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ABSTRACT 

The new method of analysis of oils for the presence of polar 
compounjs has been described in NRL Reports Nos. f-1595, P-16.21, and 
f-1640, Because the spreading oil drop method is very sensitive to the 
presence of or .ftnic aciJs, is rapid in operation, and requires only one 
drop of oil for a test, it is especially v,ell suited for the testing of 
the heat,light, and oxidation stabilities of oils. 1his is the first 
report on results obtaine l by this method on the oxidation stability of 
typical lubricating oils, two highly refined white oils, and Dupont Cetar.e, 
the standard for rating diesel fuels. 

It was found that the earliest producte of the oxidation of the oil 
are volatile compounds. These were found to be low molecular weight polar 
molecules such as ketones, alcohols and acids. Later in the course of the 
oxidation process, hi _~her moleci.:lar weight non-volatile polar compounds 
are formEd. The time of commencement of the pro::luction of these compounds 
is sharply defined and is shown to bP the same as the "induction period" 
or "induction time" so familiar in oil and ~as analysis. From then on, 
the amount of high molecular wei ~ht compounds produced increases with great 
rapidity. - In fact, a graph of the 1 ogari thm of the total amount of high 
molecular weL:ht polar compounds vs. the time of oxidation is found to be 
a straight line. Hhen the oxidation has pro,:;resseJ consi,:ierably, oil 
insoluble substances begin to form. This point is reasonably well definei 
by a sharp hink in the above described graph and by the onset of hole .forma­
tion in the oil films when spreading on water. 

Toe most si ;nificant results of these tests on oil oxidation are: 

1. 

2. 

J. 

4. 

'Ihe formation of volatile polar substances due to cracking 
is sho~n to occur consiJerably earlier than the induction 

period. 

'Ihe early volatile _proJucts incl uJe hiGhly corrosive organic 
acids. The ll{llportance is shov,n of provi:iln~ a 6ood"breather'' 
system in minimizing engine corrosion anJ in increasin~ the 
induction period of the oil. 

The induction period and the point of formation of insolubles 
are each readily and conveniently determined by this new 
method. 

The mathematical relation between rate of f onna tion of polar 
comnounds and time of oxidation is shown to be a simple 
exp~nential function. This permits calculation of the energy 
of activation of tlie oxidation reaction -- a result of value 
in s tudyin ,-:; stabilities of r;ure hy.irocarbons. 



5. 'n1e cause of the corrosive action on metals of 
short chain acids anj of the protective action 
of long chain acids are outlined. 

6. '!he cause of engine corrosion in the case of new 
engines operating on new oil; and the avoidance 
of such corrosion in breaking-in enGines on 
oxidized used oil, or oils with especially selected 
additives are readily understood in tenns of the 
results obtained. 

7. 1he spreading oil drop method is suggested as a 
standard Naval test for qualitative detection of 
acids and polar substances in lubricating and 
fuel oils. 



INTROJUCTION 

(a) Authorization 

1. T>us proj , ct ,•,as authorized by a Bun,au of Shi ps f r ojt".ct 
1121/42. 

(b) State1r:c:nt of Pro bL :n 

2. The thc r nal stability of lubricatin:~ oils i n i nt r nal co~.:1:rns-
. tion enGims is of fun::iar_;cntal iL,porto nc,: in t he i(; v,dop:.kmt an i 

:sol ,·,c~ion of l ubri c2nts, ard h,:nc ,; , is of conce rn t o the Navy . T_r1is is 
t~e . firs~ r c;port ?f an invr:: sti;a tion o f t he t h' r eal stJ.bility of 1 11bri­
cc.t1.ng 01.ls and t n,:; study of tht:- _µ r oju cts of tll ,,ir oxi lc:. ti or. . 

( c) Known Facts B~aring on the ir0 bl ..;r., 

J. Mineral lubricbtinb o ils, v1hcn us , j in i n t 0rna l co,:..busti on 
,l!1~incs illld turbin,_ss , ---10 not l ,.mr:; r -.,,aain i n th,: ir orijr,a l c0nc1it ion 
but b t._; C0!~1c c ,.mtai,,i nc::. tr:J by the, oxil£:tion µ r o:.mcts of th ..: 1 ubricc.r1t, 2.s 
,,ell as t l;os-..: o f tht:. fu,l anJ ,, xtr2.n8ous ,:ia t e: ri~.ls . Th2s.:, contanin:::.nts 
uay in.fluL'ncc t :10 stability o f thtc, l ubri c2.nt un.l,; r s , rvi c,:; coniitions . 
This fir s t I'f:iJOrt i s sole ly conc, ,rrit , i wiU, th.:, o xilc:tion 0f th'- :.i .:_l , ,c,n .i 
no a ttcup t is :..aJe t o i,"scrib(; any cc. t a l yti c .:: ff2c ts of ' xtro.n(;uc.s :-.Dt,· r-

ids. 

t.. . Hyir oca r bons h .:, ,; t c j in c:.rnt 2.ct Hi th c:i r ox i iz0 t o f or ;-, , 1or ;_ 
ch, ·,, i c;::lly n ,activ•: i-- -,1 .J. r ccr.·,µo urd s -.-,hich 2.n-i oft , n ob j, ctionabl, . Svr ,,_ 
p r o Jue ts a n ' ac tivr, D. ci Is ,:-n 1 ca us ,- c J rr .Jsi ,:m o f r.,· t2l p2 rt :::- , :_. S:J '...: Cictll:r 
the b,..:?t r ings . Oth• .r s .::: r e -: v,) i --:-1r,ulsifyin r; c: -;,·nts which s-t:.r,biliz ·: · -,ulsi,)ns 
o f thP o il \lit \, ,:2.t ·' r. ~uch ,,nulsi ons 1!2.y holj µa rti cl s ::;f c :i rb0,, 2 n 1 
, .. , tA.l i n susn,:: nsi o n v; i th subs, ov· nt a br2si0n ,:, f tl-i, b ·a rin_; s urf.".C :s a n J 
~r e s 0;::Pt i :.,,. ~ s o vi sc .::,u'.: 0,s t 0 -cac1s, . t:'H: clo:!;in.~ o f ,) il p01s::c-, ~,_s . Oht 'r 
p:..i l a r :--.9. t rii: l s Lli.:. \•- r :,ct ·;, i t n f [>cc ', 0th.--: r t o f e r :-_ ' '.) ly,:, - rs w'-> ic >; s · t tl ,­
out of U k. o il ··:s .,.,,,; .;~ j r ;-- ,_, s ins, f v r.: . i r. :; -,t 1, -~<:: t pe rt o f •,i1. :::.:i- -cc.ll '-d 
11 1:::i cqu<' r" .:. •un J c oi, tin-'. th s urf:::.c : s ::;f 2:1 · r:0 ir. .: . 

5. Lubricz,nts -:l i • l' r ~,::. rk •Jly i n th , ir r c.. l a :iv. 2.::>~li. tL·s L :. r·· sist 
oxiJ2 tio,,, ti1ct is, in ti,c ir stz.bil iE• s . r -:., i:o ,,, 11 knc,,r, t h:- t ,, ,.i7_ 
o il~ a r •: 1 1: ~ s .::t2';:Jl c.. t ,.:.n •Jrli n.:-r v l ebr i c::: ti:: ; Ji l::, ,:r .. l U,,. t , ir. :e n r ,cl, 
0Vc:r-rc. fini_ ~-, t, :1.:is t.:; r .iUC ·. t:ic: u~i ±.ti.un st.::.bi.lity . TI', .; 2 CCL;, t - ·l c._;n -

:--' r · .: . . r-• ... ..- t · ..... · r., r- r - _,._ 1-, . ' ' • • cl t.;sion Ls tr1c' t ov"--r·- r "' ..1.i:1-L n~ r :... .. . v \i ,_; s ::, v ... - , , l .. , .1. r ~ .. \.. .. 0.:.._;_ ·.1::ic•-- s rv •-' 
t 0 prot,: c t it f r u.; r z i-J ~l 0:u. Ja ti..m. doh , v-. ;r: 1 it ~l . ~s k r:.., i.-r: . ..,f tb, _ . 
n.::: tw·c anJ t he ,,,uJ, of o.c ti on Jf Si. ch ozi J-:-, ti~Hi 11 1.ni-:1::ilt J r s " 0r 11 c:ts.b1l1zt... r . 

b t J - tl t ' - t t ' · ~ i- i, 1.' h~ + ·re . --- - ct , C ' l' .,, ~;v, It h~ s een SU J ,_~L~ r.;.. 1 r 2 qU.__:C y r'..:... ....i ~\...,:'I\, : ..t,..~ .l1 •• ) .J. \.,V ........ .. -.. ,./ ~ c.,..._, .: •. :,L- v -- - : 

t 
,. · • -~ - t· , -· ft '·· , 'l .., r + -, · ,-v ...,<... · r ·f· r •'• +" - 11 , · Cc.t2.lvst~ r e a rJi n_~ t!'il 0 x~ .,li;.. 1.vn -.J d L v J. J ~ "" ' -.: ... c: v ~ ~ · , . '. Lv ~- -- .J 

.. L(iJi;,_j i nst ·. ;c.:. j of tnr_ ,., il. Of C-.JUrSt.. , Lk ,ni__i:_ti J li ,-,r .JJUCt::: v f t '.1 . 
i :--.hioit..; rs u ust j " l , !:.C :.C J bj..:ctionc..blt... t: 10.n ti.~t ~f t. :, ..) '.,l v :- t :1<-y c.n 

V,s l u c.: l ..: ss. 
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(1) Theoretical considerations 

6. The hydrocarbon molecule s in oil are often complicated in struc­:ure and
1 
all the possicle st~uctures to be found in a ~iven oil sample 

are not ;mown • . They are believed (references l to 6) to consist of systems 
of ~on '.Jerised rings, t~e 5 and 6 membered rin;;s being most probable. These 
rin -; . sys~ems shoVI various de .3rees of condensation and unsaturation. Ali­
phatic sije chains varying in number, length, and branching are common. 

7, The ~xidation of these hydrocarbon molec 1__1 le s can result in any 
of th~ follow1n:: produ~ts: alcohols, aldehydes, ketones, acids, and 
pero:ndes • It is possible that compounds containin,., two or more polar 
groups may be formed. The presence of unsaturated ;ands will increase 
the rate of oxi-:lation. The oxidation of the cyclic nucleus itself is :Ss 
proba?le than that of its side chains. Larsen (7) founJ that aromatic 
nucl~i Here more stable to oxidation than the naphthenic, It is also 
r, ossiblP for the oxygenated products to react with each other to form new 
pro:Jucts • For ex.ample, aldehydes may polymerize to form hi ~h molecular 
we i jht oil-in.soluble compounds. Such compounds or resins are ;:,robably 
one source of lacquer. Also, acids and alcohols can conJense to form 
e s ters which (J) may be in the monaneric or polycondenseJ form, depending 
upon the reactants an:1 conditions. 

8. mu, Reports t:os. F-1595, .2-16.21 and P-1640 have shmm that the 
study of the spreading of oil irops on Hater is a hi._;hly sensitive means 
of measurinG the amount anci nature of the polar materials in the oil. 
This spreading is vroportional to the amount of polar material present. 
It Has found possible to lifferentia te acids from other polar groups which 
are not ionized by the Jifference in spreading on acid and alkaline water. 
1he acids are ionized on alkaline water, and thus all the molecules are 
adsorbed at the oil-water interface. On acid water the ionization is 
repressed, and hence only part of the acid rnvlecules are adsorbed at the 
oil-water inter face. 

9. -✓v-hen the solubility in the oil of any polar material is exceed~d, 
holes are formed in the spreading oil disc j~e to the arrival at the 
oil-v.a ter interface of particles of undi s solved ma ter-ial. The time required 
for the holes to form, and the total number of holes, give a qualitative 
indication of the Size and number of particles of undissolved material in 
the oil. As such insoluble material will in time settle out as a sludge or 
lacquer, this hiihly sensitive test can be used to determine when such 
insoluble materials are first fonned during the oxidation of the oil. 

10 . Short-chain polar materials, that is, compounds containing less 
than ten carbon atoms in the molecular chain, cause the oil :irop to skate 
arourd over the surface of the water. This skating motion is due to "ed ~e-
1liffusion11 or the two-dimensional leaha ,;e or e scapin~ of the polar molecules 
from the rim of the kop to the water . Small quantities of short-chain 
polar molecul e s can be detecte d by puttinE the oil drop on a tray Vihich 
has been covere j by a film of ;rease-free taJ.c or sulfur pow:ier. Tne esca­
ping molecule5 push the layer of powder particles away from the disc form­
ing a circular rin6 • As the len~th of the carbon chain increases, there is 
a :;radual transition from the phenomenon of ed~e diffusion to that of 
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spreadin~. At a chain length of twelve carbon atoms, the spreading effect 
is the more pronounced. 

(e) t-iarrative of the Ori~inal 1/ork Done at this Laboratory 

1~. The oils tested were oxidized by blibbling clean air through each 
at various temperatures, and the pro5ress of the oxidation reaction was 
followed by spreading the Jrops upon a tray of acid and one of alkaline 
vrater. 'lhe amount of non-volatile oolar- rnate ·('ia1.1. ..1...-v~rm,erl he;,.,.g r'c ,...A·,""\o"" , • r - • u., U ..J...J..I. j--'.L V}-' 6......, 

t~oneJ to the s pread.in~ of the drop, was obtained by measuring the maximum 
Jiari;eter of s preading. 

METHODS 

(a) Apparatus 

12. 'Ihe oil was oxidizeu in pyrex glaes C8lJ.s of two sizes, 100 ml. 
and JJ ml. capacities. These cells a.re ie~cribed in Plate 4. 'Ihe larger 
cell was l1sed in a liquid bath, therrnostatLcally controlled to + 0.05° C. 
Becaus,~ of the ianger of contamination of the oil sample by the-vapors from 
any available liquid bath when operated at te111.peratures above 100° c. a 
soliJ metal cylinder of :!uralwnin v1as used ina tcad. 'Ihis was electrically 
heated and thermostatically controlled to + 0.1 ° C. 'Ihe smaller pyrex cell 
closely fitted a hol e in the block. 

lJ. TI1e necessary air , 'as supplied to the cells by a Sli1all ;iiaphragm 
pump. TI--... i.s air ,;as first fLc tere.j through cot t on to rer,,ove i ust, then 
dried in a calciwn chl orije tower, and next run throu .~h a combustion fur­
nace to oxidize any organic material and carbon mono:d.de which v;as present. 
The resultant carbon Jioxide anJ ;;ater Here rei.oved by suitable adaorbers 
and the air a;ain filtered t:i.ru u _;h cotton. Therefore, the air used for the 
oxida tion of the oil was essentially oxygen and nitrogen, the oxygen content 
of which was 23.h by \~eight or 2::..,t by volume. The air flm, v;as determinej by 
calibratect orifice-type now ;ne+,ers . TI1e effluent ~as from each cell was 
carried by pyrex 5lass tubini o~·.:n,n down to a fine tip into the bot tom of 
a test tube containin6 25 ;nl. r,f water. A stream o.f the purified air .;as 
similarly run t hrou t)'. v.att' r a t the sa;1e rate t hus sS!rving as a "blank" or 
c he ck run. The p H of tl.e wate:: i:.: a measure of th8 volatile acids formed 
in the oxidation cell. 

( b) Ua terials 

14. The sam ples marked with the asterisk ( Table 1) were obtained at 
this Laboratory from openej containers. The "Crystal" petrolatum is a lov: 
viscosity · .. :1i te oil manufacturej by L. Scr neborn : Som, > Ir.-: . (see rep·:·r i:. 
NRL 1 595 ) wh ile the "Squibbs '1 petrolatum is a hi [;her vi.r;.-:·osi ~Y me ,_Licin:.:.l 
white oil of excellent quality . Becaus P. the sa.Liple of Tsxs.c o t/2.190 01.:i. 

spread some when first t e sted, it Has cleaned by contacting Tri th clay, 
fil tenid tnrou .·h paper, and finally through a Norton Cori9a ny alundum thimble, 
RA 84 whose porosi t y is si..;ch that it retai ns particl-=S o f 0. 1 micron or 
lar •er. These thir.ibles were treated as describeri by Bulk12.y (9) as they 
a re _, alkaline after firing. TI1e filtered oil -,va s store-:i ir: clean ;las s 
bottles in the dark. The cetane ,,as used as obtaine j from the ;)ipont 
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Company. It had a slighly yellow color and a very faint odor. It is 
used as primary standard for the determination of cetane numbers of 
diesel fuels. 

15. Although the neV1ly cleaned oil did not spread on water indica­
ting its free:iom from polar molecules, it diri not stay in this con-ii tion, 
for when tested three months later it sprea d on alkaline ,,ater anJ this 
spreading increased with time of stora ,e. Therefore some breakdown 
j . u , 

t unn.; stora.5e had occurred. ,, hen the Gulf Pride SAE JO oil \\as rerwved 
from the sealej container, it iL1 not spread on water. It .;as also stored 
in a clean ;lass bot~le in the rl~rk. Yet this oil also began to exhibit 
spread.in.._: properties durin.; stora.;e. As 6reat care ,fas taken in cleaning 
the stora~e bottles, it is concluded that the spreading observed was 
caused by oxidation or deterioration at roan temperature and not by con­
tamination. After it ,,as foun .J that the stored Gulf i'ride SAE JO oil 
had developed polar material, a new sample was purchased for tests. A 
drop of this sample spread completely over the trays de .. ,onstratin ~ that 
the oil 1..;anufacturer had recently 'oeffeD to add polar material to the oil. 

(c) Experimental 

16. The oxidation runs at 75° C and 100° C were made using the 
large cell except on Dgpont cet,ane. The snall cell was used for all 
rW1s at 125° C and 150 C. Small samples of oil were rei,,oved at 
intervals, 3enerally every hour, and tested on the water contained in 
glass hydrophil trays, one solution being alkaline (so:lilill! hydroxide a t 
a pHof 12 or greater), and the other acid (hydrochloric acid at a p H 
of J or less). The amount of spreading, edge diffusion

1 
and hole forma­

tion were observei for each sample. 

17. The area of spreadin ,; was computed from the diameter of the 
disc of spread oil. To get the results of spreadin5 on a comparable 
basis, the area of the spreaJ drop was determined per unit mass (nr2 }. 
After the oxidation had reache l the >oint that the sprea::linz of m 
the drop became too 7eat for conver.ient measurer,1ent of the area, it vras 
necessary to di.lute the kop with the ori::;inal oil and J etennine the 
spreadin6 of the diluted drop. 

18. The amount of acid polar mate rial in the oil \ias calculated 
from the, spreadini area on alkaline water. As all the long-chain acids 
when adsorbed at the oil-water interface on alkaline water occupy a mole­
cular cross-sectional area of a~proximately 100 x 10~16 sq. , cm., the area 
of the drop in sq. Cul. divided by 100 x 10-16 is, therefore, the number 
of i:iolecules of acid present. The number of molecules divided by 6.06 
x 10 23 times the ;;ram molecular wei~ht of the acid is the weight of the 
acid in the drop. From the weight of the drop the weight concentration 
can be calculated. As the molecular wei 6hts of the acids formed in a 
conunercial oil are not known, the weL.;ht concentration given here, Table 
1 has been calculated in terms of the stearic acid molecule; that is, 
the wei ;ht is calculated on the assumption that the molecular v1ei;sht is 
the same as that of stearic acid. 
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19. The pH of the water Has determined frequently during the run 
usinJ a Beckman pH meter. 

20. At the end of the daily run the cells were removed from the 
bath an d covered to keep out the libht. The run was resumed the next 
::lay. This }Jroced.ure was followej until the test was completed. 

DISCUSSION OF RESULTS 

(a) Volatile Polar Materials and Corrosive Acids 

21; All samples shov:ed edge loss after the first hour of oxidation 
except t he Crystal and Squibbs petrolatums at 75° C. As it ·,,as concei­
vable that this ed·-:;e loss could be due to the evaporation of short chain 
hydrocarbons fror:1 the cracking of the oil, a check v1as made with a hydro­
carbon, hexane, Jissolve d in Crystal petrolatum . The spreading on water 
of solutions of this material in wei::;ht concentrations up to 3 x 10-J 
we r e tested, an d no evi -.ience of e .it:;e lo"ss could be detected.. Samples of 
normal valeric, isovaleric, and isobutyric acids showed ect.;e loss when 
pres~nt at a wei :ht concentration of 2 x 10-4. Acetic acid solutions 
require d rou ,,;hly twice this concentration before ed~e loss couli be 
detec t ed. Concentra tions of the same ma6nitude as that of the hexane 
solution, i.e., 8 x 10-3, of normal vale ric or isovaleric acid caused 
sprea.ii nc and eC¼e loss to such an extent that the drop seemei to explode 
,,hen placed on water. No tests were made on the short chain alcohols as 
the similarity of t ,1eir spreadin_; behavior to tha t of the correspondin ,; 
acids has been SilOWn in HRL Re port No. P-1595. 'Ilms, it is evident t hat 
ti e ed ~e loss observej in the oxidation of the oils 1,as due to polar 
compot..nds produced and not to hy..irocarbon fragments from cracking. 

22. 'The s ,io rt-chain polar s ubstances pro duced a re quite volatile 
at r oom temperature for it .. as found that the rate of edge loss of any 
given san:ple ,1:uninished in intensity ,, i t h the l ength of t ime between 
sampling and testing . 

23. As the volatile raa terial causinf, edge loss is pol ar, it was 
considered probable t.ha t some woul J be ac i d . Furthermore, such short­
c11ain acLls woul J be expecte -j to be fairl v s trong . Any organic ac id 
formed by the oxidation of an oil molecule is a weak electrolyte w:10se 
stren~th in aqueous solution is proportional to its hydrogen ion concen­
tration. Thus, a deter::i ina t:.on of the pH of an aqueous solution of 
the se volatile oro,:ucts should be a measure of the strength or corrosi Ve­
ness of the aci js fonned . Of c ourse, such a detP.m.ina tion is not a 
;-:ieasure of the total acin ty, but of the effective hyiro,;en ion concen­
tration . The pH of pure .,ate r is 7.0 whi l e v.hen_ saturateJ with carbon 
Ji.o xide, it iroos to 5.7. Hence, in these experiments only tnose pH 
deteminations ~esultin~ in values of less than 5.7 can be considered 
o.s Jenonstra tin e; the presence of organic aci:is. It .,as founj that the 
pil 0 f t'le blanr rose from 5. 7 to a 1.proxima tely 7. This \,~ s due to dis-
; hcine the Jissol ve · carbon Ji.oxide by the oxy~en and n1 troc en of the 
:, ,_:rifiei air. It .. as very diffic ul t to i'e t consistent results. on the 
~ lcir. i due to the re d.is s ol vine;; of the carbon dioxide from the air during 
t he µi-1 de tern.ina t i ons; however, ti1e values ranged from 6. 5 to 7. 
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24. :.'rom Table 2 it is seen th.at no ac · js were formed fror.: 
Crystal ;;etrola tu'?; ,-:her. o:d :iL e::l at 1 00° C :iurinc the first 1 4 hours. 
1~ei ther ;r~:-P any :ormei b y the ~Uj)Ont cetane at 100° C durin r the 
fLrd i..6 hours, Table J . ~us, the polar material. formei du;in;:,; the 
first sta ~es of the o x.i fa tion of t hes e oil s is non-aci lie, probably 
c or'.s~stir. · of alcohols, &.l iehy:ie:.., or ketone s . The Crystal petrol atum 
an 1 W ,;ont c,-tcr.e ~-, l-ien o ·d ii zei a t hi;her temperature s forme •j aci:::is 
rlurir. t hP. fi rst Jay . TI1e r -.:<:aco 2135, Texaco 2:::.. 90 , awi }ulf f-riie 
' i "- JO, v:hPn oxi :li ?. e ·J at 100° C, S'l OWe J the formation o: aciJs durin:~ 
t~r-> first fa7, Th'Jle 4. 

2 5. 'fhe amount of aci ,s for::.e .:I .incr '"ases with the temperature for 
· t:1e oils s tu '1i e 1. !:rorn 'fable '_ 2 an i J it a ?pec1rs that t, ;1e p:i of the 
a ,;u ous f,o l uti on n ore o r le ss a pproaches a steady state. This effect 
i~ _-:: robab}_; iue to t he : olubili ty anJ volEtili t:.,, of the a c i -1s in water 
at rOO::'. -.:.empcraturP. . 'Ihe t :u-ee lubricatin0 oils famed short-chair. aciis 
>'? for-e V'H:: µe t r ol a tlli,1s , but t ne s •, ren,;th of the aci j s ,,as not as ~r eat . 
)f the mate.·ials stu::iie .i, uUpont cetane is the most resistant to the 
forr . ...ation short-c:1ain aci-1s. 

26. It is .,ell Knmm that the metal ;iarts of engines, IBpecially 
the oe,.ri'n.:;s, e re f)it .,eJ an1 corro-1ed by the acids formed in the 
oxi..lation of oils. 1'nis cor .. osive action has also been notej in turbines 
(lJ) an·i (ll), particul&rly in the ins t2.lla tion of new ones. 'lhe results 
of llints 1.zen (11) woul i ir.iicate t:1at the lower molecular >1ei..:i;ht aciis 
were the rust projucers. llnier the cor.ditions of his experimen ts he 
foun j that complete corrosion ;Jrotection .,as afforde j to iron in the 
presence of ,.ater by hexanoi.c aci l awl all acids of :31·eater chain ler:.6t h. 
Alloy bearin s, hO\,ever, a re _t)robably much Dore readily corro dej by 
aci ic t :1an iron and ua y iJe at ta eke-.! by aci Js of lon::;er chain l en _-:th than 
he xanoic. 

27. The corrosion i n en::-;inef' anJ turbines iue to the oxi iation of 
the oil ;i.nvol ves t ,w principal mechanisms: 

A.. Corrosion of me+al partE :.at oriinarily coverej by oil. 

This tY?e of corrosion o~viously is i1 e to volatile aci is . 
Toe early forn;ation of s 11ort er.air: aci ~ls in t;1e co,Jrse of t~e o xi 1ati01, 
of lu')ricntin,: oils havin~ been .le.,,onstratej here, it is now evi ,ent 
,,:-. e re an.i ,; :, y .. t r1ese tro1,;.::i lesor.1e corrosive eLects ori ;inate . I t ,;ater 
or .. ater va

1
.or is ,:,reser.t, due to the Ji~~:ociation of ti1e:.e aciJs, the 

corrosion c::ni p ittin_; effects v, ill be _reater. 1wi~entl1, th~ concer>.tra­
tion of these volatile aci:is car. be reduce 1 by a suitably iesi ::-;n~::l. 
br€atiur. _; or ve"tilatin ; s ysteri:. 

B. Toe corrosion of metal i1arts covere :i by oil. 

'.Ihe aci1.s dis sol ve-1 in the oil are responsible for tr,is type 
of corrosion. 'lhe c0ncentration of 1,he volatile aci.1s •nscol ve j in the 
oil v;ill also be re J ucc...1 if the en::,ine has a.n &.deL1uate brec. thin.; or . 
ventilating s_tstem. 'lhese db solved acijs ,;i~l mi _;ra te to the metal-oil 
interface'. The rate of migration of the acids \·1ill :ieJend upon the 

/ 
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vi~cosi ty of the med.imn and the chain length and confi1uration of the 
acid, ~he shorter chain acids mi "'rating at the ,~reater rate. v·inen 
the acid molecules reached the metal-oil i n terface, they Y, ill orien­
tate, so .tha t the hydrocarbon portion is in the oil and the carboxyl 
group on the metal. The reaction of the aciJs with the metal to 
,:or':1 so~vs will ":ary vri th the strength of the acid and the de :~ree of 
1.oru.zat1.on: It 1.s Hell l\.no~m that the ~horter chain acids are stronger; 
henc~~ their ~ates of_reaction ~ill be greater. Toe resulting soaps 
may aissol~e ~n the oil, dependin6 u~on the solubilitJ , or be worn off 
tnrou;h friction and ,,ashed a .. ay by the oil stream. Thus, the reaction 
of acids ru:1<:i metal car; continue with the resultant accunula tive pitting 
and corrosion: On the other hand, the longer-chain acids will mi,::;rate 
to the metal interface at a a ower rate. Their rates of reaction with 
the me~l to form soaps will be somewhat slower since the strength of 
s~ch acids decreases as the chain length increases. Finally, they 
will be worn off and washed a,,ay much less re&dily because they form 
much better thin film lubricants. 

C. Protection from Corrosion 

The lon~-chain acids ,Yill also orient at the metal --oi 1 inter­
face but will be more permanently adsorbeJ due to the effect of van der 
rlaals forces acting to fonn cross linkages between adjacent hydrocarbon 
chains. The hydrocarbon Jortions of the molecules being hydrophobic 
and closed-packej will serve to protect the metal surface from further 
contact with either water or other acid molecules. Thus, a protective 
coatin5 of oriented acij molecules will be forme,i w:~,ose perrneab5.lity 
may be considered rou-;hly proportional to the chain i.ength for any 
homologous series. 

(b) SpreadinJ Tests 

28·. 'Ihe ;:;raph 9b~~iled by plottins on serr,i-log paper the spreadin -; 
area fJer unit mass \~ 2 aJainst the time of oxidat i on is of consi­
derable interest (see plates 1, 2 and J;. Toe ·iifterences in trie spread­
in:, on acid and alkaline \·,ater are due to the effect of pH or adsorption 
of fatty acids. The early portion is always a strai6ht line, that is, 
the reaction is at first in accordance with the eX1Jonential law. lt is 
well known that u.nimolec'L.lar reactions anli bimolecular reactiuns in v,hich 
one constituent is ~resent greatly in excess obey su ch a law, As U1e 
oxidation protresses, the curve deviates at an a ccelera tins rate f rom 
its oricinal linear course .su5;;estin6 t.hat the nr.1.turc· of t11e renction is 
becomint; more complex. This would be expected since siJe reactions such 
as polymeryation, esterification, and fission of the chain become more 
probable as the concentration of the polar oxidation products increase. 

29. It ,,as noticed that holes first be ean to form in t he oil film 
approximately at that point in the oxi :iation-time curve i,here devia U.on 
from linearity occurre d . Hole formations in the film a re due to the 
arrival of insoluble mat~rials at the oil-·Nater int~rface. Since this 
insoluble material is d~v,1oped durlnt; the oxi::l.ation of the oil, it must 
be either an insoluble oxi tation ?roduct or a polvmPrized material formed 
by the reactio!: of the soluble oxi iation 1,roducts ,;i th each oV,fff or the 
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point where the solubility limit has been exceeded. Further work is in 
progress on the study of polar and non-polar polymers and resins on the 
sprea.nng of oil on ,vater. The time for first formation of insolubles 
is given for each oil in Table 5. 

30. The induction period as determined by the ti.me of first spread­
in ~ on alkaline water was less at 1000 C for the lubricating oils than any 
of the other oils studied. However, once started, the oxidation of these 
oils proceeded at a slower rate than for the petrolatums or cetane. The 
curves also bent over earlier and tended to flatten out. This sug

5
ests 

• the presence of an oxidation inhibitor in the lubricating oils. As the 
unoxi :ihed Tox.aco .21.35 and Gulf Pride SAE JO oils did not spread, and the 
Texaco 2190 oil showed only a slight spreading, it is possible that the 
inhibitor is a ccmpo1"t of the crude oil and not an adlitive. Larsen (7) 
believes that the auto-retardation of the oxidation of lubricating oils 
is due to the presence of aranatics which are oxidized to form inhibitors. 
The rate of the oxidation reaction is influenced by the fonnation of these 
inhibitors. The petroL1tums, which are highly refined oils with a very low 
arcmatic content, show little evidence of any inhibitory action. This is also 
true of the commercial cetane. 'Ihe induction period of the vari ous oils at 
the three temperatures studiei are Given in Table 5. 

31. A preliminary oxidation test on 'I'exaco 2135 oil at 125° C resulted 
in a very erratic curve. A second test was made in which a portion of the 
sample was tested i.mmedia tely and the remainder not tested until afte~ 
storage in the dark at room temperature for 11 days. The differen~e 1.n 
spreading are shown in Plate J. It was also found that the oxi~t1.on con­
tinued overni,;ht when the cell was re111oved from the bath, the garn in 
spreading being equivalent to 2 1/2 hou,r,5 o,xidatton at 125° C. 

32. Because of these differences in spreading of the Texaco_2135 oil 
on standing, a similar test was made on Crystal p(jtrolatum, No difference 
in the spreading of this oil on standing could be detected. 

33 Often the :J.rops of oxidized oil spread to a maximum and then t 
• . . nk. ul d rune been only in small par began to shrink slowly. This shr1. 1.ng co · . t f cial 

due to the solubility of the_polar mater~al in the w~!e~~ct ~~~ni~rt~ok 
films were plastic or very viscous as evi~enced by t when the disc was 
some time for the fragments.to asstu:1e a circular shaSe, due to a reaction 
cut with a clean platinum wire. 'Ihis shrinkage may , . was 
taking place in the film at the oil-water interface, '1,'he? the ~op the 

spread the polar material mi ~ated to the inter:;~:n~~~~o~n~~e~~n~ola+ 
effective concentration oft~ reactants. ~bability of a reactionr '!be 
groups at the interface also increased the p aused a film condensation 
reaction taking place between the polar ,sroups c f th . t nts 
b; reducing the total number of polar molecules O e reac a ' 

· te t ma..,}e at 100° C on Crystal. f'etrolatum con-34 An oxidation s was "" . . ( T bl 2) 
• 

1 

• f 2 x 10-J of hexanoic acid see a e • 
taining a Height co~centra ti.or: o th xi di zed 0etrolatum caused only edge 
An aciJ of this chain length in e uno . · ' e inJuction pe:riod of the 
diffusion when present in such conce~trat~on, Tohen found to be 6 hours, 
Crystal petrolatum containin_; hexanoic a~~;:ih\,as t Ir is seen in Plate 1 
whereas that of the pure petr~latum was all l o~~~ref;re the speed of the 
that the two curves are practically par e , , 



latter stage of the oxiJation reaction is approximately the same. 
Apparently, the presence of the short-chain acid acted as an accelerator 
of the oxidation by reducing the induction period. The extension of this 
conclusion to the catalytic influence of other snort-chain acids is 
obvious. Clearly the induction period of an oil will be less in an engine 
not provided with a JOOd 11brea ther" system to keep down the concentration 
of volatile acids generated, in the oil system • . 

35. Tests ¥,ere made using a cell equipped with a condenser maintained 
at o° C in order to determine the effect of the condens'- tion of the volatile 
products on the induction period and speed of reaction (see Table 2). No 
ilfferences were found. However, the cell having been opened frequently 
for sampling purposes, the volatile acids may have escaped, thus prevent­
ing the concentration of these products from building up sufficiently to 
influence the reaction. 

36. Duplicate determinations resulted in induction periods which 
agreed to within + 1 hour for an induction period of 28 hours. Th.e 
oxidation was independent of the rate of air flow over t he ran-;e of 20 to 
100 ml. per minute. Raising the temperature of oxi'.iation 7eatly reduce d 
the induction period and increased the speed of oxi Jation reaction, see 
Table 4. 

CONCLUSIONS AUD RbCOJ'1l.,;ENJA.'i'IONS 

(a) Facts t.stablished 

J7. The induction period as i etenuined by the formation of vol atile 
polar materials took place within the first hour of oxi dation, at tempera­
tures of 1000 C or hi ~her, for all sampl e s investigated. 

Corrosive acils are one of the constituents of t he volatile 
The amount 5enerated varies with the nature of the oil testeJ. 

JS. 
material. 

J9. The induction perioa as determined by the time required_ to get 
the fi rst spreadin6 of the Jrop occurs con~i oorably later, ~epending_upon 
the na ture of the oil. This induction period agrees approx:una tely with 
that found by other oxidation stability tests. 

j that th excessl. ve corrosion noted in new i nstal-40. It is concl ude . e 
lations i s i.ue to the f ormation of short- chai n acids in the first stages 

of the oxidation of the oil. 

The c ::i of t~e oxidation reaction is less for t he lubricatin~ 
41. ;:,Dee h " . du t 

oils than the p~t r ola turns or cP.tane. I t is bel i eved ~hat ~ is is e 
0 

the oxidati on of certain non-polar molecules in the oil wlnch serve to 

fom inhibitors. 

42. The first formation in the oil of insoluble oxidation products 
can be deterrninej by thP. cotnl:lencement of hole format i_cn in the films• 
This is a test of ;reat sensitiv ity. 

lJ. After ex~osure to heat the oxidation and the rP.action of the 
oxidation products can cor1tinue even at room temperature . 
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44. Snort-chain aciJs accelerate the ox.iiation of the oil 
ex.a.~ined by reducing its induction period, but do not ac ~elerate the 
rate of oxi.:lation. 

45. Reactions are believed to take place at the oil-water interface. 
This is iue to t.he orientation of the polar groups so that the chance of 
interaction is ::;reater than in t ,ieir random listribution in the oil. 
'!he formation of lacquer or varnish at the oil-metal interface and the 
metal-air interface above the oil level in en6ines may be due, at least 
in part, to such reactions resulting from the adsorpt~on of orientated 
and hence activated polar ,i, olecules. 

(b) Recommendations 

46. It is proposed that this technique be extended ·t«> the study 
of the oxidation of certain main types of pure hydrocarbons. A report 
on the oxidation of highly purified cetane is in preparation. As oil 
is a mixture of many different kinds of molecules, it is at present 
impossible to determine which components of the oil contribute the proper­
ties ofcxidation stability and instability. 

47. The investigation should be extended to known mixtures of pure 
hydrocarbons. 

48. The effect of catalysts in accelerating anj in inhibitin~ oxida­
tion neeris investisation anj the ?eneral technique described here would 
appear to be especially suitable. 

49. Further studies should be made of the effect of polvmers on 
oil spreading in order to permit t.he use of the spreadin,.~ drop method . 
as a means of testing oils for their varnish and slud~e forming tendencies . 

i:o An oxidation consumption technique should be developed suitable 
for me~s~ng the oxidation stabilities of oils containing polar adJ.itives . 

51. The spreading oil drop m-ethod should be adopted as a sensitive 
and reliable test for the presence of acids anu polar ajditives in lubri-

. eating and fu~l oils purchased for Haval use,. 
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TABLE I 

RESULTS OF TtS TS ON OIL SPJ.., PLES AS R1CBIVED 

Oil Tested 

Crystal 
Petrolatum 

Tuxaco 2190 
8-28-41 
Tuxaco 21 
11-6-41 
G 
5-16-41 
Gul ?ride vA~ 3 
8-23-41 

Pennzoi 
SAE 30 
*Sinclair 
:nso 

* xaco 
3080 
* xaco 
1080 

Ken 
E.A.£ JO 
~so 
Su JO 

e 

Gulf Pride 1 

Ne w Sample purchased 
9-16-41 

Behavior Spreading 
On Acid 
·,vater 

On Alkaline 
Water 

none none 

none none 

none none 

none none 

1 one none 

9.3 cm 

none 

cm 

none I s st---

sliJ cm 

none 

none 

cm 

cm , •. cm .. 
comp e e y canp e e y 
over tray over tray 
comp ete y comp e e y 
over tray over tra 
comp e e y canp e e y 
over tray over tray 
completely comp ete y 
over tray over tray 
compete y comp ete y 
over tray over tray 
completely complete y 
over tray i over 

I 
tray 

Conclusion 

o polar material 
present 

o po ar materia 
present 

o po ar materia 
present 

o po ar material 
present 

• cone. 

a 

II " 
:r.~rn~ 

.5 -<JQf\C • 

•1 It 

Ii 

" " r-rr ii . ,, II 

pro .. 
polar 

II II 

II 11 

" II 

II 11 

II 

II II 

" 
,, 

" II 

!I " 
ent from 
tain-:d 



TABLE II 

DETERI.lINATim; OF VOLATILE ACIIE PRODUCSD FttO:t.: CRYSTAL 
PETRO LA TU1; 

Oxidation at 100°C. Lare cell used with air now of 60 ml min 

Total oxidation vn. 

7.0 6. /.i 
14.0 6.L 
21.0 5 .111 
27.0 L,34 
3L.o 3.83 
Lo.o 3.98 

6.h 
6,3 
5.18 
4.55 
J.96 
4.05 

TABLE III 

Additive Hexanoic 
acid 

3.59 
3.64 
3.6o 
3.53 
J.50 
3.72 

DETER1J:ND:G Of VOLATILE ACIDS PRODUCED FTIOI'. :JUPJNT 
CETANE S!:,iALL CELL USED \1 ITH AIR FLOW OF 20 ml/min. 

7.0 6,7 5. 72 in 9 hours 
14.0 6,7 
21.0 6.8 
31.0 6.6 
39.0 6.6 
46,0 6.4 
SL.o 5,49 --~-----'--------



TABLE IV 

DETERl\ilNATION OF VOLATILE ACIDS PRODUCED 

* The ..alue given ia the pH of 25 r.il water after 
bubbling through it the volatile oil oxidation 
product~ for the indicat~d length of tir.ie. 

Oil Oxidized 

Crystal ~o. Petrolatum 

emper-a ure 
of Oil °C. 

100 
125 
150 

125 
150 

125 
1.50 

125 

7.0 
7.0 
J.O 
.o 

7 .o 
.3 . 0 

7 .o 

9. 0 

6.4 
3-4 
3.J 



TABLE V 

SUMMARY OF OXIDATION STABILITY DATA ON OILS 
TESTm 

5!1 Induction Periods (In Hours) Time of Appearance of In£oluble 

at I~"~. It' !~5°0. at !50°~. at ioo°C. 
(in Hours} 
at I~5"C. at I.50"~ .. 

unaer over over unuer 
Cetane(Dupont) )2.0 2,0 1.0 52. 8. 1 . 0 

Crystal petro- 17.0 1.5 o.5 25.0 2.s o.s 
latum 

Squibbs pe:tro- 48.0 3.5 0.5 58.0 4.3 0.5 
latum 

- -

Texaco 1/2135 12.5 2.s - 34.0 12.5 --

Texaco #2190 -- -- --- 34.0 -- ---

Gul!pride SAE 13.0 -- 23 ... 0 - ---
30 
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