecule itself and are responsible for the antlwear effectiveness of 
TCP.    Analyses of dialkyl acid phosphate and dialkyl acid phosphite lu- 
bricity additives indicated that both these compounds and the polar 
impurities in TCP are in the same  class.     It was concluded that  the 
active wear-reducing species in TCP  is a mono- or diary 1 phosphate. 

The present study examines  the effect on wear of the polar 
impurities in zinc dihexyldithiophosphate   (PRL 3043).    The PRL 3043 was 
blended with a super-refined paraffinic mineral oll  (MLO 7755)  and tested 
at various concentrations in the four-ball tester.    It was found that the 
minimum effective additive  concentration for a ten kilogram load is about 
0.01 weight percent.    It is known that acid phosphates  also show effective 
antlwear activity in this  concentration range.    The 0.01 weight percent 
PRL 3043-MLO  7755 blend then was subjected to iron powder percolation to 
remove  the polar Impurities.    The percolation reduced the beneficial 
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effects of the additive. A further investigation of the effect of per- 
colating the fluid was made by using the transition region of the wear- 
versus-load relationship. At any concentration of additive, there is a 
specific load above which the wear Increases sharply. As shown in Figure 
94, the effect of percolating the ZDF additive blend was to decrease the 
transition load. This suggests that the polar impurities in ZDF play a 
significant role in the lubrication process. 

The effect of a barium sulfonate rust inhibitor on TCF suscep- 
tibility has been shown to be dependent on the concentration of the polar 
impurities in TCF (18).    This active sulfonate will negate the antiwear 
effect of TCF if the concentration of the polar impurities In the TCF is 
relatively low.    Barium and calcium sulfonates  (FRL  3493 and FRL 2870) 
were added to blends of FRL 3043 in MLO 7755 and to MLO 7755 in concen- 
trations of one weight percent.    The sulfonates dominate the wear reaction 
but produce about the same overall wear values as the mineral oil MLO 7755 
when used as the only additive.     The sulfonates had little or no effect 
on the activity of ZDF in MLO 7755 as shown in Table 45.    These results 
indicate that ZDF (FRL 3043) exhibits similar antiwear behavior to the 
arylacid phosphate Impurities  found in some grades of TCF. 

Controlled atmosphere wear tests have been conducted on blends 
of ZDP and a sulfurlzed  terpene  containing equal weight percentages of 
sulfur  (Table 46).    Use  of a nitrogen atmosphere did not affect the anti- 
wear activity of ZDP but resulted in a large Increase in wear for the 
sulfurlzed terpene.    For a MLO  7755 blend containing both sulfurlzed 
terpene and TCP,  the wear behavior of the TCP is shown to be  the control- 
ling factor.    Likewise,   for a blend containing both ZDP and the sulfurlzed 
terpene,   the wear behavior of the phosphorous-containing ZDP additive is 
shown to be the controlling factor.    The results of these comparisons 
Indicate that phosphorus,  rather than sulfur,  is the principle wear- 
reducing element in zinc dihexyldlthiophosphate-    This indication Is 
supported by the work of other Investigators  (3,4). 

Extreme-pressure data for ZDP,  dllauryl acid phosphate,  and a 
sulfurlzed terpene in a super-refined naphthenic mineral oil base stock 
are shown in Table 47.     These  data Indicate that the  ZDP  (PRL 3043)  ex- 
hibits  about the same incipient  seizure and permanent welding loads  as 
the acid phosphate and a markedly different permanent welding load than 
the sulfur additive.    This similarity of E.P.  characteristics  for ZDP 
and an acid phosphate again suggest that phosphorus  rather than sulfur 
is  the principle active element  in zinc dihexyldithiophosphate. 

All of the species  represented by the very polar impurity peaks 
in Figure 92  and 93 have  the same polarity relative  to bulk ZDP and, 
therefore,  all should be  adsorbed on a metallic surface preferentially. 
On the basis of the  foregoing comparative lubricity  tests,   it is postu- 
lated that  the multicomponent polar impurities in PRL  3043 contain pre- 
dominantly phosphorus and zinc  and that  the active wear-reducing species 
in  zinc dihexyldlthiophosphate  are acid phosphates and/or thioacid phos>- 
phates.    A concentration of 0.1 to 0.3 percent of polar impurities was 
found in TCP  (18) while  at least one percent of polar impurities  (based 
on P) was found in the ZDP.    Assuming that the effective ingredients are 
the same   (acid phosphates),  the  difference In quantity of polar impurities 
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(based on P) was found In the ZDP.    Assuming that the effective Ingredi- 
ents are the sane (add phosphates), the difference in quantity of polar 
Impurities could explain the difference in apparent lubricity level be- 
tween the TCP and the ZDP when used as boundary lubricants. 

V. The Chemical Lubrication Mechanism of Zinc Dlalkyldlthlophosphate 

The results of this study suggest the following specific chemi- 
cal lubrication mechanism for zinc dlalkyldlthlophosphate:     (a) prefer- 
ential adsorption of polar zinc- and phosphorous-containing impurities 
on the surface of the metal,   (b)  asperity contact producing relatively 
high local temperatures, and  (c)  chemical reaction of the polar phosphor- 
ous-containing Impurities, which are believed to be a partial acid ester 
and/or a thloacid ester of phosphorus  (both of which may contain zinc), 
with the bearing metal to produce a metal phosphate which functions as 
a protective surface film of lower shear strength than the base metal. 

VI. Conclusion 

Zinc dihexyldlthiophosphate has been found by a Chromatographie 
separation/activation analysis technique to contain both zinc- and phos- 
phorous-containing impurities of the same relative polarity.    These polar 
impurities appear to adsorb preferentially on the surface of a metal and 
enter into the lubrication reaction in preference to the zinc dihexyldl- 
thiophosphate molecule itself.     The molar ratio of zinc-to-phosphorus  In 
zinc dihexyldlthiophosphate is 1:2, while the molar ratio of  zinc-to- 
phosphorus in the polar impurities has been found to be about 25:1. 
Therefore, there appears to be more than one polar impurity.    The active 
phosphorous-containing impurities in both TCP and ZDP show the same be- 
havior in four-ball wear tests and in Chromatographie separations.    These 
data suggest that the effective impurity in ZDP is an acid phosphate. 
The zinc impurities may be zinc oxide,  the zinc salt of an organic Cg 
acid,  or zinc phosphates.    Analytical techniques were not available  to 
determine whether or not sulfur is associated with these polar impurities. 
However,  results of this  and previous studies  (3, 4) have shown that 
phosphorus,  rather than sulfur,  is the dominant wear-reducing element 
in zinc dlalkyldlthlophosphate.     It is postulated that  the multlcompon- 
ent polar impurities in zinc dihexyldlthiophosphate  (PRL 3043)   contain 
predominantly phosphorus  and zinc and that the active wear-reducing 
species are acid phosphates and/or thloacid phosphates. 

The following chemical lubrication mechanism for zinc dihexyl- 
dlthiophosphate is proposed: (a) preferential adsorption of polar zinc- 
and phosphorous-containing impurities on the surface of the bearing metal, 
(b) asperity contact producing relatively high local temperatures,  and 
(c) chemical reaction of the polar phosphorous-containing impurities, 
which are believed to be a partial acid ester and/or a thloacid ester of 
phosphorus, with the bearing metal to produce a metal phosphate surface 
film. 
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Table 44 

Relative Induced Phosphorus-32 Activities 
For Equal Weights of Phosphorus and Sulfur 
Under Three Different Shielding Conditions 

Reaction Unshielded Cd Liner 
30% B 

+ Cd Liner 

31 32p 

p(n,Y) 

32 32p 
J S(n,p) 

16 

1 (Basis) 

0.71 

0.93 

0.17 

0.88 
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Table 45 

Effect of Barium and Calcium Sulfonates on the Antlwear 
Activity of Zinc Dlhexyldlthlophosphate in a Super-Refined 

Paraffinlc Mineral Oil 

Four-Ball Wear Test Conditions  Include;     Speed - 600 rpm,;  Load • 10 kg.; 
Test Temp.  - 167°?,;  and Bearings - 52-100 Steel. 

Test Fluid;     Super-refined parafflnic mineral oil  (MLO 7755). 

Wear Scar 
 Additive Diameter,  mm. 

None 0.69 

1.0 wt. Z barium sulfonate (PRL 3494) 0.73 

0.5 wt. % zinc dlhexyldlthlophosphate 0.33 
(PRL 3043) 

0.5 wt. % PRL 3043 + 1,0 wt. % PRL 3494 0.25 

1:0 wt, % calcium sulfonate (PRL 2870) 0.68 

0,01 wt. %  PRL 3043 0.34 

0.01 wt.  % PRL 3043 + 1.0 wt,  Z PRL 2870 0,30 
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Table 46 

Effects of a Nitrogen Atmosphere and a Sulfurlzed Terpene on the 
Antlwear Activity of Trlcresyl Phosphate and Zinc 

Dlhexyldlthlophosphate 

Four-Ball Wear Test Conditions Include;     Speed - 600  ■ pm,; Load ■ 10 kg.; 
Test Temp.  - 1670F,;  and Bearings - 52-100 Steel. 

Test Fluid;     «■ iper-reflned parafflnlc mineral oil  (MLO 7755). 

Wear Scar 
Diameter, mm. 

 Additive Air Nitrogen 

None 0.52 

0.84 wt.% zinc dlhexyldlthlophosphate 0,26 0.26 
(PRL 3043)   (0.16 wt.  % sulfur) 

0,50 wt.  % sulfurlzed terpene  (PRL 3044) 0.42 0.89 
(0.16 wt.  % sulfur) 

0,50 wti Z trlcresyl phosphate + — 0.25 
0.50 wt.  Z PRL 3044 

0,50 wt. Z PRL 3043 + 0.50 wt. % 0.26 0.26 
PRL 3044 
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Table 47 

Comparison of Extreme-Pressure Characteristics of 
Zinc Dihexyldithiophosphate to Dilauryl Acid Phosphate 

and a Sulfurized Terpene 

Four-Ball E.P.  Test Conditions  Include;     Speed - 1750 rpm.;  and Bearings 
- 52-100 Steel. 

Approx. Approx. 
Incipient Welding 

Seizure Load, 
 Test Fluid Load, kg. kg. 

Super-refined naphthenic mineral oil                                  40 90 
having 77 cst  @ 100eF.     (MLO 7516) 

MLO  7516 + 2.0 wt.  % zinc                                                     60-100 180 
dihexyldithiophosphate (PRL 3043) 

Super-refined naphthenic mineral oil                                <40 80-120 
having 21 es.  @ 100oF.   (PRL 3184) 

PRL  3184 + 5.0 wt.  % dilauryl acid                                      80 120-160 
phosphate 

PRL  3184 + 5.0 wt.  % sulfurized  terpene                            70 240-280 
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Figure 94 

Four-Ball Wear Test Conditions;  Speed:  600 rpra.; Tempera- 
ture:  1670F; Bearings:  52-100 Steel 

Test Fluid:  Super-refined paraffinic mineral oil (MLO 7755) 
+ 0.01 wt. % zinc dihexyldithiophosphatc» (PRL 3043) 
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OIL  BLEND 
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CHEMICAL PROPERTIES OF LUBRICANTS 

BY 

E.  E.  Klaus* 

Introduction.    The life of a lubricant In most cases  and the 
basic function of the lubricant In many cases are dependent on the 
chemical reactions of the lubricant componentB with each other or envi- 
ronmental constituents In the lubrication system.    Continuing trends in 
the design of the lubrication system as well as the bearing components 
in the system place increased emphasis on the chemical properties of 
the lubricant  to provide a minimum level of life and performance.    The 
goal of improved lubricant life is optimum chemical stability or minimum 
chemical reactivity under the most severe conditions encountered.    On 
the other hand, optimum performance is based on sufficient chemical 
activity to provide an easily sheared film based on chemical reactions 
at  the bearing surfaces.    Since lubricant life and performance are 
closely related to controlled chemical reactivity,  the chemical character- 
istics of the lubricant need improved definitions. 

Bulk Fluid Properties,     The life of a lubricant is generally 
determined by the thermal,  oxidative,  and corrosion reactions  that take 
place in the lubrication system.     These  three basic chemical reactions 
involving the lubricant appear to be Interrelated  (1, 2).     In conven- 
tional low temperature applications,  the principal cause of fluid degra- 
dation is the reaction of the lubricant with oxygen  (oxidation) .    Essen- 
tially all of the specification tests currently used to study the effects 
of an oxidizing environment on lubricants are based on test conditions 
designed to determine  the level of effectiveness of oxidation inhibitors 
in  the lubricant   (3,  4)      That is,   the tests  tend to be long-time,  low- 
temperature tests during which little or no oxidation reaction takes 
place.    As the  temperatures in lubrication systems increase and oxidation 
inhibitors are no longer adequate  to protect  the lubricant  from reaction 
with oxygen,  present  test methods  are not  appropriate  for  the  study of 
the oxidation reaction  (5,  6).     Studies of the initial kinetics of this 
reaction at higher temperatures  are available, but data combining time 
and temperature are not  availabler     As a result of the paucity of infor- 
mation in these areas of oxidation reactions,  prediction of lubricant 
stability in actual application based on  laboratory information has been 
relatively poor.     Studies of  the  variables affecting oxidation  reaction 
on a time-temperature basis  are needed 

Some  initial studies   relating  thermal  degradation,  oxidation 
and metal corrosion have been  conducted  (?).    The products of  thermal 
degradation and those of oxidation  from the same hydrocarbon or ester 
appear  to have essentially the same carbon skeleton-    Oxidation in such 
cases may be considered a low-energy path for  the basic thermal degradation 
reaction.    The threshold of  thermal degradation, as shown in Table 48,ranges 
from 400oF for some esters,  400°  to 500oF for some polymeric hydrocarbons. 
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700oF for saturated hydrocarbons, to 850CF for aromatic ethers without 
alkyl side chains,    Oxidation on the other hand may proceed at an appre- 
ciable rate at temperatures  of 200° to 400oF.    Metal corrosion products 
that  are produced at these temperatures in the oxidation process may act 
as catalysts to accelerate  the oxidation reaction.    The metal corrosion 
products also appear to promote the formation of oil insoluble sludge 
and varnish.    It has been demonstrated that by the proper use of addi- 
tives,  the initial corrosion products may in fact  function as an effective 
metal deactivator.    In this  case the material causing the initial corro- 
sion may act as an oxidation inhibitor or Synergist for oxidation inhi- 
bitors. 

In order to apply basic studies in thermal stability, oxida- 
tion,  and corrosion of liquid hydrocarbons and esters  to  lubricant life 
in actual systems,  additional studies relating time and temperature for 
these reactions are needed.     It is clear from preliminary results that 
initial rates for these  reactions cannot be used for extrapolation to 
determine lubricant life. 

Analytical Considerations in Boundary Lubrication.    The same 
chemical reactions discussed for the bulk fluid stability also appear 
to be involved in the lubricant chemistry under boundary conditions  (8, 
9,10,11,12,13,14,15,16),    Boundary lubrication is the  term used to 
describe the region where the behavior of the bearing system is dependent 
on the chemical properties  rather than the viscosity properties of the 
lubricant.    Boundary lubrication exists where the fluid film approaches 
molecular dimensions in thickness.    The chemical area of lubrication 
appears to Involve a three-stap process of (a)  adsorption on the bearing 
surface,   (b)  chemical reaction involving the adsorbed layer,  and  (c) 
removal of the reaction product from the bearing surface.    The adsorbed 
material and the solid surface on which it Is adsorbed may include the 
following components of the lubricant  and/or bearing system. 

1. Lubricant base stock 
2. Lubricant additives 
3. Impurities in the base stock or additives 
4. Dissolved gases  from the atmosphere in contact with 

the lubricant system (principally oxygen and water) 
5. Bearing metal 
6. Metal oxide 
7. Impurities In the bearing 

Since bearing surfaces are relatively small  compared with 
lubricant volume, quantities of lubricant involved in the lubrication 
chemistry  (boundary lubrication)  are  in the parts per million range. 
Effects of concentration changes of the order of five parts per million 
in the case of acid phosphate impurities have been shown to affect wear 
properties in mineral oil-tricresyl phosphate lubricant  formulations 
(17,  18).    Lubrication chemistry requires the use of sensitive micro- 
chemical measurements  to demonstrate significant changes  in lubricant 
behavior as a function of specific chemical reaction.    Proof of the 
presence of specific react ants or reaction products at  these concentra- 
tion levels requires the development of new analytical procedures and/ 
or the appropriate combination of existing microtechniques  from other 
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areas of  chemical technology.    Among the techniques that have been applied 
successfully in studying the chemistry of lubrication are the  following 
operations  used singly or in combinalton  (1,8,9,18). 

1. Neutron activation analysis 
2. Atomic absorption spectroscopy 
3. Gas chromatography  (isothermal and temperature- 

programmed) 
4. Thin layer chromatography 
5. Paper chromatography 
6. Micro and electro balances 
7. Radiotracer techniques 
8. Scanning electron microscope with microprobe 
9. Mlllipore filtration 

10. Gel permeation chromatography 
11. Solvent extraction 
12. Laboratory wear testers 

In general, microtechniques  are required to associate the 
specific reaction that plays  the dominant role with lubrication chemistry. 
The  change in concentration of an effective  reactant or the rate of  for- 
mation of the reaction product must be determined to establish the speci- 
fic reaction and reactants  involved 

Reaction Conditions.    The reaction conditions in boundary 
lubrication also need further definition.    The general range of  these 
conditions has been determined from observations with bearing systems 
exhibiting wear.    Measured metal surface temperatures in elastohydrody- 
namic lubrication have been reported to be as high as 600° to 650oF  (19). 
Metal surface damage observed in incipient  failure of bearing in boundary 
lubrication indicates actual surface melting.    Pressures of successful 
bearing systems exhibiting boundary lubrication are generally 5  x 10-* 
psig or less,     Catalysts present which may influence the course of  the 
lubrication reaction include the possibility of relatively clean metal 
surfaces  and metal oxides generated  from the bearing metals   (20). 

Specifically,  the reactions postulated include  those listed in 
Table 49.    Based on the reactions  end  analytical techniques discussed, 
there are several major problems in the study of the chemical reactions 
involved in wear from boundary lubrication.     The microchemical magnitude 
of  the lubrication reaction has  already been discussed.    The number of 
potential  reactants has also been pointed out.    A typical system contains 
several potential reactants all exhibiting some degree of polarity.     Ear- 
ly studies of lubrication chemistry suggested more  than 20 possible 
chemical reactions  from a simple wear system,  including steel bearings 
and a conventional mineral oil in an air atmosphere  (21).    Recent  studies 
suggest  a much more limited possibility of competing reactions based on 
improved analytical capability.     Under the best conditions principal 
reactions  can be demonstrated but minor reactions Involving other polar 
materials will probably always provide  confusing evidence  for  analysis. 
The  feasibility of identifying the principal  reaction in the presence of 
the  competing reactants is hard to demonstrate by simple static conditions 
(22,23,24,25).    The environmental  conditions  in boundary lubrication are 
far more  severe  than those encountered in bulk lubrication systems  or 
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stability tests. 

Physical Properties Affecting Boundary Lubrication.    Much has 
been written about  the definition of EHD and boundary lubrication and 
the transition zone between them (26).    Generally,  EHD Is defined as that 
condition in bearings where  the viscosity properties of the lubricant 
exert a strong effect on bearing behavior.    It has been suggested that 
physical properties only and viscosity properties particularly control 
EHD, but  that physical properties do not play an Important  role in boun- 
dary lubrication (27).    There is evidence that for a given bearing design 
and loading, physical properties of the lubricant do influence the tran- 
sition zone between EHD and boundary lubrication.    Viscosity properties 
as  a function of temperature,  pressure,  and shear are the principal de- 
termining factors of the transition zone.    In general,  thermal conducti- 
vity and specific heat values  for the range of liquid lubricants do not 
show more than 20 to 40 percent variation.    The high levels of surface 
temperature measured in EHD lubrication are an indication of the  fric- 
tional energy focused on a small volume of material.    Under these condi- 
tions relatively small differences in thermal conductivity and specific 
heat may translate into more significant temperature and viscosity dif- 
ferences  than predictions based on bulk properties would indicate. 

Volatility and solvency of the liquid lubricants have been 
shown to be factors in boundary lubrication (28,29),   In both cases  there 
is some evidence that  the effect  is  related to the removal of chemical 
reaction products produced at  the bearing surface.    In the  case of vola- 
tility effects on the boundary lubrication characteristics of a lubricant, 
the mechanism of removal of adsorbed or chemically reacted  films  from the 
bearing surface may be primarily a cavltational phenomenon.     In other 
cases where complex reaction products are formed at  the bearing surface, 
the solubility of these materials in the bulk lubricant  appears  to be 
related to lubrication effectiveness.    Reduced solubility of chemical 
reaction products  in the bulk lubricant may result  from increasing the 
molecular weight, polarity or both for  the reaction product  compared with 
the bulk lubricant.    The effect of physical properties on lubrication 
chemistry is still  a controversial area of lubrication research  that 
requires careful  fundamental  investigation 

Metal Corrosion  at   the Bearing Surface.     The  role  of oxidation 
and corrosion as  a mechanism  for bulk  lubricant  degradation  is well es- 
tablished, but  the  role  of  these  reactions in boundary  lubrication is 
not well  understood.     Conventional  oxidation behavior of  the  fluid at 
moderate  temperatures  is  described on Figure 95 based on  a conventional 
stable life concept      During the long induction period,  the  rate of 
oxidation is very low and property changes also tend to be  low.    A time- 
temperature  relationship  for  these stable life  curves  is  shown  in Figure 
96.     This  relationship stresses  the  lack of stability  at  temperatures 
predicted for boundary  lubrication      Again  little work has  been  done 
under the short-time,  high-temperature  conditions  typical  of boundary 
lubrication. 

Some  recent work  in the  area of corrosion shows   that  low- 
temperature,   long-time  tests  may also need more  careful  treatment   (30,31, 
7,8,9).     Metal corrosion measured on  a macro scale shows no particularly 
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significant reaction between the fluid and the metal surface In bulk 
fluid oxidation t&sts.    A specific measure of copper corrosion under 
the oxldatlve test conditions used in Figure 95 is shown In Figure 97. 
In this latter case careful measurements were made to determine not 
only the primary corrosion but  the disposition of the corrosion products. 
The results show that metal corrosion occurs at a maximum rate in the 
initial phase of the moderate temperature oxidation test.    This signifi- 
cant corrosion rate has been demonstrated for steel as well as  copper. 
The phenomenon has been overlooked until recently because of the short 
life of corrosion at this high rate as indicated in Figure 97.    The most 
Interesting result of these corrosion studies is  the conversion of solu- 
ble corrosion products by further reaction to Insoluble materials,  Inclu- 
ding varnish-like deposits that coat the metal surface effectively pre- 
venting further corrosion.    These  results predict sufficiently high reac- 
tion rates with conventional metal-metal oxide surfaces and lubricant 
components  to indicate the possibility of chemical reactivity in boundary 
lubrication without  the necessity of catalysis. 

Thermal Versus Oxidation Reactions.     In the discussion of  fluid 
stability in bulk systems,  it was  Indicated that thermal stability of the 
fluids exceeded bulk conditions  found in lubricant and hydraulic systems 
(32,   33).     The  typical thermal stability limits of mineral oil  and syn- 
thetic fluids shown in Table 48 may be exceeded in normal boundary lubri- 
cation.     This information Indicates  that  reactive  fragments of  lubricants 
can be generated at  the bearing surface by  temperature alone without  the 
necessity of reaction with oxygen, metal,  or metal oxide.     In  fact there 
is some preliminary evidence of such thermally Induced reaction  from 
four-ball wear tester experiments.    A series of heavily loaded  (40 kg) 
wear tester results  are shown in Table 50.     In these tests  the lubricant 
Insoluble material formed in the wear tests was measured and the metal 
content determined.    The difference between the total Insolubles and the 
metal is organic material insoluble in the lubricant.    Further analysis 
indicates  that  there Is some organometallic product and in most cases 
some purely organic insoluble product, 

The  formation of organic debris as shown In Table 50  can be 
related to the  type of thermal degradation products rather than oxidation 
or corroslop products-,    The comparison of the super-refined mineral oil 
and the ester shows that  for compounds hr.ving a low tendency to  form 
insoluble thermal degradation products,  the  relative amount of corrosion 
may be observed.    These preliminary results  indicate important  trends 
that need  further investigation to confirm the mechanisms Involved in 
boundary lubrication.    It may be possible to measure the specific reac- 
tion conditions in boundary lubrication by considering chemical  reactivity 
of various lubricants In static oxidation,   -.orrosion,  and thermal tests 
and comparing these results with  reaction p.oducts found in boundary 
lubrication. 

Preferential Adsorption.     In order to design boundary lubrica- 
tion experiments to compare with static experiments,  it is necessary to 
obtain similar reacttwts  in both systems.    The first step in boundary 
lubrication is  adsorption on the metal surface.    This also appears  to be 
the  first step  in a static corrosion test.    Definlti-re tests  for the study 
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of these chemical reactions should be conducted with one predominant 
polar type of additive In a nonpolar base stock.    Simple adsorption 
studies on steel surfaces have  shown  the preferential adsorption of a 
specific polar material from a mixture of polar additives.     Data shown 
in Figure 98 indicates that adsorption on the steel surface  from a solu- 
tion containing both tricresyl phosphate  (TCP)  and a more polar phosphate 
ester  (probably dicresyl acid phosphate)  is a function only of the polar 
phosphate ester concentration.     Boundary lubrication experiments with 
these same mixtures of TCP and more polar phosphate esters show that it 
is  the polar material that is preferentially adsorbed that reacts  chemlt- 
cally with the bearing surface. 

These findings provide a method of designing experiments capa- 
ble of showing the similarity of moderate bulk condition reactions  and 
boundary lubrication reactions.     It is well established that aging or 
oxidative degradation changes  the lubricity characteristics of the  fluid 
in boundary lubrication.    This  change is presumed to be related tc  the 
formation of additional polar compounds  in  the fluid with use.     It is 
important that careful studies be conducted to determine the static and 
dynamic behavior of polar lubricants before substantial oxidation takes 
place.    On the other hand, little is known about the boundary lubrication 
reaction or the static thermal,   oxidative,  and corrosion properties of 
badly deteriorated or aged fluids.    The study of used fluids  is required 
to  obtain a better understanding of the practical life of a lubricant in 
a system. 

It is Important to understand the effect of oxygen on boundary 
lubrication  (34,34,.18).    Simply stated,  dissolved oxygen in a liquid 
lubricant  is a polar lubricity additive.     In super-refined mineral oils 
where the dissolved oxygen is the most effective lubricity additive for 
boundary lubrication, an oxygen  concentration-wear relationship such as 
that shown in Figure 99 can be established      There is an optimum concen- 
tration of oxygen for minimum wear.    Above this concentration corrosive 
wear results  in a higher wear level and below the optimum scuffing appears 
to  cause high wear.    The wear-oxygen concentration curve appears  to be 
Independent of temperature but does show a load dependence.    These data 
show that  the  optimum wear for  oxygen  is about  the same level  as optimum 
wear   for tricresyl phosphate.     The data also show that TCP in the presence 
of dissolved oxygen dominates the boundary lubrication chemistry.    These 
data suggest  that for so-called nonreactlve lubricants,  oxygen is  the most 
polar  additive  in solution and dominates  the wear reactioi«. 

The classification of lubricity additives as  antlwear,  antifric- 
tion,  antisieze or antlweld is dependent  on all three steps:     adsorption, 
reactions,  and  removal.     It appears  that the rate of removal of  the reacted 
product  on the bearing surface differentiates between the antlwear addi- 
tive?  and the others.    The antlwear  materials appear to provide a thick 
and tenanclous  reaction product on the bearing surface.    The other type 
of lubricants  appear to form a more easily removed film from the bearing 
surface. 

A qualitative picture  of boundary lubrication is beginning to 
take  form from convincing circunistantial evidence.    This evidence needs 
further  confirmation and qualification.    The payout from developments In 
this  area appear to be substantial.     Most of the current lubrication 
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problems are now In boundary lubrication.    It should be emphasized that 
every gas, hydrodynamlc, and elastohydrodynamlc bearing goes through a 
boundary region during startup and shutdown.     Further, more bearings 
are being forced into the boundary region by design parameters moving 
In the direction of smaller bearings, higher loads, and higher  tempera- 
tures.     The chemical aspects of boundary lubrication will require an 
effort of the same order of magnitude as  that currently being focused 
on EHD to provide an adequate data base for establishing an acceptable 
mechanism. 
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Table 48 

THERMAL STABILITY THRESHOLD FOR SEVERAL FLUIDS 

Fluid Thermal Stability,  0F. 

Super-Refined Mineral Oil 650 - 700 

Di-2-Ethylhexyl  Sebacate 450  - 550 
Phosphate Ester-Base  Formulation 400  - 500 
Polyglycol Ether 500  - 550 

Silicone 600 - 700 
Phenyl Ether 800 - 900 
Fluorinated Oil 650 - 700 
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Table 49 

CHEMICAL REACTIONS WHICH MAY BE INVOLVED 
IN THE LUBRICATION SYSTEM 

Oxidation 
Lubricant plus Oxygen 
Additive plus Oxygen 

Thermal Degradation 

Metal Corrosion 
Metal plus Oxygen 
Metal plus Additive 
Metal plus Oxidation Product 

Polymerization 

Condensation 
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Table 50 

WEAR DEBRIS FORMED BY SEVERAL FLUIDS 

Four-Ball Wear Conditions Include: Test Speed - 600 rep.m.; 
Load = 40 kg.; 
Test Temp.   = 1670F,; 
Test Time = 1 hr„; 

and Bearings - 52-100 Steel, 
Batch No.   13 

Analysis by Neutron Activation Analysis 

Test Fluid 
Wear Metallic Total        Organic 

*    Debris,  mg    Debris, mg Debris, mg 
mm 

Super-Refined Mineral Oil 0.59 

Di-2-Ethylhexyl Sebacate Oe76 

Ir^roved Lubricity Silicone 0.91 

Volyphenyl Ether 1.39 

Fluorinated Oil 0 , 70 

0.11 0.34 0.23 

0.15 1.61 1.46 

0.42 124 124 

5.0 33.4 28,0 

0.12 0.61 0.49 
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Figure 96 

EFFECT OF TEMPERATURE ON OXIDATION STABILITY 
SL./Hr-IOOml.-Cu, Fe, Al, Mg 
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Test Specimen;     0.5-lnch Dia.  52-100 Steel Bearing 

Test Fluid;     Super-Refined Mineral Oil + 
0.5 wt.% TCP-32 
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Figure 98,     INFLUENCE OF POLAR PHOSPHORUS-32  CONCENTRATION ON 

PHOSPHORUS-32 ADSORPTION 
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Tests Conducted in Shell Four-Ball Wear Tester in which Atmosphere above 
Test Fluid can be controlled at Test Temperature indicated. All 
Tests conducted at 10 kg. Load. Open Symbols "  1670F.; Solid Symbols 
- 3900F. 

Test Fluids: MLO 7470 is a Super-Refined Paraffinic Neutral 
MLO 7316 is a Super-Refined Naphthenic Neutral 
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Figure 99. EFFECT OF DISSOLVED OXYGEN OX WEAR BEHAVIOR 
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