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SUMMARY

This investigation is a study of polymer degradation
- in sliding elastohydrodynamic lubrication. Elastohydro-

dynamic lubrication is typically found in highly loaded

point contacts such as gears, certain cams and followers and

rolling element bearings. The lubricant in this contact-is
subjected to.extremely high pressures (150,000 psi)7and very
high shear rates (106 sec-lj. A varLety of f1u1ds were
_examined These included bulk polymer lubrlcants, hydro—'
carbon lubrlcants, and polymer contaln1ng hydrocarbon
solutlons | | |

A techn1que was developed that allows small samples
(10 m1crol1ter5) of the test f1u1d to be extracted dlrectly
from the elastohydrodynamlc contact These samples were. |
. then analyzed to determine changes in V1scos1ty and molecular
we1ght d15tr1but1on. | _ -
o Severe degradatlon was found in flulds wh1ch had
emolecular welghts-of over 1000. This degradation resulted
‘in viecosity losses of up to 70 percent. It-is concluded
_that'a_designer'shonld assume the base oil.vlscosity when
- deeigning mechanisms which are to use polymers containing:
- hydrocarbon mixtures. When des1gn1ng for bulk polymers each

combination of flu1d and mechan1sm should be tested




CHAPTER I
~ INTRODUCTION

.~ Multigrade motor oils have come into widespread use

in recent years. These oils are basically a mixture of a low

viscosity base oil and a small percentage of a high molecular

weight additive which has the effect of.increaSing the
viscosity of the oil at all temperatures and'deéreasing the
effecf of temperature 6n viscbsity. Ideally’ﬁhis would give
effective lubrication when the engine is hot while nbt being
so viscous at low temperatures that it_wpul@'éause diffi-

- culty in sfafting. Thése additives (viscosity indéx
imprdvers) andjother high.molecular weight polymers are
known to dégrade (break down into lower moleéular.weight
molecules) when they are.subjeéted to mechaﬁicai shégring.
.This.sheéring-is the resultldf_the reiatiVe'ﬁption of the
.beariﬁg.surféées.which'the oilflubficatesF.:Whénséhis
degradation.oétﬁrs in.an engihe the remaining ;hbricaht may
no longef méég_its original specifications [1;2]1_ﬁor be.

- capable of p?0per71ubricati0n.since the. thickness of the
fluid film whi;h_sépafqtes the bearing surfaéés'is,a
functidh of theloil ViSEOSity Fof this reésdn polymer'
degradation has become a problem of concern to 1ubr1cant

1Numbers in brackets designate references at end of
thesis,




manufacturers and users.

The 1ncre351ng use of high mol@cular we1ght synthetlc
lubricants by industry in locations where stable, clean f1u1d5
 are reﬁuired has created a need fbr_more-infbrmatidn on the
stability of fhese'fluids when subjected to mechanical
shearing.. | | | |
| The most extreme conditions of ﬁechanicallshearing
that a lubfitant must withstand are those found in elasto-
hydrodynamic lubrication (EHD). Some aspects of EHD lubri-
cation are.as.yet not weil understood but this type of
lubrication has been extensively studied in recent years =
.[3,4,.ﬁ.15]. In_EHD_lubricatipn_a'thin fluid £ilm (on the
order of 10%5 inéhes)ISeparatés the-bearing'surfaCes'and

'sustaihs ldads-which cause nofmalssurfaCe stresSes'(>iO

that are sufficient to deform the surfaces élaSticallf._ The

shéarlrétes (velocity gradients) expefienced.by the fluid

range up td'iﬁ7 sec-l. EHD lubrication is tfpically'fﬁund

in rolling element bearings, éertain cam folidwers and gears.
These cond1t10ns result in energy.1nput rates 1nto

-the:fluld onithe order of 10? kcal per gmole;_ This can be'

compared.tq aﬁ activation energy'of 80 kcal per gmole-of

- carbon-carbon Bonds Although the fluld is usually subJected

to these condltlons for only a short perlod of time (less

than 1.0 mllllsec) some degradatlon-can be expected.




Previous Studies

In previous studies the prcblem.of machaaically_
induced polymar_degradation has been approached in either
of two ways:':(l) attempts have been-hade to simulate actual
conditionsaon.laboratory apparatus, or (2) tests have_beeﬁ .
-done using productlon equipment. |

| By testlng on a specially de31gned apparatus, the
'cond1t1ons under which the degradation takes place are
usually well. deflned Some of the snmulators in use at this
time are: «capillaries, concéntric cylinders, high speed
stirring, ultrasonic shearing, and various methods of
spraying aﬁd éhaking. These methods have been extensively
reviewed by:Casale, Porter and Johnson [16]_rccent1y an&:
- will be oaly briefly discussed here; o

chradation*by shearing in capillaries is probably

_ the oldest méthod used [16, 1?] In this typé apparatus the

fluld 1s forced through a caplllary (a small d1ameter tube

or orlflce) The.shear stress experlenced by_the f1u1d_can

be calculated us1ng Poisemille’'s equatlon | The majdr disad-

vantages of thlS method are the 1nhomogeneous shear field
(varylng.from a maxlmum at the wall to zero at the center-'
line) and.tﬁe-fact.that ﬁany passes:through the'capillary
are asually nécessary to reach an equilibrium molecular

weight.

that a uhiform_shear field could be appliedfto'the test

The concentric cylinder arrangement was designed so




fluid'iong.eﬁohgh for it to reach an.equilibrium'moieﬁuiar
weight [18,19]. In these devicés the fluid is sheared in

the annulaf gap between the two cylinders byirptating oﬁe of
the c¢ylinders. Shear rates t@ to 106 secil have been réﬁorted
[18]. .The other methﬁds mentioned are high1y dependént'on
apparatus des1gn and are not w1de1y used. |

None of these test procedures is capable of reaching

the extreme condltlons of pressure and shear stress that are

'prESent in EHD lubrication. Therefore tests in production’

machinery have been_necéésaryr_ This type of tést can.be

exemplified.by.testé TUn on multigradé motoi oil'in automo-
tive engines.[l,z]. The engine is sét up 6n a dynamometer
with_the teéf'oil acting'as a lubricént aﬁd'is'iun for a
specifiéd ﬁefiod of time. The viscqsity of the 0il is then

checked to determine if the viscosity index'improver is'sti11 

effective. If there is a' change in the efféct of the' \

V1sc051ty 1ndex 1mprover, thls 1nd1cates degradatlon of the:-

polymer.Q ThlS type of testlng YlEldS good qualltatlve'

results, however, the condltlons on the f1u1d when the

.polymer degrades are practlcally 1mp0551ble to determlne.

These_condltlons range from EHD lubrication at_the cam
follows and'géars to low shear stirring in the sump with
temperature ranges from ambient at the start of the test to

over 200°F after warnup.



multigra.de

The-bbjective of this study was:tb subjéét aivariéty-
of fluids to cohditions that are found in EHD iubricatioﬁ
and determine the extent of polymer degfadatioﬁ. ‘The test
fluids were_subjecfed to pressure of up to 150,000_psi and
sheqf'rate§ 6£'approximately 106 seéfl. Sémﬁles_bf the |
fluids were ¢o11écted and analyzed to determine if degrada-
tion had occurred. The viscosity of the.shéared flhids was
measured and'the viscosity average molecuiar weight was
"calculated using available empirical equatidhs [20,21]. 1I1f
this method'rééulted in an ‘indication 6f dégradation, further
aﬂalysis.was done using gel permeatidn chromatogfaphy-[ZZ],
flame ionizatidn spectroscopy'and other analytical methods.

These results were then correlated with polymet type,

: concentratidn, shear rate and energy input rate td.the_flUid.




CHAPTER II
TEST FLUIDS

The ;ﬁbricants selected for examination were chosen
SO fhat a wide range of molecular weights and fluid tyﬁes_
_could be tésted. Detailed descriptioms of thg]fest_fluids
are given.ih'Appendix A and summarized in Table 1. |
As representative examples of the hydroﬁarbon typé
fluids, a paraffinic base 0il and_three'solutions of high
molecular wéight.polyalkylmethacrylate (PAMA) were chosen.
Two of these solutions used a PAMA additive with a viscosity:
average.molecular weight (MW&) of 560,000 at&mit units:[au)
' with conéentratiOns of four and eight ﬁercent; .The ;hird'
'éolpfion'used a PAMA'additive_with a va'ofil,ﬁso;DOO Au‘énd
‘a cdanntratibn of foﬁ&_percent. In this mannér vériafions
| wifh conCEntrétion and MW could be Sfudied. The ﬁaraffinic-
base oil witﬁ*an-a#grége MW of 404 was also te§ted as a
control; . ._H _ _ |
Six.syhthetic fluids were tested. 'A-coﬁmeréially
available silicone_diffusion pump fluid with a MW of'546 au
was tested beéause of its very.narrow MW distfibutioﬁ.
Becéusé of-thié property small variations in MW-§oﬁ1d be
detected; 'Anbther commercialiy-available.silifone lubricanf'

which had a bimodal MW distribution centered éround MWs. of




Table 1. Test Fluids?

3

Designation Fluid Descriptidn'
Pl _uParaff1n1c base 011 (R- 620 12)
P2 -P1 + 4% polyalkylmethacrylate (PL 4521)
P3 :; P1 + 8% polyalkylmethacrylate [PL—4521)
P6 Pl + 4% polyalkylmethacrylate'(ﬁL—4523) _
S1 | -.1_D1ester Plexol 201 bis-2-ethyl hexyl sebacate
- (PL-5159) |

- 85 - Pentaphenyltrimethyltrisiloxane (DC-?OS)

- s6 ‘Dimethylsiloxane (DC-200) |
S7  _' -Dimethylsiloxane Blend (E1923?48)
S8 _ .--Dimethylsiloxane Bléhd [51923449)‘

89 . Modified Polyphenyl Ether (MCS-418)

2Manufacturer 's de51gnat10n is shown in parentheses.
See Appendlx A for deta11ed dLscrlptlon

3The f1u1d d951gnat10ns correspond to de51gnat1ons
used in previous studles on these fluids [12]




16,000 and 47,000 au was tested. The'réSults_qbtaihed with

this fluid (sée section on silicone fluids) led to tests of
two silicbne'Blends-with-widply;dispersed MW distributions.

Both of these blends were dimethylsiloxanes-bﬁt in bne,

‘trihydroxl groups had been substituted as end-block radicals.

These fluids were selected7t0'dé§ermine_if there is sbme MW
below which no dégfadation occurs and also if the differenf
endeiqck radicals had an effect on degradation (see éection
on silicone fluids).

Two further types of s?nthetic lubricants ﬁere tested,
a sebacate with a MW of 426 au and a quified pdlyﬁhenyl
ether with an average MW of 423, The sebaéaﬁe diester is a
commonly used lubricant in jét engines whefe'high-témpera-

ture stability is required. The polyphenyl ether is an experi-

mental 1ubri;ént which shows promise for applicatidns which

require oxidation and radiation stability.




CHAPTER IIT
EHD EXPERIMENTAL PROCEDURE -

Experimental Pqulpmwnt

In order to study the EHD contact, the apparatus
shown in Figure 1 was used. This is a modification of an
_:apparatus discribed in a previous publicétion by |
' D. M, Sanbdrn_[lZ]. The EHD contact is formé&-by rotéting
the steel sphere about an axis parallel to the surface Of
the sapphlre wh11e normally loading it agalnst the sapphire.
A synthetlc sapphire was selected for a bearing surface
because ofilts adequate elastlcxty, strength and trans-.
parency. _ ._

The higher elasticity of the sapphiré ihsures that
most of the elastlc deformation will take place in the steel
bearlng surface. The 1n1tlal sapphlre disc used in this
¥.study was, D 187 1nches'in diameter; approximétéiy'0-030'
1nches thlck and had a small hole (approxlmately 0.003 -
1nches.1n_d13meter) in its center (Figure 2) A dlsc 0. 310
inches in diameter, 0.060 inches thick with a-hole approxi-
mately 0.002 inches in diameter was used'in_fhe later tests.
Several methods of drilling small holes were.attempted.
Laser drilling.was tried but availabRe lasers were not

‘capable of the small clean holes needed for this research.
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Ultra-sonic drilling was found to be possihle but too costiy
The holes used were drilled using. proprletary technlques that
are used in 1ndustry for mak1ng dlamond wire drawlng dies.

The shape and angle of the hole cannot be prec15e1y controlled

using this technique (see Figure 2 for general shape),'

howerer, it is possible to see through the hole during testing

for alignment'purposes-as is explaiﬁed in the-ekperimental.
procedure section. The conical shape of the hole did block
part of the contact zone from view.

The lower bearing surface was a chromium steel ball
1.25 inches ih ‘diameter with a surface finish of 1. SImicro?
inches (rms). Thls sphere was rotated through a flexlble
coupling cemented to its surface. It was supported and
- loaded against the sapphire by three similar steel spheres
which'were rigidly fitted into an aluminum'cube which also
forms the oil reservoir (see Figure 1). For tests 0ver.a ;
long'period or'time {up to two hours) a eeal_wae fitted
between the-saﬁphire mount and the oil reseruoir as shown in
order to reduce leakage and thus insure an adequate supply of
0il., For shorter tests th1q seal was removed so that it
would not interfere with the action of the_alr_bearlng
needed for traction measurements. The normal.load uas.
applied by pressurizing a bellows located below the odl_
reservoir.:'Thislload was measured ﬁith.the_strain gage array
as shown in Plgure 1 [12,13,14]. | |

An opt1ca1 1nterference technique was. used to determine




13

the filﬁ thickness [11, 12] ~ The basic components of the
1nterferometer are shown in detall in Figure 3. They are:
the sapphlre, the lubricant, and the steel sphere " The
1nterference of the two reflected rays A and B in Figure 2
are almost totally responsible for the observed 1nterference'
pattgrhs._'Basic theory of interferpmetry [23]'predicts that

bright interference fringes will appear whenever
h =g 0+ %%); n=0,1,2,...

and dark fringes whenever

h= VA (n + '%—:- - 1/2]; n = Qflrz_’!"

The term ﬁ& represents the net phaée shift due'ho reflecfions
between réys A'and_B_in'Figure 3. "The constéﬁt.k is the_ |
refractive ihdex of the fluid. The.value of A in thé-
equations is the wavelength of thé incident light in air.
‘The 1light uééd.ﬁas not striétly monochfomatig'since it waé
obtained uéing a thhgsten light source and a 5340 A Schott
ihterferenCe}filter having a band width of 220 A. The value
5340 A was.uséd for A [12].

The resulting'interference fringe patterns here
observed and photographed through a Leitz metallurg1ca1
m1croscope u51ng a magn1f1cat10n factor of IODX The

observed contact area was 0.015 inches 1n d1ameter for the
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load_of-ls.pounds useo throughout this.study;_.The.verticel
.iliuminator_of the microscope was used_to-direCt'iﬁcideht
light onto the EHD contact. PhOtographs were taken at
intervals-during'the experiments as a.record of the exact.
location of the hole in the sapphire relative_tO'the-
contact.zone.vlTheselphotographs wefe taken'using a standard
Polaroid attachment and black and white film; | |

The o11 samples were taken by mov1ng the sapphire and
u51ng the mlcroscope to optically allgn the sapphlre hole in
the center of the exit region of the contact (see experi-
mental-proceﬂufe_seCtion)g The sapphire and its mounting
plate were ho#ed in a direotion parallel to the axis of
rotation of the sphere by means of an eccentrlc locater (see
Figure 4)}. Locatlon perpendlcu]ar to the axis of rotatlon
was aecomp11shed with a set of opp051ngtm1crometer screws.

_ -In'order to deternmine the'energy inpot_rate into the
fluid,'the foroe tfansmitted.by the fluio perpendicuiar to
the normal foroe (i.e. the traction force) muSt.be.knownf'
This Was:measuredfby ellowihg.the-entirelloa&ing hSSemhly to
move in the aii bearings.as_showh_in Figute 1. The:force
was measured by a:strain gage array attached to a'testraining

cantilever load cell as shown.

Experimental Technique

- The tests run on each fluid were carried out following

the procedﬁre_outlined below:

- an
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(1) After careful cleaning_Several times with xylene
and acetone;_the 0oil reservoir was filled with the fluid to

be tested, the reservoir seal was installed as needed and the

air bearing was not in operation.

(2) The sapphire was then checked to be sure it was
oarallel with the sphere supports. This was done by app1y1ng
a nominal load to the ball with the ball stationary and
noting the size of the contact. Thé diamerer of the EHD
contact is indicative of the contact load. ' The load was
then released and the sapphire moved to a different location

where the loed_wae again applied and the contact size checked.

The attitude of the sapphire was adjusted until the contact

size Was’constant This procedure insured that the load

would remain constant when the sapphire was moved

{3) The magnitude of the load was then set by adJustlng

the pressure app11ed to the bellows The load was read on an

"osc1lloscope Wthh had prev1ously been ca11brated along w1th

the s;raln gage array.
(4)  The sapph1re was moved into a position such that
the 0 003 1nch dlameter hole would be in the wake formed by

the contact [see Figure 5). It was found that in this

"~ position no oil would flow upward through the hole In fact,

any oil on top of the sapphire would be drawn down into the
o0il reservo1r. |

_ (5)'rWith the load at zero, the speed control of the

direct current motor was set for a given ball surface velocity

— e
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(92.1 inches per second was used for most tests) The
predeterm1ned load was then applied.

(6)- Uslng the_eccentrlc locater (see Figure 4), the
sapphire hole was aligned directly behind the center of the
contact zonel(See Figure S). |

| (7) The sapphire was then moved with the micrometer
SCTews until_there.was an indicatioh of 0oil flow into the .
hole. This indication usually took the form ef,a blacking-
out of the hole as seen through the microscope,.generally
occuring whehhthe hole was three—quarters.to fuily into the
~contact zone. This estimete of a depth of pehetration into
- the EHﬁ contact was made by essuming that the contact zone
would be eseentially unchanged by the presehce of the hole.
“The visible front edge of the contact was used to establieh
the location of the EHD contact boundary'(see Figure 5).

(8) When a suff1C1ent amount of 011 had collected
on the sapphlre,'two ten microliter samples ‘were extracted
u51ng a M1crotr01 dlsposable.bore syringe. The samples were
marked for identification and one ﬁae sealed for later
analysis. _. | | | _

(9) The machine was stopped and_the_eepﬁhire hole
was mored ferward to the EHD contact inlet. A small vacuum |
pump was used.to'rembve eicess-oil from the sapphire. The
same procedure was. used to start the apparatus and a sample
was taken from the entrance region of the contact zomne.

. Further control samples were taken from the oil




20

reservoir'ah& the original fluid sample container.

| For measuring the traction coefficient (traction force
divide& by the normalfforce) and film thickness, a_similar
procedure was-followed.thrOUgh step five with the following

exceptions: (1) the reservoir seal was not used; (2) the

air bearing was in operation; and (3) a similar sapphire with

no hole was used.

The tfme required to collect'enough fluid for a sample
varied with each fluid but was usually around two hours.
Locating the sapphlre hole such that oil flow was assured
took up_to one_hour. After a p051t1ve indication of flow
threugh the hoie,'it was usually an hour before enough oil"
had been collected for a sample to be taken. This varied
with the fiow rate of oil through the contaet and the-.
_p051t10n of the sapphire hole. _

Durlng an experlment, ‘the temperature of the 011 in
.the reserv01r 1ncreased by about thirty degrees Fahrenhelt.'
Since this change in temperature affects the fluid proper—
ties, and, therefore, may alter the Operatlng parameters, a
two hour test was made in which the temperature_and traction
force were reeorded (see Figure 6). The temperature was
meaeured with a'copperéconstantan thermdcduple'placed
between'the three_sﬁppert sﬁheres in the iubricaht‘suppiy.
Photegraphs were alae-taken at selected time intervals for
film thickness.calculatidn. The film thickness data points

are shown. From the ten minute point on the TC data had a
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standard deviation of 0.03. It was determined that the
traction and film thickness did not change appreciably (more
than 5%) during this period. The apparatus is not presently
capable of cloéer control of the temperature.

The experimental conditions of each feSt are given in
Table 2. Also listed are the centerline.film_fhickness and

the traction coefficient (tc) measured at ten minutes into

a test, Table 3.is a summary of the average conditions

experienced by the fluid in the EHD contact. An average

shear rate, v, is determined from the relative velocity of

- the bearing surfaces divided by the film thickness. The

average shear stress, T, is calculated by dividing the

traction forcelby the contact area. The enérgy dissipation

.raté per unit volume (E) is given by the product of the shear

stress and the shear rate. Finally, the energy dissipation

rate per grammole of polymer'(e) is obtained by multiplying

the dissipation rate per unit volume by the,voiume and- the

avefage molchiar weight.and dividing by the mass flbw rate
aﬁd for the mixtures the weighf concentration of polymer
solids. |

The traction coefficient and film thickness appear
inversely in the équations for energy dissipation in the.
film. The variation of these quantities (TC and ﬁc) shown
in Figure 6 results in a variation of less than 5 percent in

the energy diésipated.

e o DA TaTmaem am e o e e e e




 Table 2. Elastohydrodynamic Operating Conditions
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Fluid Mo Load Speed he TC
(7$§F) 1b 1Ps xlU6 in i

P1 52 14.7 92.8 8.6 D.D35
P2 . 112 15.0 92.1 9.8 0.033
P3 274 15.0 92.1 12.3 0.032
P6 240 15.0 92.1 9.9 0.038
s1 17.2  15.0 92.1 3.7 0.024

Y 175 15.6 57 17 0.068
s6 931 15.6 95 10 0,027
$7 . 1200  15.0 92.1 7.3 0.035
s8 1060 15.0 92.1 8.0 0.033
59 56 15.0 11.8 0.042




Table 3. Energy Input Into the Fluids

yx10°© w107, Ex10° ex10"

sec™l dynes/cm kcal kcal

Fluid _ cmisec gmole
P1 10.7 252 68.5 6.08
P2 9.4 248 50.4 258,000. 0
p3 7.5 230 43.9 99,5000
P6 9.3 274 63.7 536,000.0
s1 25.0 173 109.8 10,2
S5 3.4 490 ©42.3 8.1
s6 9.5 104 16.9 465.0
87 12.6 252 80.7 98.8
S8 115 238 69.4 298.0
59 7.8 302 60,0 5.6

S
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CHAPTER 1V
DETERMINATION OF MOLECULAR WEIGHT

A*variefy_qf techniques were used to ahalyze the
samples 6btained'from the EHD contact. . The ViSCOSitYIOf
mdst of the_fluids-was measured in a micro Capillary._ Where
possible and_nedéésary, further;analysis waé done using gel
pérmeation chromatography, gas'ﬁiromatogfaphy, flame ioniza-

tion spectroscopy, infrared absorption spectroscopy and mass

-spectroscopy.

Viscosity Measurements

Due to the small sample size {10pl) the only standard

method of viscometry that could be used-was plate and cone _

" viscometry.  This method was tried using agHaéke_Rotovisco_

with a plate and cone attachment (PKII). This procedur¢ was

satisfactory for the base h&drbcarhon OiIJ(PglJ;“hOWGver, it

was not satiSfactory for the non-Newtonian fluids. At the.

rotational speeds necessary to be within the'fange of this
instrumént; the'shear rates (900 secﬂl) approached those
where the fluids are entering their second Newtqﬁian regions
[24]. Howevér; the MW_viséosity cbrrelations which were
used to estimate degradation,are applicabié:gnly to the low
shear viScosity; | |

In order to overcome these deficiencies, a glass
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capillary viscometer was developed and used.
From the Hagen-Poisemille equatiom, the viscosity, u,

of a fluid is given by [25)

4
LM 313

where D is the ;épillary diameter

L is the capillary length - o

AP is the pressure'drﬁﬁ_across the capillary

V is the volume_paSSing thrbugh the cabiilary

t is the timé required,'and_?_

K is a constant.for a given $ef-of units.
For a givenfCapilléry-with a constant voldme,_this equation
reduces to: | o

U= CC.QPt.:

where Cc is the capillary constant.' This_form_of'the

equation was used for calibration and viscosity calculations.

No commercially available capillary viscometers were
found which could measure the small sample size so one was

made (Figure ?). The micro capiilary was made by heating a

glass tube_#nd pulling it down to the approximate'size needed.

The origiﬁal'tube was 3.5 inches long, 0.04:inches outside
diameter and 0.02 inches inside diameter. The tube was

heated in its center over a length of approximately 0.75
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inches. This-éectionzwgs pulled dowh.tp a capillary 2.35
inches long'ahd 0.003 inches inside diameter. This capillary
‘was then cemenfed inside a larger diameter gléss tube for
strength. IA glass tube with a 90° bend'was:fasténed to each
end of the capillary. - The entire assembly was placed in a
constant temperature'bath with the capillary in a horizontal
positioh. The bént tubes were connected to a manometer which
was used to apply a pressure differential acrdsé the capillary.
A water manometer was used for all measurements except the'.
high'visqosity silicone in which case a mefcﬁry manometer
was used. The water manometer was conStructéd of polyvinyl-
chlorlde tublng and dlstllled water. The manometér was -
connected to the caplllary with small dlameter surglcal tubing.
Using this me;hod there was a small amount of_leakage in the |
pressﬁre appiied-to the fluid through the tﬂbing_tohheéfions.
This was acCounted fpr by taking-the»average.of_pressure
readings st the béginning and end of each méasuremeﬂt;
Maximum leakage was 0.15 inches of water with a 10 inches
pressure dlfferentlal Gravity effects due to minor'devia-
tions of the cap111ary from the horizontal were corrected by
taklng the average of measurements made 1n_both dlrectlons
through the capillary. Ten measurements were normally méde
for a 81ng1e fluid sample. | |

' The comblnatlon of PVC tubing and water. dlsplayed a
hysterlsls effect [26] wh1ch gave pressure rgadlngs 0.1

inches of water too high. This error was corrected by




subtracting this amount from all readings.

solid and a high surface energy-liquid,-SUCh as polyfinyl-

capillary before any measurements were¢ made. = Experimental w
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The effects of the meniscus in each end of the

tapillary tube cancel each other. This will always be the

‘case unless the contact angle at the air-liquid-solid

interface is greater than zero for one meniscus which can

‘only occur when the liquid does not wet the solid. 'This.

hysterisis éfféct typically_occurs with,a low surface energy

chloride and water. All the fluids tested in this study
have zero'contac;_ang}es with glass [26];' In'drder to insure }

that wetting ﬂid-occur, the samples were passed through the

repeatability'was obtained by taking visCoéity measurements ~'g
with diffefent pressure differentials on a fihid. Any - .'é
unbélanqed'pressure drop across the meniscus'wili:be a o ]
cbnstént errdr'in the measufements._ With préssure differen- -
tials 6f one to ten inches of water on té#t.flﬁi& S-GO;inor
measurdble efrbr was found. .. |
The_pfobedure used with the micro capiliafy wészf
(1) ' The capillary tube was carefully purged with
xyiene and écetane and checked under a microsqape to be sure
it was free of contamina#ion. | |
(2). Approximateiy 5 ul of samplé wgs_dréwﬂ into the

capillary tube. The bent tubes were then connected to the

capillary tube.

(3) This entire assembly was fastened to a support




30

plate and placed in a constant temperature bafh. The bath

temperaturé was held at 210° + 0.1°F for the hydro;arbon

- solutions; 77° + 0.2°F for the silicone fluids (these temper-

atures correspond to those regquired for the MW-viscosity
correlations); and 100°F + 0.2°F for the sebacate and the
poiyphenYlether.. The temperatures weré'measured with a
calibrated merﬁufy-in-glass thermometer. |
(4) After allowing 30 minutes for temperature:

equilibrium, the bent tubés were connected td the manometer.
The fluid was.forced through the capillary in order to |
insure wettiﬂg, | | |

(5) A pressure was set with the manbmeter and
recorded. | |

A stop watch was used to record the time necessary

for one méniscus to travel between twe standard marks on the -

'suppoft platé._lA second pressure reading was taken and the

pressure differential was removed. At no time was either
meniscus allowed to pass the joints at the capillary tube

ends nor enter the reduced portion of the capiilary.

.The capillary was calibrated at regular'intervals with

~a viscosity standard (fluid S-60 suppiied by'Cannon-Ihétrument

Co.) at all temperatures where measurements were made. One

‘calibration was done using the standard fluid-S—ZUbO by the

same supplier as a cross check.
' To insure that differences in fluid type did not

influence the measurement, a relatively large (10 ml)
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unsheared sample‘df each fluid was taken froﬁ'the qriginal
container and its viscosity waé'measured in. a routine glass
viscometer Wthh was also callblated wlth standard fluid S-60.
ThlS sample was then measured in the micro caplllary

If the caplllary constant was not identical with that

o , o o SRS o
found w1th.the-standard fluid, the constant CC N3 dgr;ved

"~ using the similar fluid, was used for the'sheared'sampIES

except for the methacrylate mixtures., These high MW polymers
are easily broken down and may.degrade even in the mild
shearing conditions of the viScometer._ The capillary constant
varied a maximum of 1% with the PAMA fluids.

.The shearing forces acting on the:fiuid are maximum at

the capiliary-wall and may be estimated by [25]

., N
T, = ITI;BT (psi) -

whefe &P is the pressure d1Eferentlal across the f1u1d in
pS1, :
1 is the caplllary 1ength (1n 1nches) and
D 15 the capillary diameter in 1nches.
The maximum shear rate is given by [25]

PR * _]_.1
L (sec J

=2

|

Y =

[

where u is the viscosity in reyns.

The maximum shear stress and shear rates applied to any fluid




o= g [1.03 + 1.328 x 10
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in the cap1llary were 0.00183 psi (126 ”XE%E) and 70 sec -1
respectively. The normal operating cond1t10ns in the
capillary fdr-the low viscosity fluids (all'except the
silicones) gave shear stresses on the order of 10 —XE%E
These v1sc051t1es were then used to calculate the

viscosity" average molecular weight. For the silicone fluids,

the fOllOWlng relation was used [20]

logig M =.1.00 + O.UIZS/HW;'

~ where M is the viscosity in centistokes at 25°C and

'vaf is the viscosity average molecular weight.

For the PAMA solutions, the following_relatipnlwas used [21]:

-5 1.25( 0.818 0.5)]

MWVJ

(C) _e)cpI\'-(}‘.ZQ-!!-pl':B

where B is the v1sc051ty of the blend in centlstokes, at
- 210°F, :

Wy is the viscosity of the base 011 1n centlstokes,
‘at 210°F,

C 1is the polymer sol1d concentration in weight
_percent, and

MW _ is the viscosity average molecular weight,

- Other-Anaiytical Techniqﬁes'
Several other analytical techniques were employéd-in'
order to give more specific information about the MW

distribution before and after shearing in the EHD contact.
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For the_higher'polymers (PAMA end_silicooee),_dei Permeation
Chromatography) wae employed to Qet a MW distribution. Gas
Chromatography, Infra Red Spectroscopy, or Mass Spectroscopy
were used w1th the lower MW f1u1ds.

Gel Permeatlon Chromatography (GPC) and Gas Chroma-
tography {GC) employ the same principle to separate the
components of a mixture. The sample is mixed with a carrier
fluidl(usually benzene'for GPC and helium forrGC) and is

passed through a column which contains a network of partlcles

(typ1cally polystyrene beads in GPC and 11qu1d coated ceramic

in GC) to which the sample fluid adsorbs. This adsorption
is a_functioh-of_concehtration and MW. As the carrier fluids
pass through the column, components having the various MWs
become separated. As the carrier fluld exits from the column
varlatlons in the mlxture are detected The variation in
refractive index of the solution is commonly used in GPC.
Variations in-thermal.conductivity or fleme ionization.
spectrometry is used w1th GC.
_ Infra- red spectroscopy measures the adsorptlon by the
flu1d of 1nfra red radiation. Mass spectroscopy ionizes the
-molecules ‘and - by acceleratlon into a magnet1c f1e1d deter—-
mines approxlmate molecular welghts. |

Infra- red and mass spectroscopy can g1Ve 1nd1cat10ns
of eny new.speC1es present in the solutlon as would be the
case if crosslinking occurred in some of the low MW fluids.
Howe?er,_neither of these techniques give reliable deta oo_

changes in relative composition.

i ik WL




~Viscosity end:the.percentage change in viscoeity. The

- average molecular welghts and the percentage change in Mw&.
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CHAPTER V
EXPERIMENTAL RESULTS.

The results of the tests are shown id-Table 4. In
this table each'fluid is listed twice, the subscript;=o,
indicates the'original fluid and the subscript, s, indicates

thedsheared~f1uid;_ The first two columns are the measured

changes throughout Table 4 are calculated by subtracting_the

sheared quantity from the orlglnal and dividing by the

original. The second two columns are the calculated viscosity

- The fifth and sixth columns are the weight average MWs as

determined by GPC and the change in this quantity. The
sevehth-columﬁ'is the number_average'MW-also.determthed;by
GPC. This quantity is highly dependent upeh the'extremely
hlgh MW fractlons in some of the test f1u1ds and has the
greatest p0551b1e error. The final column is the dlsper51ty
as calculated by dividing the weight average MW by the number

average MW and is a measure of the spread of MWs found in

‘the sample.

Silicones
W1th the low MW fluld SS, no degradatlon was detectable.

ThlS f1u1d was tested using a4 gas chromatograph w1th a
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Swnmary of Experimentai Results

_ L A MW, v W W N TMW_/MW
- Fluid (cs) % | %
Pl 31.2 204 --- --- ---
| ., L. 0.0 ---
P1_ 30,77 404 --- --- ---
P2, 12.97 560,000 610,000 140,000 4.5
: ¢ 42.3 72.3 ' 64 .
P2 7.49 155,000 220,000 66,000 3.5
P3 27.24 | 560,000 770,000 150,000 5.1
g 61.0 80.2 79
P3_ 10.56 111,000 - 160,000 23,000 6.7
P6 30.62 1,650,000 3,200,000 390,000 8.3
g 73.6 91.2 93 -
PS, 8.08 146,000 230,000 68,000 3.4
s1 11.41 = 426 .- ---
(8] ,
| e 4.3 - - -- ---
85, 175 : - 546 -e-
. ] -~- --- 0.0 ---
,s;s_ --- --- 546 - ---
86, 931 26,000 45,600 10,300
- . 9 56.1 . 33.0 38.6 . 3.0
86, 409 17,400 28,000 9,280
- continued

8%



Table 4. (Cbncluded)'

| u Au MW, AMW MW, MW MW, MW, /MW
Fluid (cs) :  J N (. : o % |
87, - 1200 .- 43,000 . - - 4,150
S7, --- : R BEEE - .-
S8, 1060 o ' --- - . 160,000 [T
S8, S B
_ 59O : 29.1 R—_— : 422 . -
. 6 -0-_7 i - . -0‘4 . _—t -
9, 29.3 | - 424 .-

Measured at 100°F with Rotovisco. |
Measured at 210°F with micro capillary.
Measured at 100°F with micro capillary.
Measuréd_at=7?°F'With micro capillary.

~3 Oh L
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thermal conductivity detector. The chromatographs of the
silicone fluids were made by DOW'Corning'Corpofation, the

manufacturer of these fluids. No viscosity measurements

were made on this fluid because there was not enough sample

~ collected in the original test to perform these measurements

and the original fluid was not sufficient to duplicate the

test at a later date.

Fluid S6 exhibited marked degradation after shearing
in the EHD contact. Both viscosity and GPC measurements
were made on this.fluid. The permanent visﬁasity-lbss was
found to be 56.1%. The resulté of_the.GPC tests areusHOWn
in Figures 8 thrdugh 11. The locétion of each sample is
noted on the cbrresponding figure. There is virtually no
change in the molecular weight distribution (MWD) from the
original.flﬁid to:the sample taken from the oil reservoir,

however there is marked change after the fluid has been

sheared. No sample was taken from the entrance region of

the EHD contact with this fluid because the origina1 fluid
was depleted. The large amount of degradation'islmore

graphically illustrated in Figure 11 which is a composite of

Figures 8 and 10. The viscosity loss was calculated from the

MW fbund'wifh'the GPC and was found to be 6174%; The

disagreement;with the measured viscosity isldﬁé to the
polydisﬁerSitj.of the unsheared sample which does not

cofrelafe weli with the viscosity-MW relations.

Fluids S7 and S8 which were specifically blended to

-
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lished in the .EHD contact for a period of time (less than 30

‘both in_most cases.

mode of failure appeared to be a simultaneous scratching of

42

give an indication of a limiting MW for degradation were not

successfully tested. Although a fluid film could be estab-

minutes), the film would collapse before any:samplé could be
taken. This collapse resulted in direct contact between

the sapphire and the sphere with subséquent scratching of

Three modes of failure were observed.. The most common

the steel sphere and the sapphire apparently due to starva-

tion caused by small bubbles of air mixed in:the fluid. As:
the fluid was beihg drawn into the.contact the.bﬁbbles wduld
also be dréwn_ih.‘ When the bubble entered the contact there
was insﬁfficiéﬁt lubricant to sustain the_lﬁad and the sur- .

faces made contact. The same result occurs when no lubricant

is present. On a few occasions a small piece of foreign

matter becamé'lodged in the entrance regiOn_and the contact

was starved. On one occasion the sapphire scra;ched_and'the

-steelmballiféméinéd in good condition. Thé sﬁpphire was

-moved by means of the micrometer screws and the apparatus

continued to run for a short period of time (10 minutes) -

before both sphere and sapphire scratched. fFigﬁré$ 12 and 13

- show the MWDs-fdr‘these'two fluids and by comparison'with the

unsheared samples of fluid S6, it can be seen that there are
twoldifferencés between these Silicones;' F1uids S7 and S8

have a greater concentration of high MW fractions and are
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more disperse in makeup. How these differences might -

explain thé_greatly different behavior of these-flhids is

~unknown. How the sapphire could scratch without marring. the

sphere is glso'unexplained.

Other Synthetics

A very slight increase in vi;tosity anaiMW (as
determined from GC made by Monsanto; the lubricﬁnf-manufac;
turer) was.found in the sheared samples of fluid S9; however,
these changes were both within experimentallerrbr. A very
small amoun; 6£ a very low boiling point subétance was found'

in all of théfsamples except the original fluid. It is

thought that these might be some indicationIOf degradation:

however it méy'be concluded to be insignificént;
Fluid S1 exhibited a marked increase in viscosity,

4.3%; however, no chemical test utilized could detect any

change in composition of the fluid. The tests tried-wefe-IR

spectroScopy;-GC,'and mass_spectrdscopy._ It-ﬁas later

determined'fhéf none of these techniques could-accurétely_

 determine a small shift in the relative composition of the

test samples.
The increase in viscosity is'typical'of'whét has been
found in extendéd service conditions [27] and is due to a

shearing off of a hexyl end group leaving a "free"'dxygen.

- This oxygen'forms "hydrogen honds"; i.e., electrbstatic

bonds, with hydrogen atoms of adjacent moleculés, forming a

polymer that has the same effect as a_crossiinking of
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molecules but does not significantly change the composition

of the f£luid. Degradation of this kind of less than 0;5%-

can cause the Viscosity increases that were meaSured_{Z?].
For this fiuid; determinatiqn of the number:df "free" oxygens
by dye chemistfy.would be a better method of finding
degradatlon | |

Organic Hydrocarbons

The paraffinic base oil, Pi, was tesfed in the Haake
Rotovisco and a small decrease in viSCOSity-ﬁés.found. 1.6%;
however, this is w1th1n the exper1men1al error (+2%) of thlS
partlcular apparatus No further tests have been done on
this sample as of this date because no_adequate equ1pment is
avaiiable. | | o

The befmanent.viscosity decrease in the PAMA seiutions;
fluids P2, P3, and P6 ewas foﬁnd to be extreme, up to.70%.

In fact all of these m1xtures were reduced in VlSCOSlty to

the reglon of the base oil, Pl The hPC-MWD-curves for the

polymer add1t1ves are shown 1n Figures 14 through 28, These

.chromatographs were made by Rohm and Haas Company, manufac-

turers of the PAMA additives. Each stage of testing is
shown in order for each fluid and a composite of the origihal'_'
distfibﬁtioh,:as eupplied by'the manufactﬁrei;sand the
sheared distfibutien is also shown. 1t can be seeﬁ that
only a'small'emohnt of.shearing takes plaCe.in'the-oii |
reservoir and the entrance region of the EHD.contatt. The

composite figures emphasize the large degree of'degradafion
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‘that takes place in the cohtcct. In every case the distri-
butions are being reduced fo a closer approximation of a
Gaussian distribution and it is probable that further
shegriﬁg will not greatly change che shape of the curves but
will.shifc them to a lower point on the MW scale. The MWs
that are calculated from this data and shown in Table 4
cannot be taken as exact numbers due to the d1£f1cu1ty of
working with the very high MW fractions that'éré present in
these fluids. However the percéntage change in MW as calcu-
late& from the viscosity and from the GPC data agrees very
closely. | | | | |
Genercl |

In crder to determine if there is-a.éeneral corre-
létion bétwéeh energy input intc the fluid, €y and permanent
VlSCOSlty loss or degradatlon, these quant1t1es were plotted
'1n Figure 29. The abSC1ssa of this plot is the energy input
into the fluld ~ The ordlnate is the ratio of the orlglnal
and flnal v1sc051t1es or the correspondlng MWs as shown.
In the case of the polymer solutlonS-all.of_the energy |
. dissipated was,éssumed to go intc thé pbiymers énd ncne into
‘the base 0il. .The relatively minor change fbuﬁd in the base
'oil.jﬁstifiesfthis assumption. It can be seen that fhe‘MW
rctio.correlatés_in a géneral way with ¢, and'is better than
was expected fdr such different fluids;_ The"ViScdsity_ratid
also correiaces generally; %owéver, the_bulk.siiiconé pclymer

no longer fitgfas well, Many more data poinfs-afe needed
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before any concrete conclusions can be reached. Figure 30 -
"is a similar Pplot where the energy input rate per unit
volume, E, is the abscissa. It can be seen that there is

‘no correlation using this scale.
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CHAPTER VI

DISCUSSION OF RESULTS

In this investigation a new technique was developed

which allows the sampling of oil which has pessed through an

EHD contact. -This method makes possibie the examination of
~ undiluted samples of highly sheared oil. These samples of
0il were then investigated using.various analytital fech-
niques'in order to determine permanent chenges in the
fiuids.- The visCosity and the molecular weith-distribution
were investigafed to determine if the fluid had been modi-
fied by shearing in the EHD contact.

A variety of fluids were examined. .These included
bulk polymer lobricants, hydrocerbon lubricants, and polymer
: containing hydfocarbon'solutions A significant change in -
viscosity was found in flve of the ten 1ubr1cants tested
with a maximum decrease of seventy percent. For the |
remalnlng flve lubrloants, three were not 51gn1f1cant1y.

- changed, and two were not successfully tested Changes in

molecular welght were found with a maxlmum decrease of nmnety

-percent. This large_amount oflpolymer degradat;on 1nd1cates
that this may be the primary source of polymer degradation
which has been found in earlier studies which used automotive

engines as test apparatus. The permanent visoosity loss also
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appeérs to expléin the disagreemenf'that has been-préviously'
réported betwéen experimental data and theorétical predic- |
tions of film_thickness for these -high polymef.fluids;

The behavior of certain fluids under high shear
conditions has previous1y been given asithe_reason.for the
lack of agreeﬁentabeﬁween_theory and experiment in EHD
_IUbrication._'For thethdrocarbon solutiOns'téStéd.in thié
'study, this lack of.agreement can be expiainéd by permaﬁent
degradation'of the_fluid; In a previous publitétion, Sanbofn
and'Winer_[12]'detérminéd én:ap@érent“viSCOsity'ioss, S, by
estiﬁétiﬁg aﬂ'effqétive viscosity,'ué,'which.ﬁquld briﬁg'
their film thickness data for high MW fluids infq agreement
with“data'for'Newtonian fluids. Thié apparehf ?is¢osity is

calculated by the equation

By.subétituting the sheared fluid viscosity,_hs, as measﬁred
in-this’study;'for the effective viscosity,.a COmparable

permanent visco$ity loss, S, can be determined. Table 5

P’ _
1ists theselvﬁlues for the fluids which were Sfudied'in both
works; The:cﬁrfelation is apparent, the Quaiifative.differ-
_iences are partially e;plained by the fact_that3the Base-

| viscﬁsities wéie_measured at different tempefatﬁres; In
Sanborn's work, pb'was_measured at'room.'temperature; whilé

measurements for this study were taken under conditions




Table 5. Apparent and Permanent Viscosity Loss

. - S S .

_ _Eluld.. | | o P
P1 0.00  0.02

- P2 0.26 0.42
~P3 ~0.54 0.61
P6 0.63 0.74

51 0.00 -0.04
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previously explained. The saﬁples examinediin”this.study
were taken .from the center of the contact and havé the longest
residence timé in the contact. The film thi;khess'iS'
determined_by_fhe fluid at the'entrancé-region 6f the bqntact'
and the entire area of contact. |

A genefai'tYpe of correlation between energy ihput 
to the fluid_and viscosity or moleéular-degradation'waﬁ
found. It is possible that with proper development tﬁis_can
bé useful as' a guide in fofmmiating lubricants.-fFor the
présent, thé machine designer hust assume thaf’bnly the basé
0il ViSCOSity.iS apﬁlicéble to EHD lubricépibn conditions,
With bulk poiymers each fluid must be tested for éaﬁh appli- 
cation. Thishis illustrated by the results_ﬁifh.the-silicone
fluids. Thfee silicones with similérjviséosities-were_
~ tested in the'apparatus, One fluid showed'a iafge amohnt of
degradatibn bﬁf was adequate as a 1ubficantli:TheZOtherufwo
.siliconeg Whi;h had larger_fracfions_of hiéh'ﬁ@iecular weigﬂti_
‘polymers were not gbod-lubritants and could_ndt.Bé\féstéd-'
under EHD conditions. It is thought that'mdlecular degrada-
tion can pﬁSsibly'be predicted with a tbr}ela;ioh to-energy
input,zbutlfhi$ wi11 be useless for bulk polyméf fluids
containing high'molecular weight fractions until this type
of f#ilure.is.explainéd; The failures occufred:after the
tests had been in progresslfor a short_pgripdiof time_(ieés
thaﬁ 30 minufeé); ‘This behavior suggests'some fbrm 6f 
prpgfessivg.meéhénism and it is possible thét:heéting may be

involved,
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CHAPTER. VII
CONCLUSIONS

~In this investigation a new technique was developed
that allows fhe sampling of a lubricant directly from an EHD
contact. In the EHD contact the fluids are subjected to a

maximum pressure of 150,000 psi and.shear.rates:up to 2 x 107'

sec’l. Hydrocarbon fluids, synthetic bulk polymers, and
polymer containing-hydrocarbon solutions were tested. The
1samp1es of . lubrlcant wh1ch had passed through these condi-
tions were tested to determine 1f they had been modlfled
The viscosities of the fluids were measured and their .
molecular weight d1str1but1ons were determ1ned

The flulds with low molecular we1ghts (less than 1000)
were not s1gn1f1caat1y degraded, although_the v1scos1ty_of
one fluid, the diester fluid S1, was changed. All fluids of
'larger molecular_weight were significantly degraded and the
eorresponding viscosities altered. |

The v1sc051t1es of the polymer contalnlng hydrocarbon _
solutions were reduced to the reglon of the base 011._ This
E permanent vrscos1ty loss 1s the reason for theoretically
predlcted f11m thicknesses not agreeing with experlmental.
data. Wheﬂ:deSigniﬁg machine elements for_use.wlth this

type'eil, the safe design is to assume'that.ehly the base
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0il is presenf for EHD conditions. For bulk polymer lubri-
cants with hlgh molecular weight fractlons, each design must
be tested with a glven 1ubr1cant. |

General trends were established whicHTindicate*that
correlations may exist between energy input into the - f1u1d
;and permanent viscosity 1oss or molecular degradatlon.' With
proper development, these can be useful in the selectlon_of

fluids for given applicadtions or in the design of lubricants.




72°

* CHAPTER VIII
 RECOMMENDATIONS .

In this work the basic equipment and techniques were

déveloped which allow the sampling of lubricaﬂts.fTOm a

realistic EHD point contact. Future work should be done to

extend the range of the measurements made in this investi-
gation, primarily by filling the gaps left in the energy

input to the fluids. This is most easily accomplished with

. the hydfocé&bon mixtures by varying the polymer molecular

weights. .With"fhe bulk polymers, a range canfbc obtained

by varying the_experiméntél COnditioné. Othér.types 6f -

polymer-base_oil systgms need inveStigation.." -
The anomally that occurred with the siiicoﬁé_flﬁids,

i,e. thé'sapphire-scfatching_while the Steéllsphere remained

unmarred, needs an explanation.
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DESCRIPTIVE DATA ON TEST FLUIDS. AND ADDITIVES

Petroleum oil: R-620-12

Source: Sun 0il Company

Supplier's designation

Type

Symbol used in this study

Viscosity at 100°F (cs/SUS)

Viscosity at 210°F (cs/SUS)

Viscosity index (ASTM D-2270)

Flash point (°F)

Fire point (°F)

Pour point {°F)

Refractive index

Density at 68°F {gm/cc)

Molecular weight" 9

%C atoms in aromatic rings

$C atoms in naphthenic rings

%C atoms in paraffinic rin §

%C atoms in aromatic rings .

$C atoms in naphthenic ringsll

$C atoms in paraffinic rings

Average number-?f aromatic rings
per molecule™ " _

Average number ?f naphthenic rings
per molecule

Average number ?f'total rings

per molecule ' _

Diester-Plexol 201 bis-2-ethyl hexyl

Source: Rohm and Haas Company

Manufacturer's desighation

Symbol used in this study.

Viscosity at -65°F(cs)

Viscosity at 100°F(cs)

Viscosity at 210°F(cs)

Viscosity index (ASTM D-974)

Neutralization number (ASTM D-974)

Cloud point (ASTM D-2500)

R-620-12
Paraffinic
P1
33.74/158.0
5.402/43.95
103 :

420

475

5

1.4755
0.8602

404

4.0

28.4

67.6

3.8

27.7
68.5 .

0.18
1.66
1.84

sebacateﬁ_*PL-SISQII

PL-5159
S1 o
7,988
11.41
3.32
150

0.02
below -65




Polyalkylmethacrylate Additives:

Source: Rohm and Haas Company :
Manufacturer's designation - PL-4521
Percent polyalkylmethacrylate in

solution 36.1
Viscosity at 210°F(cs) 796
Viscosity average molecular weight - 560,000
Gel permeation chromatograph

molecular weight average 828 000
Pentaphenyltrimethyltrisiloxane: DC 705
Source: Dow Corning Corporation
Manufacturer's designation DC-705
Symbol used in this study S5
Viscosity at 77°F (cs) 175
Density at 77°F (gm/cc) 1.09
Molecular weight 546
Flash point (°F) 470
Refractive index 1.5790"

Dimethylsiloxanee:

Source: Dow Corning Corporation
Manufacturer's designation bC-200
Symbol used in this study S6
Viscosity at 77°F (cs) 931
Molecular weight (GPC) 45,600
Modified Polyphenyl Ether: MCS-418

Source:
Manufacturer's designation
. Symbol used in this study
‘Viscosity at 0°F (cs)
Viscosity at 100°F (cs)
Viscosity at 210°F (¢s)
Viscosity at 300°F (es)
Density at 77°F (g/ml)
Density at 100°F {(g/ml)
Density at 300°F (g/ml)
Pour point (°F)

Refractive index

8

Hirschler, A. E.

Vol. 32, 1946 pp 133-161.

Monsanto Research Corporation

DC-200, E1923-48 and E1923-49

E1923-48
S7

1200 -
43,000

MCS-418
59
13,040
25
4.1
2.0
1,195 -
1.184
1.101
-20

1. 6735_-

74

PL-4521 and PL-4523

PL-4523

19.0
773
1,650,000

1,510,000

58
1060
160,000

Calculated from viscosity data using the method of | h
“Journal of the Institute of" Petroleum,

: Obtalned using the Viscosity- GraV1ty Constant and the
- Refractivity Intercept using the method of Kurtz, S. S., Jr.,
King, R, W., Stout, W. J., and Gilbert, D. J., from a paper,
"Relatlonshlp between Refractivity Intercept,' presented
before the Petroleum Div., ACS, September, 1955.

E1923-49
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Ib1d

11Calculated using the n-d-M method. of structural
gToup analys1s of mineral oil fractions of Van Nes and
Van Westen, ''Aspects of the Constitution of Mlneral 0115,"
Elsevier Publishing Co., Inc., 1951
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