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Abstract

Measurements of viscosity and density of three lubricating oils (two synthetic and
one mineral) were performed. The density of these lubricants was measured at at-
mospheric pressure by means of a density measuring cell which works on the proven
principle of the oscillating tube. Using the same device, the viscosity of these lubricants
was measured at 0.1 MPa by using a rotational viscometer.

The volumetric behaviour of the tested lubricants at high pressure is also reported.
Density was measured from 278.15 K to 398.15 K up to 120 MPa with a high pres-
sure vibrating tube densimeter. The isobaric thermal expansivity and the isothermal

compressibility were determined with a Tammann-Tait equation.
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A falling body viscometer was used to determine the viscosity behaviour at high
pressure from 303.15 K to 353.15 K up to 150 MPa. From the experimental data ob-
tained in these measurements, the film pressure-viscosity coefficient of these lubricants
was calculated and their ability to generate a lubricant film in rolling concentrated

contacts was discussed.

Introduction

The main function of a lubricant is to generate a sufficiently thick film, capable of maintain-
ing the separation between moving parts, cooling the contact and minimizing the friction

and wear 4,

To fulfil that requirement the most important property of a lubricant is its
viscosity. Especially in what concerns the elastohydrodynamic (EHL) regime of lubrication,
the viscosity variation with temperature and pressure will define the film formation and
consequently, the friction and wear of a EHL contact. Thus, the lubricant efficiency for a
given application (gears and rolling bearings among others) is function of the load, speed,
geometry and mechanical properties of the surfaces which by turn will define the temperat-
ure, pressure and shear-rate that the lubricant is subjected to and thus, its viscosity. While
the contact operating conditions and the viscosity at atmospheric pressure are generally easy
to obtain, the pressure-viscosity coefficient is often unknown, even for the companies which
formulate the lubricating oils.

The viscosity variation with pressure can be quantified by the pressure-viscosity coeffi-
cient o and the variation with temperature with the temperature-viscosity coefficient /3 (or
in a less scientific approach by the Viscosity Index VI). Both coefficients can be derived from
experimental data obtained from atmospheric and high pressure viscometers. Besides viscos-
ity, the density and compressibility are also very important properties for the performance
of hydraulic fluids and lubricants in several machines. The efficiency of most pumps can
strongly vary with the density and compressibility of the hydraulic fluid®4.

The aim of this research work is to analyse the pressure and temperature effects on the



density and viscosity of fully-formulated lubricants and, later on, correlate these properties
with their tribological performance. In this manuscript only the measured high pressure
properties (viscosity, density and their variations with pressure and temperature) will be
reported. To evaluate the suitability of a lubricant in the EHL regime, both properties should
be determined in order to be able to predict the film thickness using common expressions
derived from numerical simulations® Y,

The dependence of both viscosity and density with temperature and pressure of three
lubricants was experimentally measured and numerically modelled by mathematical equa-
tions. The behaviour of each lubricant was then characterized by a set of parameters of those
equations, computed from a correlation with the experimental data which was obtained using
dedicated test rigs at atmospheric pressure and high-pressure. The physical characterization
of these lubricants will be the support of the following part of this work where the rela-

tionship between their pressure-viscosity coefficient and their tribological behaviour will be

investigated.

Materials and Methods

Tested Lubricants

Three fluids were tested in this work: 75W90 (synthetic nature, API group IV), 80W90
(mineral nature, API group II) and PAO48 (synthetic nature, API group IV). The three of
them are commercially available lubricants but their manufactures will not be stated. The
lubricating oils 75W90 and 80W90 are fully formulated gear oils which means they contain
typical extreme-pressure and anti-wear additives (exact package unknown but they both meet
the requirements of APT GL-4 and/or GL-5). PAOA48 is a non-additized poly-alpha-olefin
(PAO) base oil, while 75W90 is a blend of PAO oil and a small amount of Ester.

These lubricants were chosen for this test for the following reasons:
e 75W90 (VI 155) and 80W90 (VI 119) show very similar viscosities, despite their dif-
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ferent base oil nature. Furthermore, they are both suitable as transmission gear oils

and have similar additive package;

e 75W90 and PAO48 (VI 138) are of the same nature and high VI, but show very different
viscosities. Besides, 75 W90 has additives while PAO48 does not.

Experimental Techniques

The viscosity, viscosity index and density of the oils at atmospheric pressure were measured
with a rotational Anton Paar Stabinger SVM3000. A detailed description of this device
was previously reported®?. Experimental test were performed at 0.1 MPa between 278.15 K
and 373.15 K with an experimental uncertainty of 0.0005 g/cm™ for density and a relative
expanded uncertainty (k = 2) of 1 % for viscosity.

Densities from 278.15 K to 398.15 K up to 120 MPa were determined by using an Anton
Paar DMA HPM densimeter. The expanded density uncertainties (at the 95% confidence
level, k = 2)13 are 0.7x1073 g/cm? at temperatures below T = 373.15 K and pressures up
to 120 MPa; 5x1073 g/cm?® at T = (373.15 and 398.15) K and p = 0.1 MPa and 3x1073
g/cm? for T > 373.15 K and p > 0.1 MPa. The setup of the high pressure densimeter is
shown in Figure [I]

Density values obtained directly from mechanical oscillator densimeters do not often
include the effect that the viscosity sample has on the measurement. In such cases, it is
necessary to apply a correction factor to the experimental data, which for the DMA HPM

model is given by equation [1}:

Phom Z L [0.4482 - /57 — 0.1627) - 10~ (1)
Phpm

where pp,, is the density value obtained directly from the densimeter, p is the corrected

density value, and 7 is the dynamic viscosity of the liquid in mPa-s. Equation (1| is valid for

viscosities lower than 289 mPa-s. For higher viscosities the correction factor is constant, being
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Figure 1: Scheme of the apparatus used for a) viscosity and b) density measurements at
high pressure: M= manometer; F= funnel; C= coils; S= Sinker; SV= Safety valve; CO=
Compressor; VC= Viscometer Cell; VP= Vacuum Pump; TB= Thermostatic Bath; MT =
Agilent Multimeter (PT100 Thermometer); ACO = Automated compressor; PC= Computer;
CR= Chronometer; CI= Electronic Circuit.

its value 7.5x107%. The viscosity values needed in Equation |1 to obtain density correction
have been obtained from the correlation shown by Equation [8| reported in this work (using
the parameters shown in Table , which is based on a modified VFT equation. Given that
the experimental temperature and pressure ranges for density (298.15 - 398.15 K) and for
viscosity (303.15 - 353.15 K) are not the same, viscosity extrapolation has been considered
in order to obtain corrected density values.

Viscosities at high pressure were experimentally determined using a falling body vis-
cometer, VisLPT1, which can operate at pressures up to 150 MPa. More description about
this equipment can be seen in previous articles!®8, The relative uncertainty of the device
from viscosities between 15 mPa.s and 1500 mPa.s is estimated to be 3.5 % with a coverage

factor k = 244 The setup of the high pressure viscometer is shown in Figure



Experimental values for squalane determined with this calibration were compared by
Dakkach et al.™ with two different correlations proposed by Mylona et al.? finding AADs%

of 1.41 % and 0.69 %. These deviations confirm the reliability of the equipment.

Experimental results

Atmospheric pressure

Table S1 of the Supporting Information reports the densities and viscosities obtained with
the Stabinger apparatus. As shown Figure [2] the mineral oil 80W90 is the one showing
the highest density at any temperature. Comparing the synthetic oils, 75W90 shows higher
density than PAO48.

The experimental densities at p = 0.1 MPa of each lubricant were fitted to the following
equation:

po(T):A0+A1'T+A2'T2 (2)

In Table 1 the obtained average absolute deviations are gathered together with the para-
meters involved in Equation [2l For the three oils the AADs% are lower than the apparatus
uncertainty. The fact that A, shows a very small value indicates that the density’s depend-
ence on temperature is almost linear at 0.1 MPa.

Figure [3] shows the measured viscosities for the three oils at 0.1 MPa. The 75W90
and 80W90 oils show very close viscosities at any temperature. At low temperatures the

mineral oil has higher viscosity and the opposite is observed at high temperatures due to the

Table 1: Correlation parameters for the density approximation shown in Equation .

75W90 80W90 PAO48

Ag [g/cm?] 1.075  1.098  1.019
Ay x1074 [g/em?® /K] -7.669 -8.253  -6.798
Ay x1077 [g/em3 /K2 2.045 3.012  1.010
AADY% 0.009  0.046  0.013
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Figure 2: Measured density values of the tested oils as function of the temperature, at

atmospheric pressure.

different Viscosity Index of the oils. The PAO48 is the one showing the smallest viscosity for

all the temperature range. The viscosity variation with temperature shows an exponential

behaviour for all tested lubricants, as expected.

A Vogel-Fulcher-Tammann equation was used to correlate the dynamic viscosities of each

oil at atmospheric pressure, as shown in Equation [3]

o) = Ao (12 )

Table [2] reports the values of the parameters involved in Equation [3] together with the

calculated average absolute deviations, which are lower than the uncertainty of the apparatus

for the three oils.
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Figure 3: Measured dynamic viscosity of the tested oils as function of temperature, at
atmospheric pressure.

Table 2: Correlation parameters for the viscosity approximation shown in Equation

| T5W90  80W90 PAO48
A [mPa.s™] | 0.0489 0.0256 0.0327

B [K] 1253.0 13559 1203.9
C [K] 147.76 15029 14378
AAD% 080 125  0.59

High-pressure measurements

Density

Figure 4] shows the measured density as a function of pressure and temperature for the tested
lubricants. The density data measured at all temperatures and pressures for the three tested
lubricants are provided in Table S2 of the Supporting Information. As expected, the density
of the three lubricants increases with increasing pressure and decreasing temperature.

Comparing the three tested lubricants, it is clear that the mineral oil 80W90 shows



higher density than the synthetic oils at any temperature or pressure. Comparing 75W90
and PAO48, the former always shows higher density over all the pressure and temperature
range.

In order to correlate the density values of the three lubricants as a function of temperature

and pressure, a Tait-like Equation was used, as shown in Equation 42024,

po(T)
1—Cp-1In <BB&>

p(p,T) =
(T)+0.1 MPa

with po(T) obtained from Equation [2| and B(T) being given by Equation :

B(T)=By+ B, T+ By-T? (5)

The values of the parameters Ay, A; and As of Equation [2are obtained from the densities
measured at 0.1 MPa with the HPM densimeter. In Table [3| the parameters involved in
Equations [4 and [5] are reported.

The curve fitting using Equation [ is also shown in Figure ] The deviations of this
correlation for each temperature and pressure are shown in Figure S1 of the Supporting
Information. Once again the AADs% are very low and the highest deviations (Dmax %)

occur only for the measurements performed at the highest temperature (398 K).

Table 3: Correlation parameters and deviations for the density correlation (Equation .

75W90 80W90 PAO48

Co 0.0835 0.0917 0.0842
B, [MPa] 504.15 692.80 456.81
B; [MPa/K]| -1.8162 -2.7790 -1.5866
B, x1073|MPa/K? 1.8664 3.2461 1.5705
AAD [%] 0.015  0.057  0.023
Bias [%] 0.002  0.003  0.006
Dmax [%] 0.132  0.193  0.114
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Figure 4: Density of 75W90 as function of temperature and pressure. The red dots represent
Equation



From the data fitting using Equation [ it is now possible to calculate the isobaric thermal
expansion coefficient «, through Equation @, which shows the temperature effect on density

at constant pressure.

T p(pl, T) (apng’T))p -

_dpo(T) 1 _c .dB(T)'< 0.1—p )
T AT po(T) Y AT (B+0.1 MPa)- (B +p)

' {1 ~Co-ln <B(T?5-T()].—1'—]]\?4Pa>:| )

Again, from the data fitting using Equation[d], it is also possible to calculate the isothermal
compressibility coefficient k7 through Equation [7, which shows the pressure effect on density

at constant temperature:

1 opp,T)\
" o, T) ( op )T a
Cy (7)

T (B(T) +p)- (1= CoIn (520527 )

The isobaric thermal expansion coefficient o, and the isothermal compressibility coef-
ficient kr are shown in Figure [5| for the whole temperature and pressure range. Both the
coefficients decrease with the pressure increase meaning that the higher is the pressure, the
less expandable and consequently the less compressible, the fluid is. As for the temperature,
the isothermal compressibility coefficient k7 increases with the temperature increase at con-
stant pressure and it is higher for both the synthetic oils 75W90 and PAO48 by comparison
with 80W90.

Figure 5| shows that for the three oils and all the isotherms, the value of o, (p) decreases
with pressure. In addition, it was found that there are several crossing points among the

isotherms. This behaviour is quite general and it was the object of controversy“” ‘. Several
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authors found that all the studied isotherms of a,(p) cross in a unique point for many

131P8 32

different liquids . In fact, Deiters and Randzio indicated that an equation of state is

valid for a liquid if it can describe a single crossing point for the a,(p) isotherms® ™. On the

other hand, Taravillo et al.”¥ and Baonza et al.”* among others®*“?, experimentally found
that for some liquids, the o, (p) isotherms do not show a unique crossing point, at broad
temperature ranges. More recently, equations of state derived in the density scaling regime
for molecular dynamics as well as Tait-like equations, describe the volumetric data of several
liquids in an extremely wide density range, for which several crossing points were found 2> 27,
In the present work, using a Tait-like equation (see Equation [4)) and experimental data at
broad temperature and pressure, it was also found that the volumetric behaviour of these

three oils is quite complex, showing several crossing points among the o, (p) isotherms.

Viscosity

The viscosity of the three oils was experimentally determined by using the falling body
viscometer (VISLPT1) at pressures up to 150 MPa and at 303.15, 313.15, 323.15, 333.15,
343.15 and 353.15 K. The density values required to obtain viscosities from the falling times'*
were determined using Equations [2] [] and [5] and the parameters reported in Tables [I] and
Bl At pressures higher than 120 MPa it was necessary to extrapolate density, but this fact
does note affect the viscosities at high pressuret®0,

The dynamic viscosity dependence on pressure and temperature is shown in Figure [} for
the studied lubricants. The viscosity data measured at all temperatures and pressures for
the three tested lubricants are available in Table S3 of the Supporting Information.

From the experimental results and as expected, the viscosity of the three lubricants
increases with increasing pressure and decreasing temperature. The order of magnitude of

the viscosity values at high pressure and low temperature is much higher than those at

atmospheric pressure and temperature.
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The viscosity dependence on temperature at constant pressure and vice-versa is at least

exponential. The following modified VFT equation proposed by Comuiias et al®®, which was

18l36137

previously used for several fluids , was employed in this work to correlate the viscosity

of the three lubricants against temperature and pressure:

wnson(p) ()

The parameters A, B and C are those reported in Table , while E(T) has the following

form:

E(T)=FEy+FE,-T+ Ey-T? (9)

Table {4l report the parameters EO, E1, E2 and D which were obtained from the viscosity
values at high-pressures The AADs% are below the expected uncertainty of the device. The
curve fitting using Equation [§] is also shown in Figure [f] The deviations of this correlation
for each temperature and pressure are shown in Figure S2 of the Supporting Information.

From derivation of Equation [§] it is possible to obtain two coefficients that give informa-
tion on the effect that temperature and pressure have on viscosity: the local pressure-viscosity

a(p,T) (Equation and local temperature-viscosity coefficients 3(p, T') (Equation [L1]).

Table 4: Correlation parameters for the viscosity correlation shown in Equation .

75W90  80W90 PAO48

D 9.6896 11.993  6.3890
Eo [MPal -1028.9 -342.38 -372.11
E; [MPa/K] 6.6114 22891  2.7020
By x1073 [MPa/K?| -5.9200 1.7497 -1.2871
AAD [%] 149 134 117
Bias [%] 028  0.66 -0.35
Dmax [%] 599 509 485

15



a(p, T) = — (a ”(p’T))T E E(L (10)

n(p,T) or

B + E/(T) : (p _pref)
(T=C)2 0.1+ E(T)) - (p+ E(T))

B(p.T) = —— (a”(p’T)) - .
p 11

These calculated parameters are represented in Figure [7] and [§] for the tested lubricants
at the temperatures of 303.15 K and 353.15 K.

The local pressure-viscosity coefficient decreases when the temperature and the pressure
increase for all the tested lubricants, as shown Figure [} The mineral oil 80W90 shows
the highest local pressure-viscosity coefficient at all temperatures as expected from the lit-
erature®® 4, Regarding the synthetic oils, the 75W90 is the one which shows higher local

pressure-viscosity coefficient which was also expected since it also shows higher viscosity

than PAO48.
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Figure 7: Local pressure-viscosity coefficient .
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On the other hand, Figure|8|shows that the local temperature-viscosity coefficient reaches
higher values when the temperature decreases and when the pressure increases. Once again,
the mineral oil shows the highest temperature-viscosity coefficient (as expected from a lower

VI), followed by the synthetic 75W90 and then the PAO48.

Discussion
Elastohydrodynamic Regime of Lubrication

Under full-film elastohydrodynamic lubrication, if surface material’s elastic properties, geo-
metry, roughness and the entrainment speed and load are fixed, two factors affect the central

film thickness: the pressure-viscosity coefficient o and the absolute viscosity 7y, as shown in

Equation [12}

b

hOc X 77a e (12>

The values of the exponents a and b can change as a function of the contact type being

17



analysed (elliptical or linear) or even the author or standard considered®“X. This « represents
the general film forming®? pressure-viscosity coefficient used to predict the film thickness at
any operating temperature, independently of the pressure involved. Other authors use the
reciprocal asymptotic isoviscous pressure-viscosity coefficient instead“®*%, Note that this o
parameter is different from the local pressure-viscosity coefficient obtained from Equation
LLOL

According to Bair et al #38394243 the following Equation [13| can be used to estimate the

"general film forming pressure-viscosity coefficient" (ovfiim):

1 — exp(—3)
O = Qg = ———— 13
where p;, is the isoviscous pressure, given by Equation [14}
Pn(p = 0)dp
Div = / u (14)
o 1)

and a* is the reciprocal asymptotic isoviscous pressure coefficient?, calculated with Equation

15

[ aw=0db]”
Y puloo) [/0 n(p) ] )

The comparison between the reciprocal asymptotic isoviscous pressure coefficient a* and
the universal pressure-viscosity coefficient af;;,, is shown in Figure @ for the three lubricants
tested, as function of the temperature. At the Supporting Information, Table S4 reports the
values of the ayy,,. It is possible to observe that ayy,, is always higher than . This fact
agrees with previous works involving different definitions for the viscosity—pressure coeffi-
cient #3944 - According to Figure |§|, the value of a i, and o™ at any temperature, follows

the following order:

O 8090 > O 75W90 >~ O PAO4S

18



Assuming that a relationship between the viscosity and the pressure-viscosity coefficient
can be accurately established, it is possible to use Equation [16| proposed by Gold et al.#¥,
to estimate the pressure-viscosity coefficient knowing the kinematic viscosity (v) and the

nature of each oil formulation.

Qpipn = 5 - V1= 1078 (16)

Minimizing the different between the experimental results shown in Figure [0 and the
results obtained with Equation , it is possible to optimize the (s,t) parameters for each
tested oil. Table|5[shows the (s,t) values found and the AAD% from the experimental results.
[t is interesting to notice that the synthetic oils shows similar (s,t) parameters between them.

Figure [10| shows the product of the viscosity and pressure-viscosity coefficient with the
exponents proposed by Hamrock and Downson for a Hard EHL elliptical contact®. This

0.67, 0

product n 3 represents the ability to form a lubricant film for fixed geometry, operating

251

n
o

Pressure-viscosity coefficient [GPa‘1]

1 L L L L L L
80315 313.15 323.15 333.15 343.15 353.15
Temperature [K]

Figure 9: Comparison between o, and o* as function of temperature for the three tested
lubricants.
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Table 5: Optimized (s,t) parameters, according to Equation 164,

75W90 80W90 PAO48

s 9.840 10.637 9.352
t 0.144  0.137 0.141
AAD% 0875  2.749 1.738

conditions and temperature: the higher it is, the higher should be the film thickness.

It is possible to observe that the 8OW90 oil shows a combination of higher viscosity
and higher pressure-viscosity coefficient at low temperatures and therefore should also show
higher film thickness. However, since both these properties decrease quicker with temperat-
ure for 80W90 than for 75W90, at higher temperatures (above 333.15 K) their film thickness
should be very similar or even higher for the 75W90 oil. The PAO48 is the one which always

053 at any temperature, due to its much smaller viscosity.

shows smaller n%67 . o
Given that 75W90 and 80W90 are both suitable as transmission gear oils and 80W90

is actually a cheaper substitute for 75W90, it is interesting to notice that between 333.15-

180 T

-5-75W90
~+-80W90|
+ PAO48

160

401 *

Yoo,
‘\“‘$—r‘,
o - ‘,,‘V‘
201 R

L L L L L L
80315 313.15 323.15 333.15 343.15 353.15
Temperature [K]

Figure 10: %57 . o953 parameter as function of the temperature for the tested lubricants.
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353.15 K (the typical operating temperature of a rear wheel-drive automotive gearbox), their

0.67

which indicates

a0.53>

performances should be very similar. These oils show similar (n
that they should produce very similar film thickness at this temperature and therefore also
similar performance in terms of wear and friction. At lower operating temperatures, due
to increased viscosity and pressure-viscosity coefficient, 80W90 should show higher viscous
friction producing higher churning losses and power loss.

However, in what concerns friction, other authors found a relationship between the a: sy,
of several oils and the friction coefficient measured in simple ball-on-disc tests using those
0ils**%  Brandao et al. has even proposed a modification of the typical Hersey-Stribeck
parameter in order to include the effect of the pressure-viscosity coefficient and thus, better
represent the friction coefficient as function of the operating conditions and the lubricant
properties®’. Therefore, even if these two oils produce the same film thickness above 333.15
K, the one showing the highest a;;,, should also show higher values of friction coefficient in
full film elastohydrodynamic lubrication. Outside this region (mixed or even boundary film
lubrication), the viscosity should be less relevant and the additive package starts to take a
more important role.

The relation between the friction and film thickness, associated with the pressure-viscosity

coefficient, will be the scope of future works.

Conclusions

The physical properties (density and viscosity) of three different lubricants were measured in
dedicated test rigs from atmospheric pressure up to 150 MPa for a wide temperature range.
Numerical models were then successfully correlated with the experimental data, describing
the volumetric and viscous behaviour with temperature and pressure for each lubricant.
From these correlations, other parameters were derived numerically as the isobaric thermal

expansion coefficient «,, the isothermal compressibility coefficient xp, the local pressure-
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viscosity coefficient o and temperature-viscosity coefficient 5. These properties describe the
lubricants’ behaviour with temperature and pressure which are important to understand if
these fluids are suitable for hydraulic applications and also their tribological behaviour in an
EHL contact.

It was found that the mineral oil tested shows higher density and smaller isothermal com-
pressibility coefficient than the synthetic oils tested for the whole temperature and pressure
range. The knowledge of the viscosity variation over temperature and pressure allowed for
the calculation of the film pressure-viscosity coefficient over a wide temperature range. Once
again, the mineral oil showed higher o, at any temperature than the synthetic oils tested.

The film pressure-viscosity coefficient, coupled with the viscosity at each temperature

0.67 . 0-53)

a’2?), represents the film forming ability of each lubricant. In this case, it was found

(n
that the mineral oil 80W90 shows a higher value of this parameter than the synthetic oil
75W90 at temperatures below 343.15 K and equal or even smaller from this temperature

onwards.
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