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Abstract

One of the most widely used water soluble lubricants is PolyAlkylene Glycol (PAG). PAG aqueous solutions can form a
gel depending on the concentration and temperature, which affects the formation and friction of lubricating films. This
experimental work combined rheological measurements and in-situ film-forming analysis in pure rolling conditions using
PAG aqueous solutions of various concentrations. It shows that the pure PAG behaved classically as a piezoviscous fluid,
while its aqueous solutions behaved as isoviscous fluids. This was confirmed by the establishment of a film formation map.
In addition, the aqueous solutions exhibited two behaviors, characteristic of either sol or gel. A detailed analysis of the film
thickness evolution, based on Moes—Venner’s predictions, allowed us to calculate the effective viscosity in the inlet zone
and to discuss the origin of the two families, sol vs gel.
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EHL  Elastohydrodynamic lubrication

EO Ethylene oxide

G Dimensionless material parameter (Hamrock &
Dowson), G = aE’

h, Central film thickness (m)

. . . h
H,.,, Dimensionless central film thickness, H,,, = R0
Hy; Dimensionless central film thickness for the rigid-

isoviscous condition
Hpp Dimensionless central film thickness for the rigid-
piezoviscous condition

Hg Dimensionless central film thickness for the
elastic-isoviscous condition

Hgp Dimensionless central film thickness for the
elastic-piezoviscous condition

K Thermal conductivity (W/(m-K))

L Dimensionless lubricant parameter (Moes),
L=GQU)’»

M Dimensionless load parameter (Moes) for point
contact, M = #

PAG  Polyalkylene glycol

PEG  Polyethylene glycol

PO Propylene oxide

R, Reduced radius of curvature parallel to the
entrainment direction (m)

R, Reduced radius of curvature perpendicular to the
entrainment direction (m)

s Parameter in Moes—Venner’s equation

Tyl Gelation temperature ( °C)

Tinee  Inlet temperature ( °C)

u, Mean entrainment speed (m/s)

u, Sliding speed (m/s)

U Dimensionless speed parameter (Hamrock &
Dowson), U = ;L];X

w Normal load (N)

w Dimensionless load parameter (Hamrock &
Dowson), W = @

a Pressure-viscosity coefficient (Pa™!)

n Viscosity of fluid

Nefr Effective viscosity

Nplateau  V1SCOSIty at a shear rate of 10% s™! (second New-
tonian plateau)

A Gap curvature ratio, 4 = %

Vod Poisson’ ratio (respectively, ball and disk)

1 Introduction
ElastoHydrodynamic Lubrication (EHL) describes a lubrica-

tion regime in which a full film well separates two elastically
deformed surfaces in contact. In high-pressure contacts,
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the formation of this separating film usually results from
the combination of four main effects: the formation of a
hydrodynamic film, the contact geometry, the solid elastic
deformation, and the increase in fluid viscosity with pres-
sure. Film thickness predictions successively developed by
Ertel [1], Hamrock and Dowson [2], and Moes and Venner
[3] were based on certain hypotheses, such as a continu-
ous and homogeneous medium, fully flooded contact, and
piezoviscous fluids in the case of Hamrock and Dowson [2].
Moes—Venner’s predictions remain valid over a wider range
of conditions and include asymptotic solutions for isoviscous
fluids [3], [4] .

Despite being isoviscous, in the presence of numerous
additives, water meets all the requirements in terms of heat
transfer and lubricity, to be the perfect lubricant candidate
for food and cosmetics as well as wire-drawing processes.

Among the aqueous supramolecular solutions used
as lubricants, polymer and lamellar solutions have been
extensively investigated at the molecular scale in the
boundary lubrication regime regarding their friction
mechanisms [5], [6], [7], [8]. In EHL conditions, two con-
tributions govern the film-forming mechanisms of these
solutions: the formation of an adsorbed boundary film on
the surfaces and a hydrodynamic contribution [4], [9],
[10]. In the case of heterogeneous media such as water/
oil emulsions, the bulk properties are similar to those of
water at low oil concentration, meaning that low viscos-
ity is combined with the absence of piezoviscosity. Film
build-up mechanisms are then complex, depending on the
emulsifier, its concentration, and the oil concentration [4],
[11], [12]. The evolution of film thickness vs. entrain-
ment velocity is well described in the literature [13].
Three regimes have been distinguished: at low velocities,
a first regime in which the film thickness increases with
the velocity; a second regime, at intermediate velocities,
in which the film thickness suddenly decreases with an
increasing velocity, and in the third regime, it starts grow-
ing again at high velocities. A few mechanisms were iden-
tified and discussed in [13], [14], [15], [16], [17], [18].
The formation, in the contact inlet, of an oil reservoir sup-
plying the contact at low velocities could explain the first
regime in which the film thickness establishment is then
governed by the bulk oil properties. The following regimes
could result from an inversion of phase in the reservoir,
richer in water than in oil, meaning that the contact would
be starved in oil. The higher the oil concentration, the
thicker the film. However, no consensus was reached on
the influence of the size of the oil droplets. The affinity of
the emulsifier with the surface could also contribute to the
formation of an oil-rich reservoir.

Most of the recent works on gel lubrication focus
on rubbing two hydrogels against each other (see [19]
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for instance). The friction mechanisms involve surface
structure and water network interactions as well as bulk
behavior such as gel elasticity and flow. The question
of gel film-forming mechanisms in a contact remains
unaddressed.

However, a rather simple molecule, PolyAlkylene Glycol
(PAG), composed of Ethylene Oxide (EO) and/or Propylene
Oxide (PO) units, can be used to control the sol/gel transi-
tion of aqueous solutions. PAG is a synthetic base stock used
in various kinds of lubricants, such as gear oil, hydraulic
fluid, rolling oil, cutting fluid, and grinding fluid. Compared
to mineral oil and other synthetic lubricants, PAG has some
advantages, such as a high viscosity index, low pour point,
high flash point, and a wide range of solubility [20]. These
features derive from the molecular structure of PAG, whose
properties can be controlled by changing the molecular
weight, the EO weight fraction, and block structures. Nota-
bly, the higher EO/PO ratio enables PAG molecules to dis-
solve in water [21].

Under EHL conditions, the concentration of PAG in
water significantly affects the film-forming capability.
Zhang et al. [22] reported that the film-forming character-
istics of PAG aqueous solutions with concentrations larger
than 50% could be described by Hamrock—Dowson’s equa-
tion [2] similarly to the case of piezoviscous oil lubricants.
Nevertheless, this prediction was not followed for concen-
trations lower than 50%. Zhang et al. [22] also mentioned
that the pressure—viscosity coefficient of PAG solutions
decreases with a concentration diminution. In addition,
they showed that the larger molecular weight of PAG con-
tributed to the formation of a thicker lubricating film. This
result was attributed to the high viscosity of the aqueous
solution with larger molecular weight PAG. Shuhai et al.
[23] suggested a lubrication map of linear polymer in
aqueous solution. It is defined by the ratio of the water
film thickness to the average radius of polymer chains
H /R o 1ymer Using various molecular weights of PolyEthyl-
ene Glycol (PEG): the film thickness of PEG aqueous
solutions decreased as the polymer molecular weight
increased when —2— <2 — 3 [23].

polymer

This brief literature review shows that the film-forming
capability of aqueous solutions and gels is not yet fully under-
stood. In this context, this work aims at understanding the
film-forming mechanisms of aqueous solutions and gels in
EHL conditions. To address this problem, a combined rheo-
logical and film-forming characterization was experimentally
performed using aqueous solutions of various concentration
of PAG. It is shown that their flow dynamics is a thermally
activated phenomenon. Finally, the evolution of film thickness
was analyzed and discussed in terms of piezo- vs iso-viscosity,
effective viscosity, and effective concentration of the lubricant
inside the contact convergent.

2 Experimental Details
2.1 Lubricants

PAG used in this study was ADEKA Pluronic L-64, pro-
vided by ADEKA Corporation, which is triblock copolymer
composed of two EO blocks sandwiching a PO block. The
molecular weight and the weight fraction of EO blocks were
equal to 2900 g mol ™" and 40%, respectively. Aqueous solu-
tions were prepared by diluting the PAG molecules with
deionized water at concentrations ranging from 10 to 50%.
Pure PAG (100%) was also investigated.

The rheological properties of the pure PAG and its aque-
ous mixtures were investigated using MCR302 (Anton Paar
GmbH) with a cone-plane geometry. The cone diameter was
74.983 mm and the cone angle was 1.005°, respectively.
Two protocols were performed to measure the viscosity, as
summarized in Table 1: the first one consisted in varying the
shear rate from 1072 to 10° s~! at a fixed temperature, here
22 °C; the second one consisted in varying the temperature
from 0 to 60 °C for the PAG aqueous solutions (conversely,
from 60 to 0 °C for the pure PAG, as its melting point was
around 15 °C) at a fixed shear rate of 10° s7\.

2.2 Film Thickness Measurements

Film thickness measurements were performed using the
IRIS tribometer, detailed in the literature in [24]. This appa-
ratus creates an EHL point contact between a ball and a
transparent disk under controlled contact kinematics, while
simultaneously measuring the contact forces and visualizing
the film thickness distribution. The ball was here made of
AISI 52,100 steel with a diameter of 19.05 mm, and. The
60 mm-diameter disk was made of silica with two coating
layers: a 6 nm-thick semi-reflective chromium layer and a
200 nm-thick silica spacer layer on top of the chromium
layer. Two independent brushless motors independently
and accurately controlled the velocity of the ball velocity
and the disk, ranging from 0.005+0.001 to 0.8 +0.01 m/s.
Experiments were carried out under pure rolling conditions
with an applied load of 15+0.5 N, corresponding to a mean
contact pressure of 305 MPa and Hertzian contact radius of
125 pm, at ambient temperature (20 +3 °C). The detailed
experimental protocol, including surface preparation, i.e.,
polishing, cleaning, and roughness characterization, can be

Table 1 Protocols of rheological measurements

Protocol Shear rate (s™!) Temperature ( °C)
Shear varying 102-10° 22
Temperature varying 103 0-60 or reverse

@ Springer



97 Page 4 of 10

Tribology Letters (2022) 70:97

found in [24]. The film thickness was obtained using the
interferometry technique with the appropriate calibration,
taking the refractive index of the fluid into account.

3 Results
3.1 Viscosity Measurement

Figure. 1 shows the dynamic viscosity plotted versus shear
rate at a temperature of 22 °C for the PAG aqueous solu-
tions with concentrations of 10 to 50%. In this range of
PAG concentrations, the viscosity increased as PAG content
increased. Additionally, the solutions exhibited shear-thin-
ning behavior at a shear rate ranging from 107 to 10! s~
It is noteworthy that a much larger magnitude of shear-
thinning behavior was observed at a much lower shear rate
than that of conventional oil-type lubricants. The viscosity
reached a second Newtonian plateau above a shear rate of
107 s~!. In this work, the viscosity of the second Newtonian
plateau 77,),.,, Was concretely defined as the viscosity at a
shear rate of 10° s™!. The viscosity values are reported in
Table 2. These values were compared to those calculated
with Arrhenius mixture law: the large discrepancy seems to
indicate that this mixture law cannot describe the physics at
stake here in the considered model fluids.

Figure. 2 presents viscosity variations of the PAG aque-
ous solutions as a function of temperature at a shear rate of
10 s~! when the viscosity reached the second Newtonian
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Fig. 1 Viscosity versus shear rate at a temperature of 22 °C. All PAG
aqueous solutions showed shear-thinning at shear rates ranging from
1072 to 10" s!. Two continuous lines were added to indicate the first
and second viscosity plateau. The horizontal dashed line corresponds
to the viscosity of water. The vertical dashed line indicates the shear
rate at which the viscosity was measured against temperature (values
reported in Table 2). At this value of 10° s}, the viscosity appeared
to reach its second Newtonian plateau
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Table2 Viscosity of second Newtonian plateau 1, and average
effective viscosity at u, > 0.1 m/s. For the pure PAG, was measured
in the temperature varying protocol (superscript *)

PAG concentra- Viscosity of second Newtonian ~ Average

tion (%) plateau .4, (Pass) effective
viscosity
atu, > 0.1m/s
(Pa-s)

100 0.624" -

50 0.525 0.141

40 0.121 0.0319

20 0.00599 0.0178

10 0.00251 0.0104

plateau. The semi-logarithmic plot of the viscosity first
showed a linear decrease and subsequently reached a mini-
mum value before rising again. This evolution suggested
the occurrence of the gelation process. The latter was then
characterized by the value of the temperature at which the
mixture viscosity started increasing. It can be noticed that
the evolution of the viscosity of the pure PAG with tempera-
ture coincides with the upper envelope of viscosity—tem-
perature curves of aqueous PAG solutions for temperatures
higher than 10 °C. During this rheological measurement,
the 40 and 50% PAG aqueous solutions finally became gels
and scattered from the gap of the cone-plane, leading to an
apparent drop of the viscosity at high shear rates. Conse-
quently, the viscosity could not be measured over the entire
temperature range.

Viscosity (Pa-s)

Temperature (*C)

Fig.2 Evolution of the viscosity versus temperature at a shear rate
of 10° s~'. Each PAG aqueous solution exhibited a minimal value,
which was defined as the gelation temperature. Below this gelation
temperature, the slope of the viscosity vs the inverse of temperature
was interpreted in terms of activation energy
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3.2 Film-Forming Capability in Pure Rolling

Figure. 3 a shows the central film thickness evolution versus
the mean entrainment speed for the pure PAG and the four
PAG aqueous solutions in pure rolling condition at ambi-
ent temperature. For all solutions, the central film thickness
increased with the entrainment speed; however, the mag-
nitude of the increase depended on the concentration. The
more concentrated, the thicker the film. Figure 3b—f shows
contact interferograms at an entrainment speed of 0.5 m/s.
The lubricating film was homogeneous in the high-pressure
zone and a classical EHL horse-shoe shape was observed,
revealing the film constriction.

4 Discussion
4.1 Sol/Gel Transition

According to de Gennes [25], the sol/gel transition can be
classically pictured using the “tree” approximation. The
origin of the physical branching between the polymeric
chains can be assumed here as the intermolecular hydro-
phobic interactions, resulting in the progressive freez-
ing of a certain number of degrees of freedom. Figure 2
shows the dependence of the extension of the tempera-
ture interval of sol/gel transition with the concentration:
it is very marked for 10% but wider for the concentrations
over 20%. The existence of this crossover region could

be the signature of a weak gelation process in which the
crosslinks are not completely stable, resulting from the
kinetics of bonding/nonbonding reactions. The more con-
centrated, the higher number of bonding possibilities/
chains and consequently a lower gelation temperature.
We consider here a weak physical gel as introduced by
de Gennes [25]. The presence of non-covalent crosslinks
would explain:

—the change in viscosity with temperature in Fig. 2 (vis-
cosity is proportional to 1/T),

—the change in appearance of the blend that was observed,
—the very low values of G’, hardly measurable at 22 °C
over 4 decades of frequency for the 10 and 20% concen-
tration blends,

—the fact that significant values of G’ were only measured
for concentrations over 40%.

Figure 4 shows the gelation temperature T, which
was defined here as the temperature at which the viscos-
ity reached the minimum value on the rheograms shown
in Fig. 2. T, decreased linearly as the concentration
increased. This graph also suggests that the PAG solutions
can be expected to behave differently in terms of film-
forming capability, as the pure rolling experiments were
carried out at ambient temperature (indicated with the grey
zone on Fig. 4): the low concentrated solutions at 10 and
20% were in a liquid state, while the more concentrated
mix at 40 and 50% was in the gel state a priori. Addition-
ally, this plot indicates that the concentration at which the
transition occurs at room temperature is about 35%.

10°

107

10

Central film thickness (nm)

10°

(b) 100% ' 5)40%

0

(f)10%

(e 20%

Entrainment speed (m/s)

Fig.3 a Central film thickness versus entrainment speed in logarith-
mic scale. The solid line corresponds to Moes—Venner’s prediction:
for the pure PAG with a viscosity of 0.624 Pa-s and pressure vis-
cosity coefficient of 11.8 GPa™!, and for the others with an average
effective viscosity (see Table 2) and pressure viscosity coefficient of

0.4 GPa™!, corresponding to that of water. The prediction curve for
water, an isoviscous fluid, was also calculated with Moes—Venner’s
equation using a viscosity of 1 mPa.s and plotted; b—f contact inter-
ferograms at an entrainment speed of 0.5 m/s. The contact diameter
was about 250 pm and the fluid flowed from right to left
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50 F

40t

30 |

20 I pure rolling experiment

Gelation temperature (*C)

10F

10 20 30 40 50
PAG concentration (wt%)

Fig.4 Gelation temperature of each PAG aqueous solutions. The
solid line corresponds to the sol—gel transition. An aqueous solution
containing approximately 35% of PAG or more would behave as a gel
at the temperature used during pure rolling experiments

600 |-

550 |

500 | A

450 |

400 |

Activation energy of flow (J/mol)

350 |

10 20 30 40 50
PAG concentration (Wt%)

Fig.5 Activation energy of the flow versus PAG concentration. The
activation energy was calculated from the slope of log (viscosity) to
inverse of temperature curve below gelation temperature. The solid
line corresponds to a linear regression. For the 50% PAG aqueous
solution, the activation energy could not be calculated from the data
in Fig. 2

4.2 The Origin of the Viscous Flow

To analyze the origin of the viscosity evolution, it was
assumed that the balance between the thermal mobility
and the interactions of molecules determines the activa-
tion energy of the flow for the PAG aqueous solutions.
Figure 5 shows the activation energy, which was calculated
from the slope of the Iny — (1/T) curve below the gelation
temperature, as a function of the PAG concentrations. The
activation energy of the flow is proportional to the PAG

@ Springer

concentration ranging from 10 to 40%; that is to say, the
viscosity of the sol phase of PAG aqueous solutions arises
from the same dominant interactions between molecules,
which increase with the PAG concentration. The sol/gel
transition is out of the range of the viscosity—temperature
measurement for the 50% PAG aqueous solution, which is
why it was not reported in Fig. 5.

Above the gelation temperature, the slopes of the
Iny — (1/T) plots were negative: therefore, the viscosity
was no longer dominated by the same interactions as those
occurring under the gelation temperature. The influence of
the viscosity kinetics was further investigated in a lubri-
cated contact.

4.3 Film-Forming Capability and Rheological
Characteristic

To analyze the film-forming properties of these solutions,
Moes—Venner’s formula [3] was used

_ 2s/3 —s 1/s

Heo = {0+ (gt 012} (ot )
ey
s = %{1 + e(_l'ZHEI/HRI)}' )

For the point contact, 4 = 1, then H

en Can be expressed
as follows (3):

Hy, = 41.34M72

0.90891%/3

3
I

Hy = 2.419M7%/1

Hypp = 1.247TM7 /12314,

As presented in the above equations, Moes—Venner’s
formula describes the film thickness using the rigid-isovis-
cous, rigid-piezoviscous, elastic-isoviscous, and elastic-
piezoviscous terms to describe the overall film thickness.
This enables us to analyze film-forming properties for both
piezoviscous and isoviscous fluids.

On the one hand, Fig. 3a shows that the pure PAG film
thickness varies with u%%7 (see straight dashed line) fol-
lowing the Moes—Venner prediction [3] for a piezovis-
cous fluid. For the pure PAG, the slight deviation of the
measured points to this law suggests the occurrence of
starvation in the range of velocities above roughly 0.2 m/s,
due to the combination of the high viscosity of pure PAG
(0.624 Pa-s) and a high entrainment speed. However, the
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slope of the straight line of 0.67 remained reasonable,
meaning that the pure PAG should be treated as a piezovis-
cous liquid.

For the aqueous solutions, on the other hand, the slope
of the straight lines in the logarithmic scaling of the thick-
ness vs. velocity curves is 0.60, which is similar to the one
obtained for water, as shown in Fig. 3a. This indicates that
these aqueous solutions should rather be treated as isovis-
cous fluids.

In this framework, for the pure PAG, a pressure viscosity
coefficient of 11.8 GPa~! was then calculated from Eq. (1)
using the data obtained for entrainment speed below 0.2 m/s.
Assuming that the aqueous solutions were isoviscous (that is
to say with a viscosity practically independent of the pres-
sure: here, using a pressure viscosity coefficient equaled that
of water of 0.4 GPa~'-0.36 at 55 °C in [26]), the effective
viscosity was then calculated from Eq. (1). Figure 6 shows
the relative viscosity, calculated as the ratio of the effective
viscosity divided by the plateau viscosity. Two “families”
can be distinguished: one corresponding to 50 and 40% and
the other to 20 and 10%. It is noteworthy that the relative
viscosity was less than unity for the 40 and 50% solutions,
corresponding to gel and plug flow in the convergent zone,
while it was higher than unity and decreased as the velocity
increased for the lower concentrations. This trend is very
similar to that observed for emulsions where the higher vis-
cosity at low velocity can account for the presence of oil
droplets in the convergent zone and the decrease with the
velocity was explained by phase change [15, 17]. In this
context, one could assume an analogy between oil droplets
and PAG polymer droplets.

1L o
10 8 OO
BEReP 89
g 1 1L
£ 10F
-‘% X Xx %QQ QQM
gz 5 08
2 10 F 28
; %
> X
5 0 ;
3 o 10%
© 10°F 20%
O 40%
X 50%
1 O 1
107 10" 10°

Entrainment speed (m/s)

Fig.6 Relative viscosity Neg/Myaeqn at €ach entrainment speed for the
aqueous solutions. For the low concentration, relative viscosity was
larger than unity and decreased as the entrainment speed increased.
For the higher concentration, the relative viscosity was less than unity
and collapsed below approximately 0.05 m/s

This interpretation and the existence of these two families
were also confirmed by the solution appearance as either gel
or sol. In addition, during the pure rolling experiments, the
ambient temperature was either below or above the gelation
temperature.

In the contact inlet, the shear rates reach 10°~107 s,
much higher than the shear rates applied in rheology. Nev-
ertheless, the second viscosity plateau was attained for
shear rates lower than 10° s~ (as shown in Fig. 2). We then
assumed that this second viscosity plateau could be consid-
ered as an order of magnitude of the viscosity at higher shear
rates and used it for comparison with the effective viscosity.
If further shear-thinning occurs, the ratio of the effective
viscosity divided by the viscosity plateau would increase,
getting close to one for 40 and 50%. This ratio would remain
higher than one for 10 and 20%.

This discussion can be graphically summarized by plot-
ting a “film formation map” based on the evolution of the
central film thickness versus effective entrainment product
(effective viscosity X entrainment speed), as shown in Fig. 7.
The plot for piezoviscous fluids (here the pure PAG) was
well described by the straight dashed line with a 0.67 gradi-
ent. Conversely, for isoviscous fluids, the data collapsed to
superimpose on one straight line characteristic of the “iso-
viscous limit”.

4.4 Film-Forming Mechanisms
The film-forming mechanisms of the PAG aqueous solutions

can then be further discussed from the viewpoint of the flow
conditions at the inlet zone and the surface.

-
o
()
I

-
o
T

Central film thickness (nm)

-t
o
(=]
T

/| A d " L Al
-5 -4 -3 -2 -1

10° 10" 107 107 10 10°
Entrainment product nu. (Pa-m)

Fig.7 Film formation map expressing central film thickness versus
entrainment product (viscosity X entrainment speed). The dashed line
corresponds to Moes—Venner’s prediction for the piezoviscous pure
PAG and the solid line corresponds to the isoviscous limit, on which
all isoviscous solutions collapsed
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First, to consider the sol/gel transition at the inlet zone,
the temperature rise due to shear heating is estimated. Guil-
bault [27] proposed the average temperature increase at the
inlet zone under the rolling-sliding condition as follows:

_1{ I 5 5_12}
Aliia = 2\ 755% * 8% |-

Figure 8 a and b shows Ein]et as a function of u,,
assuming that the thermal conductivity of the PAG aque-
ous solutions can be estimated from the values for water
(0.602 W/m-K) and ethylene glycol (0.250 W/m-K), respec-
tively. Within the hypothesis of this model, Hinlet does not
exceed 1 °C for any PAG aqueous solutions over the whole
range of the entrainment speeds used in the experiment. This
estimate confirmed that shear heating does not contribute to
gelation in the inlet zone, and the ensuing enhancement of
film thickness.

Next, we focused on PAG over-condensation in the inlet
region. Hoshi et al. [28] observed that the concentration of
polyethylene glycol increased at the inlet of the EHL con-
tact region for water—glycol hydraulic fluids using a micro-
FT-IR method. They mentioned that this overconcentration

increases the viscosity in the inlet zone. To estimate the

“

possible increase of the PAG concentration in our experi-
ments, the effective concentration c.; was defined from
the effective viscosity and the relation between the plateau
viscosity and the PAG concentration. Figure 9a shows the
plateau viscosity as a function of the PAG concentration: it
can be seen as a calibration curve. This experimental relation
was used in Fig. 9b to estimate an effective PAG concentra-
tion in the inlet and to plot its evolution with the entrain-
ment speed. At an entrainment speed of 0.8 m/s, the apparent
concentration of the 10 and the 20% PAG aqueous solutions
increases to approximately 24 and 30%, respectively. These
differences are much more significant than those observed
by Hoshi et al. [28]. In addition, the maximum effective con-
centration of the 10 and the 20% aqueous solutions reached
approximately 36 and 42%, respectively, at which point the
solutions form a gel. Thus, there could be even more pos-
sible factors that enhanced the effective concentration.
Finally, we suggested above that the formation of
boundary layers of PAG molecules would also increase the
effective viscosity. Guangteng and Spikes [29] proposed
that viscous boundary layers with a thickness of 1-10 nm
enhanced the film thickness compared to the prediction
of Hamrock—Dowson. As discussed above, the effective

Fig.8 Estimate of the inlet @45 — K=0.602 (W/m-K) () 5[ o K=0.250 (W/mK).
temperature rise calculated by :
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concentration was estimated to be much higher than the
bulk concentration, which can be supported by the bound-
ary effect. Additional careful observations of the static
contact, after the experiments, confirm the adsorption of
polymer on the surface in the form of patches (see sup-
plemental information).

Regarding the gels in Fig. 9 b, the effective concen-
tration remained roughly constant, and lower than their
bulk concentration (if further shear-thinning occurs, the
effective concentration could reach the bulk one), indi-
cating that water molecules may preferably go through
the sheared network formed by the PAG molecules in the
contact area.

5 Conclusions

The film-forming capability of PAG aqueous solutions
with different concentrations involving sol/gel transition
in the EHL regime was analyzed using a combination of
rheological measurements, in-situ film thickness measure-
ments, and the framework of Moes—Venner’s formula.

This approach allows the creation of a film formation
map where all the aqueous solution data collapsed onto
the “isoviscous limit” of the film thickness evolution with
the entrainment product, demonstrating that PAG aqueous
solutions could be considered as isoviscous. Conversely,
pure PAG was considered as a piezoviscous fluid.

For the isoviscous solutions, two families were subse-
quently defined from the behavior in the contact inlet zone,
consistent with the gelation temperature determination and
observation of the appearance of a gel. High concentra-
tion solutions behaved as gels, forming thinner films than
expected. On the contrary, low concentration solutions
resulted in a sol. These liquids formed thicker films than
expected: this was discussed and attributed to an effective
viscosity in the inlet zone, which varies with the velocity,
as a result of an effective concentration change.
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