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Boerlage evolved a. four-ball 011 test apparatus for testing extreme

" pressurs’ lubrlcants.; Thls apperatus ‘was—copied by DVL;5. the’ tests here
v descrlbed were intcnded to test 1ts usefulness and rangs of application.,__
. The seizing tima and ths coefflcients 6f‘sear for 8- puro m1nara1 v
-011, a fetty oil, end of & mlneral 0il. treatod w1th sulphur addltlve, weren

Q:found end showod deflnlte and strlklng dlffurenccs.3 ‘
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_ Nbst of the many Kknown o;l test -Tigs test 1ubr1cants under Pssump-'
-tions which are ndt quellflud to give reproduclbla =nd undoubted results.
' This is mainly ‘due to the innumerseble’ factors which influsnce the state
of lubrication, Whose importence has not yet been assessed, or: c?nnot be
ellmlnated w1th the _moens 2t prﬁsant avpllsble. ﬂ . ; A
: Thu four-basl fpparetus (l) hlch was. developed by Boerlage et tha -
"Bataafsche Petroleum.msstqcheple in Dolft for testing extreme pressure
lubriC?tlon is distinguished by the. frct thet the problem.of providing
‘constant i.B.-lnturCthgCﬂblu tost meterinls is pretty well solved by
the ‘use of recision ball bcerings . Moreever,. ‘the costs of producing———
.. these test: pleces could h?rdly ‘be luSS- Also by having & roteting bell-
- above- three. fixed ones e Te nsonrb ly rcproduclble gaometrical pettern of
_ the ‘point. of lubrlcetlon ‘crn bo socuredL

Bacnuse of thcse propsrtles, and for othar rsesons, DVL undertook
‘to construct a copy of this. four-be1ll apparrtus, which wes to be tested
for its practicebility and renge of epplicetion in ‘testing lubricents.
It was alsc intoended to investigate lubrlcrtlng oils without extreme pressure
edditives, elthough from work clsowhere it wes known thet ‘hitherto.
cutstending end clear differances were. only: apperus% vhen testing—01ls
‘which contplnad hlgh prassure or: cxtrome pressura audit1ves.

'II. Test msthcd

"

P Test eppqratus pnd test matcrial

S

. » The fﬂur-ball oil test apperatus 1h1ch vwas built en? used by DVL
- -uses the-contret phints or surfaces of four balls ags test meteriel for -

 “1ubricetion tests.  Throe of EheSs ttur-bells; which ere errsnged In <

" the shape’ of & pyramid (fig. 1), ere ‘held in & conieal clamp by a scrow-
_on.cap ina test—cup, rhich elsc holas the lubricont whlch is to be



tested.{ The—reur%nrb#1%—4s—e;em@eé-4n_e_l¢ne:g_mh1chuls conneeted. by
‘moens of & spindle v1th the shaft of the eléetric driving motor (norm?l
" speed’ 1400 r.p.m.). Elg 2 shors thu m91n~cnnmcnents“of;rhu four-ball
Pppar?tuy._w T P RN : R
7 , ,

The motor ca31ng hes mountué on its 1owpr ené e gu16= far n piston
shsped ‘bolt, which cfn be lfeﬂcﬂ from below: by & lever system. - This .
transmlts the load upwerds - to 2 bﬁso plnte vnlch c?rries the test cup
“with- the three fixzd bells.ﬂ “The lcnd1ng luVor con-be used 1o spply

« dlffcrent constant” loe .S by verying the’ 1ength of the lever arm &t
which tha velght is hung, end eslsc. allowing a Cﬂntlnuously vary1ng lced
to: be Ppplled by addlng a 1oad1ng tank “hlch is aoulpped for raceiving
a flcw uf water. o : S

Thc topmost ball, whlch aurlng thc test ‘run. SllQbS on tha fixed
balls, gives rise to & friction torque,. rhlch hes & tenaency to. tarn j .
~the-test. vessel end thc lever arm which is atteched toit. ~ The ‘letter.

transfers the torque %9 an 1nd1cator sprlng., . The elteration in the

" length of the. spring cen be e cﬂrued on 2 tlmp-base 1ndic9tcr during the

‘test runs.qu,w,r,, s : - -

. An aujustable svitch on the CeSlng 1s/oparatec by a pin on the tgst
vesssl when the friction, and thus tho turning moment, “hes reached &
certain figuro. The. dr1v1ng mctur 1s thus srltchee cff an the test -

‘ cancluded at this p01nt. g S LA cEe s e

- The flrst tentatlvv tosts vlth thc*fuur-bnll tppbr?tus cﬂnstructed

: by DVL- showed that the problem of centrng ‘the upper bell on-the three -

- fixed bolls is of decisive importence. -This is chiefly = protlem of
Hallow1ng 2s much fros pley #s possible %5 the 7riving spindle, which
must run_ completely smoothly, »n3 tho bcst possible. contreing of the.

_ fixea bells, i.e. the ball-trse, or. the b?se‘ﬁlPtu.. The first require- -

" ment wes fulfllled by sultebla cevcl cpment of tha spindle beering. = In
the endeavour. to setisfy the sscond requirefient, @ series.of tests was
mede, whieh led tc the ccnclusinn thst-neither by rFny form of  construet-
ion of the guide, mor by eny-choice of conncnunts, can centrzing bs .-
accuretsly “one.  Thereforc, the fcrm cheson. was such thet the ball-
;bﬁse vies allovuk as much 1Ptorsl ple as nﬂ551blc,

It should te 1"+o’ he‘,, thpt tho semc problems were myt w1th olso-v
where, and their importence wes likewise rcallsem, nnd thuy weTro com-
-pletely solved by cther means (2) L R .

The test mftorlql in thesc tuStS c“n51sted *f nrec151ﬁn bells of
12.0°'1m, diszmeter cf herdened rollsr tesring chrom1um steel,  their
Rockwell herdness téing ebrut 65 (3). ~ Fig. 3 shows the four-ball
apparatus cons‘c.:cuctef1 at DVL: tafﬂre the c:mmanccmcnt of 8 test run.

b. Test methed ~ o -v'j“5”4¥“5'

In, the: onlnlﬂn 5f its inventor, the four-ball sopperatus shculd te
suiteblo £or testing extremom pressure lubricents. Since thﬂse lubri-
cants ere intended above ~1l to - inhibit seizing, the stendard of com=
‘prrison selected wes the 1lo=8d nt vhich e visle nt and sudden inereese in
friction and weer, 1.o. selzxng, first cccurres within one minute.- This
preeess is 1mpr3ved by Jlotting ths frlctl“n-tlme graph during the one-

, minute run, end. extr»ct1n5 from it the tlmu token tc the rise in the ..
friction coefficient. ~ This seizing time, whan plotted es 8- function of -
- the load,’ glvgs 2 curve which ﬁs chprecteristlc of the lubrlcent undgr N
tast. : , -
" Also, efter tho run, the size:of ths wonr pits is_qbserved, and
. . N
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assessed in relation to the load, ' '

“Tt-is“t0 be- noted also that in meking the tesys the: order of events

‘fs*éSTfplqus:ﬁﬁ\ﬁheiload»is*firstfimpaéed;féndfthé“moﬁo::is1th¢nmbrbugh$;

pp;to §peed;:andfthen;switCEéd“off'afﬁer’pne7mipute;v5{

©~r7 The similar tests made by DVLT- Tie ‘Sinee it -
. Was ssumea”tgat_this_was'in’part'dueitoﬂthé”péér;reperubiﬁility?bf?the‘fk
prodess et starting; that is, the initially almost jerky sliding motion™
of the steel balls deformed by surface pressurs, & series. of tests'was .

. made during which the load was imposed with the balls runiing. = The: @ -
~teSulting‘Spréad?was*somewhat'nérrbmér3,and'ﬁhis‘msthod;wasgtherefdxe?~-‘:
fretéinéd’in'all'@hartéSts"desbribadihe:é.f'fﬁ l7*w LR e T

showed great varietionsi . Since it

e Aléo;;whéﬁ:%hefwééf pits were measured after one-minute runs, the *
~velues.-varied so much that it wes impossibla to plot curves through them.
‘Thercefore et DVL the run wes. only continued until seizurs took place,’.

‘using the apoﬁe—msntidnedfswitéh,”whichfthrouén‘tha‘gripping»of'thewpall—'
cup &s the result of ‘inereased friction; wes worked automaticelly by.the -
“test/apperatus,.. To-sevé tims, a ‘greph wes not generslly plotted, but -
‘the time simply meesured from the epplicetion of the loed $ill the in= . -
creese in friction end weer, which wos ¢lserly indicatod by the automatic =

- discommectiom, < L v Ll e N LA

‘Tho ‘difference bobrscn the test method—of $He-DVE-ond-the-methods —

used in other querters, is that en attompt wes made, by the choice of
‘& suitebls indicetor spring snd contéct sctting, to cnd "the test run et *
-the first definitc rise in frietion. This wes: dons in.view of the
following comsideretions := “7 o T T I

: e R P o
. Wnen ths run was breksn off bafore the so-called soizing begen, . -
tle woer pits consisted .of smell sbresions a2boutb the size of 2 Hertz
‘flet. Its surf¥ee condition-shows” thet—up “to. the present i% :has. been

" s question of even stresion of particles of meteriels’ On the other
hand, the wear pits of runs which ere concluded at ths slightest in- "
croase‘in»Iiictioﬁ’hﬁvv*é‘va?& difforsnt epvoersnce.  Apzrt from the /
fmgreat:differénce*in“thcfsizc*ofithawpits,;thesaftest balls are very un~
evonly worn, end heve pronouncoed grooves and much burring. This' con=~
‘dition is more typicel of what hepoens. to metals when they ere turned

or-millad. IR , Lo - S e R

"Therefore, the beginning of these Waar'processés wes considered =s
 the beginning of seizing, for they cennot be deseribed es "uormal" veer. |
‘But if this point is intontionally oversteppod, in some ceses or with. . .
- cortain lubricents thers is o réfuction in frigtion, until after &
certain time, snother pronounced rise in friction occcurs., - VeTy often
et this mcment the balls fusec. In n2 cese was this ebserved in the .
test process in which the run is cnéel at the first slight rise in
frietion. R ' '
Tie longth mnd brerdth of ths werr Dits wes moesured, under &
megsuring microseope. | L v T ‘

¢. Luvriconts irvasticoted

PR ‘T4 iiscover whether the.four-bell mechine.is also suitable for
bringing-out differences batwcenglubricants'rhich;cdntéin"nomhigh—‘or
extremo-prossure additives, tuwe-oils wera tested which contained no
such edditives. . Baceuse 1t wes assumed thet the clearest difference
would be that betweon e purs minerel lubriceting oil end a pure fatty
0il, the purc mifisrel sero-engine lubricating oil "Rotring D" (4) was
selected s the ncrmel and roforenco oil, elong with the elmost pure
fatty 0il.(ssponification’ velue 155.€ mg.KOH/6m. ) motor oil: "Kompressol




-

whlte" (8). Tests by I. G. ﬁsrbenlndustr1e shnwed that the process

in the fod%—ball Epnaretus ‘is'not to be’ considered ‘as pure boundary -
”lubrlcation, ‘but tekes placo. in the reglon of partlal lubrication.: -

"HéTS the. v1scaolty;of_thelsubstance_undcr inv»stigetlon is a factor”
”;1n ‘the result. SIn thu ease .of tho two’ 01ls sclectea, v1scosity as.a.
‘,fector is’ to a lerge extent exeluled ‘since ‘the_ v1s0031tles of Rotrlng
D, of 18.00E st 5076, ‘and of Kompressol whlté"bf 17 9°E at 50°C”ére B
_very ﬂlose to cafh c*hor. Y i . B

; T est ubu uf‘e' or an adiltlve on Lhu uural~h+ lLbr109t1ng oil
Rotrlng D was. given: an adultlan of sulphur ani wes then tested.- Tc.”
“isolate the effect .ol the sulphur’ the povdered sulphar, in. concentratlon
—-of about 57 (vol ) of ‘the 0il . was poundec ‘with the oil in a mortar at
room temoerature, instéad of being dlsoclveu in. fetty oil’ et hlgher
itemp@ratures, es is usuvelly dowme.  As waq tc be cxpecvcd a large part
of the suspended sulphur-wes Qcpcowba” again, so.that’ nethlng can.be < .
exectly steted about the -effoct of the -sulphuz gdditive. - In addltlon,“a
a sllght 1ncrease in v1scr31ty htd tu be teken 1nto eccount. : -

III Results of. the Tests S

8 Soizmng gelny values. 5T“"

- Inltial experimsnts h?u slroady shown thet the reproduclbllity of:
- the seizing ‘delay times is cnly molerate.,  Since it wes impossible to
- bring abnut an 1mprovement by any meens, severel tosts were medc at’

cach 1om¢, so a&s to find the average velue, . At least 5 runs were
‘necessary on eech occesion, in- order to cbtein en even curve of the
, er1thmet1cal meen._ velues. Fig.4 shows tho individual ‘velues.of a
: serles of 5 test runs ma@e v1th the reference q11 Rotrlng D. '

- ‘The. renge of vprlptlon 7h1ch is hetched in betwaen the two 11m1t
curves, is not slweys es Tld@ as it is with this lubricent, but in the
_renge cf Smﬂll lcaﬁs thc ruproduclbllity is pertlcularly poor. ’ :

/ r

et /-

blg.b SHCHE tHE TEAR VaLues fhr thc R E runs ﬂf the- three lubrx!
Gants whlch wore.. n"cst;gfteé.Am“ .

1b, fleer v;ugg

, The wear values woro eebe*mlqef by mcaauﬁlub wie ragr-plts on_the
" three fixed balls., Sinco in oy  fer ‘the ‘greeter nuuber of runs these -
' are nct ecirculer, but ellipticel, the LVL 2i@ not teke the averag@

diemeter (6), ban the product of greatest length by greatest breadth
end the averego velue fﬁr the three balls wes found. ‘ /
. \

Flg.e ShOwS the velups cbtalneﬁ in the tegts on Rotrlng D. In
spite of the vprletlon the- EVurege valuas of 5 runs in each casg show:
a feirly cont1nuous curve., : :

~ e ey

i

!

Flg.? shows the valucs fnr kﬁmpressol whlta end Rotring D plus i '«
sulphur, compered with those for Robring D. The connocted points_shOW"
the- results of several series of tests." e ' Ve

Since for every lubrlcant whlch is 1nvestig9ted there is a certain
relatlﬁnship between the smount *f wear end the lo=d, aS\?lsn between
~ the deley in seizing and - the load, ‘there. must alsn be & fixed relation--
- ship between the wear and the deley in se1zing. ‘This is presented in .
'Fig.8, together ‘with the results of further tost’ runs whlch caifirm the

’correctness of the curve’ es it was found., . -
: / . '

-



e, Intarpretatlonfof‘tbo Rcaul+s

- Fig. 5 shors that—tns tests mnde on uh@ thrao Jubz:ﬂauus W1tn tne
four—bqll‘apuarntus grve unamblguous ‘resultsy 1hus tha rstty cil
Komprsssol white has e ‘mueh better: behav1our as’ “cgal.s seizing times

~than"the ‘pure mineral- 011,: jnlortunately, ‘the. Qifferences ere; ‘less’
Tin Just ‘that Tegicon. whL h‘thu reproduc;blllty is: comuaratlvely good.
-0n. th 3 other hend thu,*xlues for Rotriang D »plus ‘sulphir are. well above .
thouc for: pure_Pcurl 5 Dy sven nt hlgu loaus, belng almost oen tlmes
a% greet at nva~l; 91L lcaﬁs‘ ; . : \ - R

‘ 14 orier 9 rate’ the curves quﬂntltetivsly Bonrlage and hrs col-
leagues setected the so—celled 2& second’ selz:ng load.. . F1g.5 shows
‘thet this choice -was Jadlcious Sﬂnce in the: range of 2% geconds ‘the g”f
‘differences are comparetively large, yet . they gre still fairly Tepro-
ducible. Tho tests on-tho fﬂur-bsll machlne of rhe DVL gave. o
ufor“Rctrlng D 'ﬁs..“; ' 83 ng.:SGLZIHg 1ceu (cf. arrows in Flg.s)
 for Rompressol white ~ 128 kg. seizing load - e
- for Rotrlng D plus sulphur 200 kg. selzlng loen i
It should be notea hers that vhen Rﬂtrlng D was tastec in ths lv-
Dutch Proefstetion Delft the sversge figurc for thres series of | tests
at 2% seconds loading was.78 kg. . But 1% must . be: taken into. account’
- here, that the Delft tests were nads with %&1nch steel balls, quite
epart from the fact thet there nay have been. con31derable dlfferences
in the way in Whlch tho tests wers: csrrlcd out.~ o S

v

The curves’ of rlg 7 are va:y 1nterest1ng for\here the order of
rstlng is the seme as in the seizing time measurenents. . But as &
contrast %o these measurements the picture 2s prasanted by the course
of the Wear' curves is. 76t in egreement. It is-trye thet Rotring D

d Kompresscl white hpve e similer course, showing & ‘rise in.wear .
w1th 1ncreasing loed; tut: Rotrlng D plus sulphur behaves qulte cif— o«
ferontly, the wear bewnc'“lmost const?nt, 1rrespoct1ve of the loed.

1

”1g 8 shOWs a\eu more pla:nly that the udultlon of sulphur cen
comnletely cnungo the preces3 of weer, ec it oceurs: .lta pure mineral
~011. : WberePs uaa plbs with' Rﬁtrlng D plus sulphur are slmost constant

creesed, 1.e. the loe in reuu"sd. en€ v1ce varsa.

It is a- str:lln FbT th?t the values for the futty oil, Kcmurassol
white, are elsc cn the curve cf Rotring D, and thet this is elsﬁ true
~of ell the oils, of the most veried origine, with or “without. & fat "’

: content but witnout cther additives.  This.means that these - lubri-f
cants make pits of = quits definite size with = definite. selz.ng '
delay.»‘ The dlfferencas bvetween the o1ls are expressed only in the
‘fact thet this seizing time is found*to oeccur with quite different
loads ‘which are charrcteristic of: the oils. ~Putting. it Pnothcr
L WEY over a .cortein renge of lceds the wear 03vff101unts are on the
lower, flat part-of the eurve with good oils, while with oils’ whlch
ceuse less deley in seizing they ars on the steep left-hand branch of
the curve vith 1ts higher weer cﬁefflclents. ST o e

_The excellent and much sdpller venr valuos wh1ch result from the_
testinb of Retring D with e.sulphur ad 1ditive must heve o totally Qif-
ferent resson then thet which eccountad- for the good behaviour of the
Cfatty o0il Kompresscl white. The proof of this szatement is that the- :
Pits with Rotring D plus sulphur nad a distinetive cheracterlstlc, which
-was .thet they formed e derk’ compeund, probably iron sulphide, chiefly '

&t the. edges of the “its, but elso in the form of & thin coeting,



. -"'

It is also 7orth mentwonlng that the wear values and tha course
of the resultlng curve are: very_much dupenuent on “the tcst balls
_which gre us s d1v1duﬂl tests with 12.7 I ha]lu .rom anﬂuher

source geve ‘hich wore in'no WPY comparabra' : :

Muuh va]u L‘e *ﬂo lcdge coul@ pa galner fror quTJDr reseerch ;j
1nto these. conditions. [ AL pll ts; e significence’ of the " .
cresulis obuazn"d with s +0 e-LPrl &fcvlﬂﬁ rs’stlll uot completely
correlq*cd V“u? PTP"L1’3£‘ iuprication,.

‘iLVZ S'mm&rv

A rﬁport ‘bas bean muue an. tcs 3 ona thP"balL eml uest auuaratqu
conqtructern at LVL. i ’ne results “of - tests made- v1th a pure mineral-
i 011 an: a.mogt uave fabtyoL ., end with a mineral. oil w1+h a sulphur
addwtive were. very mich 2% vpllnncu'p;;*ulll ‘averegss taken of 5.
results in éach case: showe* clear ex;’reuroduclble dlfferencesaan %he*
‘ wep* delay tlmes enL the wear~velues." ;r.,;lr_ﬁ i ’1‘,.

It cen be seen from the "ear muasuremonts thet the fav:urable i
mﬁfect ‘of using.e sulphur~aﬁ€1t1ve isTdéerived” frem” bas1cally different
causes. “than the' superlor behavicur ﬂf fetty 011 comparec tc pure . ‘
mineral 011.; IR

The 51gn1f1cence and tho transferpblllty of the test\results
requires further eluclﬂaﬁlcn. R ,
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