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Pressure- and
Temperature-Dependent Viscosity
Measurements of Lubricants With
Polymeric Viscosity Modi ers

Babak Lot zadehDehkordi, Paul J. Shiller and Gary L. Doll  *

Timken Engineered Surfaces Laboratories, The University 8kron, Akron, OH, United States

The pressure-viscosity coef cient, a, is a measure of the pressure dependence of
the viscosity of the liquid in elastohydrodynamic lubrican (EHL). There seems to
be confusion around the understanding of the pressure-visasity response in the inlet
zone. In this paper the values ofa were obtained from measurements of viscosity as
a function of pressure and offers a understanding on the piewiscous effect at various
inlet pressures for those liquids. Moreover, the viscosés of several commercial engine
oils and laboratory blends of mineral and synthetic base @ilwith polymer additives were
measured at pressures up to 1 GPa and at temperatures of 4Q 75 , and 100 C. It

was observed in some of these materials The signi cant changs within viscosity are
temperature- and pressure-dependent. Analysis of the expgmental results indicated
that the solidi cation (signi cant increase viscosity) iglue to liquid-solid phase transitions
occurring in the lubricant's polymer additives. Thus, thipaper gives evidence on the
role of molecular weight and concentration of polymer and $tin uence on the pressure

and temperature-dependent onset of the phase transitionsThis transition has not been
discussed in the open literature and is not accounted for in arrent bearing design using
the Barus equation or the modi ed Yasatomi equation and may b the cause of some

bearing damage modes.

Keywords: elastohydrodynamic (EHL), lubricant, polymer add
viscosity

itives, extreme pressure, viscosity modi ers (VM),

INTRODUCTION

Service lives of bearings and gears are dependent upon the Udericants. Lubricants reduce
friction and wear in highly loaded contacts, and provide coglicorrosion resistance, and other
bene ts. Forces in mechanical components are transmittedugh a thin lubricant layer that must
be viscous enough to form and sustain a uid Im between the tamting surfaces.

Viscosity is such an important property in the design of lubritsthat it is desirable to minimize
the variations in its structure created by high temperatu@smmercial lubricants such as multi-
viscosity automotive engine oils accomplish this with polymeéditives used as viscosity modi ers
(VM) or viscosity index improvers (VIl). These soluble polyraemnelp to reduce the thermal
changes in viscosity while maintaining desirable lubriqaerformance such as Im formation and
pumping ability.
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Knowledge of the properties of the lubricant owing of the piezoviscous response known as the pressure-viscosity
through a contact is essential to maintaining desirableitdnt coe cient. a is a property of the lubricant and cannot be selected
performance and component life. Fluid ow in which the like speed orloadE'is the e ective modulus of elasticity.
shear stress is not linearly proportional to the shear rate.,(i.  After many years of research, there is still no well-accepted
non-Newtonian behavior) is common in lubricants contaigin de nition for the pressure-viscosity coe cient\(ergne and Bair,
polymer additives. Various hypotheses have been suggestedl4. The most direct approach to obtaining the pressure-
and tested during the last few decades to describe théscosity coe cient of a lubricant is by measuring its high-
non-Newtonian nature of lubricants. A simple power law pressure viscosity. However, most of the reported pressure
response is the most popular model, and one that hasiscosity data are derived indirectly from a measurement
been successfully used to describe both pseudoplastic aofl the central EHL Im thickness (e.g., ball-on-glass plate
dilatant uids (non-Newtonian uid where the shear viscégi con guration) (Bair, 200). In the direct approacha was
increases with applied shear stresSy¢on and Wilson, 1965; originally estimated from an exponential dependence of visgosi
Bayraktar and Kiran, 2000; Chu et al., 2D06 on pressure; i.e., the Barus equation:

n D o 3)

D )

P The a values in the Barus equation do not correlate with
where! is the viscosity, is the shear stress, arfdis the shear measured Im thickness values at relatively low pressures. An
rate. The power law exponent™is the rheological index. Fluids improved pressure viscosity coe cient can be used that is based
with n > 1,n D 1, andn < 1 correspond to a dilatant uid, a 0N the asymptotic isoviscous pressure coe cierildgk, 1963;
Newtonian uid, and a pseudoplastic uid, respectively. Bair, 201%. In the direct approach using high-pressure viscosity

Highly loaded machine elements tend to operate indata, the asymptotic local pressure viscosity coe cient isrod
elastohydrodynamic lubrication (EHL) regimes where theby Bair Bair, 2007:

loads are high enough to elastically deform their surfaces a " # 1

generate extremely high pressures in the contact. In EHLrheo 0 X 0 i i1

lubricant Ims are usually assumed to behave in a Newtonian C - (4)
. . . N N ; i i1

manner. However, the lubricant in an EHL contact experiences iD1

rapid and extremely large pressure variations on the order . . .

1 to 3 GPa Khonsari and Booser, 20Q)8rapid transit times %here | Is the local piezoviscous factor,

on the order of 4ms, and—particularly with sliding contacts— :

high shear rates that could be on the order of ®!. These D I 5

conditions have called into question the normal assumptions ! PP ®)

of Newtonian behavior of uid Ims in EHL conjunctions

(Hamrock et al., 2004 and i D (p) is determined from high-pressure viscosity

Early explorations of high-pressure e ects on the viscosityneasurements i (refers to each measurement and is

of lubricants were performed by Bridgman using a falling bodythe number of experiments). Asymptotic isoviscous pressure

high-pressure viscometeB(idgman, 194 Bridgman reported coe cients require measurements of viscosity as a function

that the viscosity of oils increased with increasing pressur of pressure as well as the local pressure viscosity coe cient.

His results provided the pressure-viscosity coe cient datatt Hence, the knowledge of viscosity as a function of pressure and

became utilized in EHL theonBair, 2000. temperature is desirable in order to obtain a realistic pressu

In 1949, Grubin developed the EHL principles involved inviscosity coe cient and estimate of the EHL Im thickness.

the lubrication of rolling contacts to predict Im thickness Prior investigations have been reported on the high-pressure

(Grubin and Vinogradova, 1939n the late 1970s, Hamrock and rheology of lubricants Bair and Winer, 1979; Bair et al.,

Dowson developed advanced numerical approaches to calcul&®01; Chapkov et al., 2007; Bair, 2013; Vergne and Balr,

the isothermal EHL of elliptical contact®¢wson and Hamrock, 2019. In these studies, a linear variable di erential transf@am

1976; Hamrock and Dowson, 1976, 13 Four non-dimensional was used in a falling body viscometer to track the sinker

parameters were de ned: speetd)( material G), load W), position in a viscometer chambeBé&ir and Winer, 198)) Bair

and dimensionless Im thicknesdH(). The general formula for and Qureshi studied the pressure-viscosity behavior of motor

calculating the Im thickness of a lubricant in a contact arean  oil base stocks and polyalphaole n oil (PAO-4) up to 1.4

be expressed as: GPa, establishing con dence in the high-pressure fallinglyoo
viscometer Bair and Qureshi, 2002as a measurement tool.

H D KU2GPw® (2) A phase separation in motor oil base stock was observed at

about 1 GPa at 7@ in re ned mineral oils. It was suggested

whereK, a, b, and c are numbers that vary with the contact that this was due to the separation of a waxy component

geometry. The&J and W parameters are easily derived from theof the mineral oil that is not seen in PAO oil. Bair and

test and application conditions, but the material parame€r, Qureshi also noted a linear pressure-viscosity relationship

D E', depends upora —which is a measure of the strength APl Group Ill and PAO-4 samples tested up to 100 MPa at
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180 C. The authors postulated that this behavior may have@ABLE 1 | Properties of commercial engine oils utilized in this study
been due to the magnitude and direction of the change in bulk

modulus and free volume with pressure and the interaction Mineral oils (M) Synthetic oils (S)
between them. SAE grade Density SAE Grade Density gr/ml
Akki, Bair, and Abhiraman used a falling body high- griml (22 C) (15.6 )
pressure viscometer to measure the viscosities of polyeidyle
) . 5W-30 (M) 0.961 5W-30 (S) 0.856
decalin solutions up to 600 MPa and at temperatures abovleow 20 0027 LOW.30 (S 0.861
100 C (Akki et al., 199% In that study, it was speculated ~ M) ' 30(S) :
20W-50 (M) 0.924 OW-40 (S) 0.85

that a signi cant increase in viscosity with pressure might
be explained by crystallization of the sample that may
have partial solidi cation. Pressure-induced crystaliiaa was
observed by light scattering, but at higher pressures thaseh
obtained with the high-pressure viscometer. This di erencebecause it is a common viscosity modi er used in lubricants
in pressure was attributed to shear-induced nucleation i(Bruce, 201 The rst group of samples in this set consisted
the sample. of a low molecular weight PIB (about 75,000 g/mole), and is
Bair and Winer also examined the high-pressure viscositiabeled “PIB A.” The second group consisted of mixtures of
of motor oils with dierent SAE grades at 40 100, and a higher molecular weight PIB (about 340,000 g/mol) and is
150 C at pressures up to 550 MP&4ir and Winer, 1988 labeled “PIB B.” Molecular weights and other properties of the
Low shear viscosity results showed almost the same pressuRIB samples provided by the manufacturers are listethinle 2
viscosity trend between standard formulations and fuehecoy  PIB was blended into an ISO VG 10 PAO base oil at 5% and
formulations. However, two samples showed an increase ih0% for the “PIB A’ samples, and at 10 and 15% for the “PIB
viscosity at just under 300 MPa and 40 This eect had B”samples.
been seen before and it was observed there was a separatiorHigh-pressure viscosity measurements were carried outdn tw
of the solid phase from the oil. Contrary to previous studiesfalling body viscometers: a “high pressure” viscometer clapab
Mary et al. did not observe any anomalous increases iof obtaining pressures up to 400 MPa and an “ultra-high
viscosity with polymer-thickened lubricants under high ppese  pressure” viscometer capable of obtaining pressures over 1 GPa
(Mary etal., 2018 A thorough description of the falling body viscometers can be
There is a lack of consensus in the literature concerningound in the literature Bair and Winer, 198)) Measurements
the viscosity of polymer-blended lubricants at highperformed in these viscometers are based upon Stokes ow, in
pressure. Therefore, experimental studies of the highwhich the viscosity is proportional to the velocity of the ifad
pressure behavior of lubricants with polymer additives ardody due to gravity when the body reaches terminal velocity.
important for developing a better understanding of theThe temperature was regulated by owing air past heaters and
rheological properties of these materials. This researchround the viscometer chamber. Viscosities were measured at
presents the results of high-pressure viscosity experimen# , 75, and 100C and over 10 separate pressure values. For
performed on several commercial engine oils and laboratoryeach measurement, the viscometer was allowed to come to
formulated blends of synthetic oil with polyisobutylene equilibrium for at least 30 min in order to ensure the stalyilit
polymer additives. of the pressure and temperature. The viscosity experiments were
performed with both solid sinker (cylinder with no central ow
path and will reach at a velocity of 1 mm/s for a viscosity of about
MATERIALS AND METHODS 0.03 Pa.s and applies a shear stress of about 6 Pa) and hollow body
sinkers (is a tube with a central hole that falls with velp@f
Two sets of experiments are reported in this study. In the rstl mm/s at a viscosity of 5.5 Pa.s. and applies shear stress to the
set, the pressure- and temperature-dependent viscositie of sample inside chamber 1 Pa and 30 Pa between the cup and
fully formulated commercial multigrade engine oils with poier  hollow sinkers). The uncertainty of the values are diculb t
VM additives were measured. These six oils consisted otthreletermine due to the complexity and diversity of the samples but
conventional mineral oils and three synthetic polyalphaale the RMS deviation of the 5W-30 oil sample about the Yasutomi
(PAO) oils. Each set of three was from the same manufactureregression line is 94 mPa.s.
Table 1 lists the oils and some of their properties that were Tribological experiments were performed on a Wedeven
supplied by the manufacturers. Detailed information on theAssociates WAM6 Machine ball-on-disk tribometer with AlSI
compositions of these lubricants is not available since ehe$2100 balls and disks. PAO10 and the commercial 5W-30 oils
samples were commercial o -the-shelf products. were used as the lubricants. The WAMG6 was operated with a 5%
A second set of experiments was performed to determinslide-to-roll ratio, durations of 180 s, and at temperatuoég0 ,
the e ects of polymer molecular weight and concentration on75, and 100C. In each test, applied loads were ramped from
the pressure and temperature dependence of the viscosity. Fob® to 160 N, producing average contact stresses of 700 to 1,000
samples were blended that consisted of two polyisobutylendPa and maximum contact stresses of 1,000 to 1,550 MPa. After
(PIB) molecular weights at two dierent concentrations. each test, wear scars produced on the disks were examined using
Polyisobutylene was chosen as the additive in these expatisme a Zygo NewVieW! 7,300 optical interferometer.
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TABLE 2 | Properties of PIB samples used in this study.

Sample Density at 20 C (gr/cc) Crystallization ( C) Tg (C) Molecular weight (Da) M w/Mn
PIB A 0.92 90 64 75,000 3.4
PIB B 0.92 90 64 340,000 5
RESULTS Viscosity Measurements of Laboratory-
Viscosity Measurements of Commercial Formulated PAO/PIB Mixtures With a

Engine Oils With a Solid Sinker Solid Sinker

Figure 1 displays the pressure- and temperature-dependerﬁi_gurez displays th?_ viscosity of neat PAO 1SO \./G 1.0
viscosities of the commercial engine oils as measured \ligh tWIthOUt polymer additives. At all temperatures, the viscosity

solid body sinker. Comparisons are shown for lubricants Withincreased approximately exponentially with pressure, which

mineral (M) and synthetic (S) base stocks igures 1A,B agaif‘ is the expected t_)eha\_/ior according _to Equations 1-
(10W-30 oils) andFigures 1C,D (5W-30 oils). In all samples 4. Figures 3A-D show viscosity as a fgnctlon of pressure
and at all temperatures, the viscosity increased approxilylate?,nd tgmperature for the o PIB mlxtureg. While the
exponentially (linearly with a log scale) with pressure hgvin V“'SCOS'Q," Of, PAO with the Iow-molecular-welgh.t polymer
a concave down shape up to about 500 MPa. This is th PIB A) did not qlepart from expected behavior at the
expected behavior of viscosity according to Equations 1—&._0 wit% concentration at any of the three temperqtures,
However, at pressures above 500 MPa, most of the samp@?ker stoppage Waso observed around. 1 GPa anc(_:4m .
showed a marked departure from this expected behavioF, e PAQ W',th 15 wite PIB A. Com.parlson 9f the viscosity
eventually obtaining viscosities so large that all movemer!"Ves obtained for PAQ blgnded with the h|gher-molecule_1r-
of the sinker ceased. Solid triangle symbols in the gureg\’elght PIE_’ B shows that sinker stoppage occurred at high
denote lower bound estimates of the viscosity at the pressu%essures in the 40and 75C tes.ts performed on the sample
where all motion of the solid sinker ceased. Viscosities o\f‘"th 10 wi% ,PlB B, but not n the sample ,W'th 5 Wit
samples that displayed a stoppage of sinker motion returne IB B. Collectively, these data |nd|c_ate that sinker sto_ppage
to their initial values after reducing the pressure. Thattie depended upon both the molecular weight and concentration of
uncharacteristic viscosity increases occurring in thabei¢ants the polymer.
were reversible. . .

Anomalous increases in viscosity at specic temperatured fibological Measurements of PAO 10 and
were observed at similar pressures for the 5W-30 an&®W-30 Oils
10W-30 lubricants for both synthetic (S) and mineral (M) Figures 4 5 display the analytical results of wear tracks formed
base oils, suggesting that the departures from expectesh disks tested in the PAO 10 and 5W-30 oils, respectively.
behavior were not attributable to the base oil. No sinkerEach gure contains a false color surface map, an optical
stoppage was observed for the OW-40 sample at the thrémage, a line scan, and surface metrics (PV and Ra) obtained
temperatures studied. When sinker stoppage occurred in theseom the wear scars by 3D optical interferometryigure 4
experiments, it was observed to occur when the viscositylustrates that the wear generated on the disks in the PAO
exceeded about ¥@nPa-s. Although the viscosity of the OW- 10 oil testing was dependent on the temperature as with
40 oil increased less with pressure than the 5W-30, 10Wkse in the temperature led to decrease in the lubricant Im
30, or 20W-50 oils, it is possible that the OW-40 maythickness, thus as expected a greater amount of wear was
experience sinker stoppage at pressures GPa. In fact, observed on the disk tested at 1@than on the disk tested
there appears to be an upward inection in the 4D data at40C.
corresponding to the measurements performed at 800 and The consequences of the anomalous viscosity behavior of
1,000 MPa. However, there are not enough data pointthe 5W-30 oil at 40C can be seen irFigure 5 Speci cally,
above the 19 mPa-s level to determine if sinker stoppagesigni cantly more wear was observed in the @test than
was imminent. in the 75 and 100C measurements that were attributed to

Pressure increments of 100 MPa were normally used ithe loss of lubricant at the contact, i.e., solidi cationhd line
these experiments. That is, after measuring the viscosipnat trace in the 40C data in Figure 5 reveals a wear groove in
pressure value, the next data point was obtainegp & 100 the disk that is about 18m deep. No other wear grooves
MPa. However, the viscosities of the 5W-30 (S) and 10W-3@re evident in the line traces for any of the temperature
(S) samples were also measured with 20 and 50 MPa pressmeasurements ifrigure 4 or in the 75 and 100C temperature
increments at 40C in Figures 1B,D respectively, and the data measurements ifrigure 5. The tribological behavior of the 5W-
are indicated by the green circles. The results show tha¢asing 30 oil at 40C correlates with its anomalous viscosity behavior
the pressure in smaller increments can delay the onset @eeFigure 1D), and provides compelling evidence that the two
sinker stoppage. e ects are related.
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FIGURE 1 | Pressure-temperature-viscosity measurements of mineralil-based (M) and synthetic oil-based (S) commercial enggnoils. (A) 10W-30 (M), (B) 10W-30
(S),(C) 5W-30 (M), (D) 5W-30 (S),(E) 20W-50 (M), and(F) OW-40 (S). Kinetic effects on the viscosity can be observeaiFigures(B,D) in the 40 C data where the
standard procedure of instantaneous pressure applicatioiis compared to applying the pressure in increments of 20-30 Ha.

DISCUSSION thickness formulae that have a smooth, monotonic dependence

) ) _ ~ ofviscosity with pressure. This contradictory behavioriddaad
Results reported in the previous section show that the visessit to an inaccurate prediction of Im thickness in a trib0|oglca

of both commercial lubricants and laboratory formulated ®A contact. Knowledge of the viscosity in the inlet zone (low
with polymer additives exhibited signi cant departures from pressure) of a contact is required to calculate the minimum |
their expected behavior at high pressure. These departurds tothickness of a lubricant. The anomalous increases in vigcosi
the form either of an in ection when the viscosity exceededobserved in this study occur at pressures well-below typical
about 18 mPa-s, and/or an abrupt solid sinker stoppage whergontact pressures experienced by many mechanical components.
the viscosity became in nite. Both of these observations arAnomalous behavior in lubricant viscosity that takes placthim

in conict with the assumptions made in classical EHL Im inlet zone of a contact may signi cantly impact the formation
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of an elastohydrodynamic Im, and appears to have done so in Anomalous increases in viscosity were observed at similar
the WAMG6 experiments performed on the commercial 5W-30pressures for synthetic- and mineral-based 5W-30 and 10W-

engine oil at 40C.
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FIGURE 2 | Viscosity (mPa-s) as a function of pressure and temperaturier

30 commercial engine oils, which indicates that the behavior
was independent of the base oil type. Furthermore, since the
anomalous viscosity behavior was observed in the PAO/PIB
mixtures, but not in neat PAO, it must be concluded that the
anomalous behavior arose from the polymer additives. Results
of the PAO/PIB measurements also show that the concentration
of the PIB in uenced the viscosity pressure response. Viscosity
measurements of the PAO/PIB mixtures with di erent molecular
weights indicate that anomalous viscosity behavior was more
likely to occur in polymers with larger molecular weights.

The observation that the viscosity of the commercial oils and
laboratory blends can become in nite with pressure indicate
that the polymer additives or the solutions can transformoint
solid or semi-solid materials at high pressures. Liquidesphase
transitions of polymers are categorized as either glassitiams
or crystallization. Since it is generally assumed thatosgiyg
will exceed 102 mPa-s from a glass transitiorB@rlow et al.,
1969; Harrison, 1976; Alsaad et al., 197iBa phase transition
is occurring in the PIB then it is probably crystallization
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FIGURE 3 | Viscosity (mPa-s) as a function of pressure and temperatur®r (A) mixture of PAO ISO 10 and PIB A (10 wt%);B) mixture of PAO ISO 10 and PIB B (5
wt%), (C) mixture of PAO 1SO 10 and PIB A (15 wt%), angD) mixture of PAO ISO 10 and PIB B (10 wt%). The triangle symbols iiwhte the lowest estimate of
viscosity corresponding to the pressure where movement oftte sinker ceased.
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FIGURE 4 | Analysis of wear tracks formed on disks at 40, 75 , and 100 C in tests performed with the PAO 10 oil. Clockwise in each teiperature box are a false
color surface map, an optical image of the wear track, the vaks of PV and Ra in the wear track, and a line trace across the vee track.

(Lot zadehDehkordi et al., 2006 A phase separation (i.e., oil should easily pass through the bore of a hollow sinker, &red t
solidi ed polymers have come out of solution with the oil) descentrate of the hollow sinker may be slowed, but not stopped
occurring at critical temperature and pressure combinations Since viscosity measurements performed on the 5W-30 oil
could cause the falling of a solid sinker to cease if the solidlso resulted in stoppage of the hollow sinkers, it may be
particles were too large to pass between the sinker and tlfessumed that either the entire solution solidi ed or theidoéd
chamber wall. On the other hand, segregated solid partiolg®ei  polymers were not segregated from each other and may have
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FIGURE 5 | Analysis of wear tracks formed on disks at 40, 75 , and 100 C
in tests performed with the 5W-30 oil. Clockwise in each temprature box are
a false color surface map, an optical image of the wear trackhe values of PV
and Ra in the wear track, and a line trace across the wear track

formed solid mono-domains. Interpretations of the tribologl
test results favor the viewpoint that the solidi ed polymersre
no longer in solution with the base oil at critical temperagsrand

lubricant Im with abrasive particles passing through the cactt
Tribologically, polymers that solidify in the inlet zone ofantact
could function as debris particles and create abrasive sefeear

if the lubricant Im is thin enough. If the solidi ed polymersdil
out of solution with the oil, then the oil thickness is expette
to decrease as a result of the absence of the viscosity-rimagify
function supplied by the liquid-state polymer. It is therefore
believed that the combination of a thinner lubricant Im vhit
solid particles owing through the contact was responsible fo
the large amount of wear created in the tribological testivith
the 5W-30 oil at 40C.

Examinations of viscosity measurements performed on the
commercial engine oils indicate that increasing the pressur
in smaller increments moved the onset of the solid sinker
stoppage to larger pressures. Increasing the pressure in larger
increments (e.g., 100 MPa) may have allowed insu cient time
for the molecules to organize, so the phase transitions eedwat
lower pressures. On the other hand, applying pressure in smaller
increments may have given the polymer molecules su cientdim
to organize, so the phase transitions occurred at higher press
Since crystallization has slower kinetics than glass tiansiin
polymers, the data support a crystallization mechanism more
favorably than a glass transition mechanism.

Based upon the results presented in this study, phase
transitions and separations of polymeric viscosity-modifyin
agents from the oils signi cantly altered the estimatedrioant
Im thickness at critical temperatures and pressures. Cleahnky
utilization of a pressure viscosity coe cient in classical rimmum
Im thickness calculations becomes questionable for |udomis at
pressures greater than those required for the onset of the palym
phase transitions. Finally, the future studies will invalgestudy
in other polymers types like PAMAs (Polyalkyl methacrylate) and
OCPs (Ole n Copolymer) as well as characterizing the polymers
using DSC (Di erential Scanning Calorimetry).

CONCLUSIONS

Experiments performed in this study indicated that polymer
additives in oils can undergo phase transitions at pressures
<1 GPa. Viscosities of the fully formulated commercial and
laboratory-formulated oils took the form of positive in ectis

(a change of slope) in the pressure-viscosity curve or abrupt
transformations of the oil to a low-viscosity uid containgsolid

or semi-solid materials at critical temperatures and pressur
Positive in ections in the pressure-dependent viscosity ol
when the viscosity exceeded about hfPa-s.

Pressure- and temperature-dependent phase changes
observed rheologically in the lubricants were also found to
coincide tribologically with accelerated wear resultingnira
collapse of the lubricant Im thickness and the introduction
of abrasive solids in the contact. In viscosity experiments
performed on PAO/PIB blends, phase transitions were observed

contact pressures. That is, at temperatures and contact pesssuto occur and found to correlate with the molecular weights

consistent with sinker stoppage in the viscosity experimehts,
wear scar generated from the tribological testing is caests

and concentrations of the PIB polymer additives. Increasing
the pressure in smaller increments was found to increase the

with the appearance of scars formed from an extremely thipressure associated with the phase transitions, which sigggest
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