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ABSTRACT: The aim of this research is to present the use and advantages
of electro-active eco-fluids as smart biolubricants. Polarizable clay mineral
nanoparticles, such as the layered nanosilicate montmorillonite Cloisite 15A
and the fiber-like sepiolite Pangel B20, were dispersed in a sustainable fluid,
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castor oil, at concentrations of 0.5, 2, and 4 wt%. These dispersions exhibit

electro-viscous behavior, which was characterized by higher yield stress B i av = =
values with increasing electric field strength. Based on this, the influence of §§ | | 25 . S
electric potentials was investigated in an electrified axial ball bearing EE o o %é [ ] AV
device. The coefficient of friction (COF) was changed as needed and o . = [ — }
reversibly when different electric fields of 100 and 200 V/mm were applied. Time (min)

A 10.7% increase in the coefficient of friction was observed with a 4 wt%
Cloisite 15A in castor oil at 200 V/mm. In the case of Pangel B20, the application of an electric field of 200 V/mm successfully
prevented the lubricant from being displaced from the contact zone at 500 r/min. In addition, the dielectric breakdown resistance
of these clays was analyzed. Cloisite 15A yielded better results than Pangel B20, probably due to its greater electro-responsive and
thus film-forming potential. Finally, the load-carrying capacity was also evaluated. Under the action of an electric field, an opposite
vertical force was observed when a ball was pressed onto a plate with a lubricating film in between. Consequently, the study allows
conclusions to be drawn about a new lubrication concept based on electro-active control of friction in electrified tribological
contacts by fully sustainable electro-rheological (ER) lubricating fluids.
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The search for new materials sources is also a key factor in
addressing the environmental issues mentioned above. Usage of
sustainable oils is currently gaining popularity. Among them,
vegetable oils stand out for their good lubricating properties. One

1 Introduction

Energy consumption due to human activity is increasing daily.
Energy and resources savings and reducing pollution have

emerged as some of the most important global challenges, as
reported in the “The Global Sustainable Development Report
(GSDR) 2023” of the United Nations Organization. Considering
that around 23% of the current energy consumption was related
to friction [1], reducing contact friction can increase efficiency in
engines and other friction-involved applications [2], which may
contribute to reduce fuel consumption and pollution emission to
the environment. On the other hand, wear, the other important
aspect in tribological contacts, affects the durability of the
mechanical elements involved. Upon failure, they need replacing
to continue to operate. Production of metal parts is commonly
associated to CO, emissions. Therefore, a joint reduction of
friction and wear would greatly help reduce global warming [3].

of them, castor oil, has been widely studied due to its uniquely
high viscosity, and has been proposed as a potential lubricant base
stock [4, 5]. Vegetable oils are also known to be an excellent
alternative to mineral oils in preventing the harmful voltage
breakdowns [6]. Although they are good candidates, they have not
yet replaced mineral/synthetic oils in lubrication due to critical
chemical factors such as oxidation and low range of viscosities
available, which limit the maximum operating temperature [7, 8].
Achieving in situ control of friction is an important challenge
for the lubrication industry nowadays [9]. Some authors are
currently engaged in investigations that aim to enable an active or
programmed lubrication control. Different types of ionic liquids
(ILs) have been widely studied due to the capacity of their ionic
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moieties to be approached and molecularly layered by charged
surfaces, and hence to modify friction [10-13]. For instance, Gatti
et al. [11] used a mixture of two ILs, (trihexyltetradecyl-
phosphonium-bis(trifluoromethylsulfonyl)-imide [P66614][BTA]
and trihexyltetradecylphosphonium-bis(2-ethylhexyl)-phosphate
[P66614][DEHP]), in different proportions to program friction
values throughout time with the application of anodic and
cathodic polarization. Other types of strategies, based on self-
assembled monolayer (SAM) assemblies [14] or polyelectrolyte
coatings [15], are being used with the same purpose. The study of
all these surface modifications by the action of an electric field is
referred to by the terms “triboelectrochemistry” [16] and
“potential controlled friction (PCF)” [17]. Moreover, the
integration of electronics in the active control of all these
lubrication processes has been coined “tribotronics” [16, 18], and
the fluids involved are frequently called “smart” lubricants [18]. In
this sense, electro-rheological (ER) and magneto-rheological (MR)
fluids have been proposed as possible smart lubricants to control
the tribological behavior. These fluids are designed to respond to a
determined external driving force, electric or magnetic field,
respectively, in such a way that their rheological properties change
substantially [18, 19]. MR fluids have been widely tested and
showed some promising results with possibilities to control
friction and reduce wear [19]. In the case of ER fluids, especial
emphasis has been placed on liquid crystals, which have been
shown to yield noticeable decrease in the friction coefficient in
boundary regimes [20]. Regarding particle-in-oil ER suspensions,
there are published articles dealing with numerical simulations in
simple journal bearings using a lubricant which is modelled as a
Bingham fluid [21, 22]. However, only scarce literature, none of
them involving sustainable fluids, exists on the active control of
friction through real ER suspensions under an electric field.

Despite all these relevant advances in the control of friction, ER
lubricants require an electric field to function. Another important
aspect of smart lubricants is the prevention of unwanted or
uncontrolled current flow through contact surfaces exposed to an
external electric field. Liquids that are too conductive lead to
undesirable electrical current leakage. Even in dielectrics, if the
input voltage is too high, a sudden electrical discharge can occur
between the electrified elements. This phenomenon, which is
known as dielectric breakdown, depends on both the lubricant
intrinsic properties [23] and the film thickness. Dielectric
breakdown may yield severe damage on the bearing cage and balls
due to electrical pitting [24], which may eventually cause
vibrations and noise.

In a previous paper, we carried out an electro-rheological
characterization on 2 wt% nanoclay mineral particles in castor oil
[25]. The organo-modified montmorillonite Cloisite 15A and the
sepiolite Pangel B20 were found to vyield storage stable
formulations in castor oil. Cloisite 15A suspensions showed higher
ER performance, assessed by their yield stress values at 25 °C. This
was related to a local maximum in the dielectric loss curve, €”, in
the frequency range of 5-10 kHz, which was attributed to

interfacial polarization. Hence, the mentioned research focused on
exploring the development of simple and sustainable lubricants,
based on nanoclay mineral particles in vegetable oil, which might
enable an “active control” of their tribological behavior. However,
such approach lacked an experimental study on the use of the
obtained formulations in specialized tribological applications such
as ball bearings, and the potential drawbacks which might arise.

In line with the above comments, the present study aims to
look into the potential use of such ER fluids, based on completely
natural and innocuous compounds, as smart lubricants capable of
actively modifying friction, preventing unwanted discharges, and
supporting heavier loads in electrified ball bearing contacts. Our
strategy ensures environmental protection, which is an important
aspect in various fields in which the machinery may be in direct
contact with the natural medium, i.e., marine propulsion, wind
turbines, etc. [2, 26]. We hypothesize that it is feasible to improve
the performance of ball bearings, in terms of better stability at
high speeds, by electro-active control of lubrication with
sustainable ER fluids.

2 Materials and methodology

2.1 Materials

Oil-based dispersions of two commercially available nanoclays,
Cloisite 15A and Pangel B20, were evaluated in this study. Cloisite
15A is a layered organomodified montmorillonite (OMMLt)
formed by two tetrahedral sheets of silicon and oxygen, and one
octahedral sheet of Al/Mg(OH) in between [27] (Fig. 1(a)). The
distance between the layers is 31.5 A. Interlayered sodium ions
were replaced with quaternary ammonium salt cations to improve
their dispersibility in oil. The organic part of the modifier is
2Me2HT (Me: methyl and HT: hydrogenated tallow (~65 wt%
C18; ~30 wt% C16; ~5 wt% Cl14)). Cloisite 15A was supplied by
Southern Clay Products, USA.

Pangel B20 is a fiber-like sepiolite composed of a sandwich-like
structure of two tetrahedral sheets of silicon and oxygen (silica)
and an interlayered octahedral sheet of magnesium oxide
hydroxide. Silica layers are covalently bonded by oxygen atoms to
form ribbons (Fig. 1(b)). These units bundle to form a fiber-like
structure with zeolitic channels of 3.7-10.6 A. Due to their open
structure, silanol groups remain in the borders of the silica, thus
coordinating with water molecules [28-30]. Pangel B20 was
supplied by Tolsa, Spain.

Castor oil (CO), with dynamic viscosity at 25 °C of 0.69 Pas,
was employed as base oil for the preparation of the dispersions.
CO was purchased from Guinama, Spain.

2.2 Preparation of sustainable lubricating dispersions

The nanoclays were firstly pre-dispersed in castor oil by
mechanical stirring at room temperature. Subsequently, the
dispersions were treated with an ultrasonic homogenizer
(UP400St, Hielscher, Germany), supplying a total energy input of
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Fig.1 Structures of (a) montmorillonite Cloisite 15A and (b) sepiolite Pangel B20.
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7 Wh each. Temperature was always kept below 75 °C.
Concentrations of 0.5, 2, and 4 wt% were studied. By following
this method, very homogeneous dispersions were achieved. Their
storage stability was analyzed by sedimentation tests (in test tubes)
in a previous paper [25]. The results obtained allowed concluding
that the dispersions remained storage-stable after, at least, 7 days.

2.3 Electro-rheological characterization of sustainable

lubricating dispersions

Steady viscous flow curves at 25 °C were performed at increasing
values of the DC electric field up to 2.4 kV/mm, in a shear rate
interval from 0.1 to 100 s. A controlled rate rheometer (ARES
G2, TA Instruments, USA), equipped with a special electro-
rheocell, a electric field generator (Keysight 33210A, Agilent,
USA) and a high-voltage power amplifier (Trek 609E-6, Trek Inc.,
USA), was used. A plate-plate geometry with 25 mm diameter and
0.5 mm measuring gap was selected. Additionally, such a set-up
was also used to evaluate the electrical conductivity of the fluids by
applying, under quiescent conditions, a voltage ramp up to 100 V
whilst the electric current intensity was measured. The electrical
conductivity values, at 25 °C, corresponding to the above Cloisite
15A and Pangel B20 dispersions, at concentrations between 0.5
and 4 wt%, fall within the intervals (4.20x10""-1.69x10™ and
3.05%x107"'-2.37x10™"° S/cm, respectively.

2.4 Electro-tribological analysis of sustainable lubricating
dispersions in electrified ball bearings

A controlled stress rheometer (Physica MCR-501, Anton Paar,
Austria) equipped with a customized ball bearing arrangement
(Fig. 2(a)) was used for friction and breakdown resistance
measurements. A voltage generator (9183B, BK Precision Corp,
USA), and a potentiostat-galvanostat (Parstat 4000A, Ametek,
USA) were coupled to the rheometer for precise control of voltage
up to 10 and 20 V, respectively. For higher voltages, up to 1,000 V,
a generator (FUG 12500, FUG, Germany) was preferred. An
oscilloscope (Picoscope 3000, Pico Technology, UK) was used to
record voltage and current.

A controlled rate rheometer (ARES-G2, TA Instruments, USA)
was used for film strength measurements, where a current
generator (Keysight 332104, Agilent, USA) connected to a voltage
amplifier (Trek 609E-6, Trek Inc, USA) allowed for the
application of the electric fields required. The structuring of
Cloisite 15A and Pangel B20 into strings under the influence of
electric field was analyzed using a home-made visualization device
coupled to an optical microscope (Olympus BX51, Olympus,
Japan). The visualization device was based on two electrodes,
between which the lubricant is located, connected to the
aforementioned electric field generator and placed under the lens
of the microscope.

2.4.1 Analysis of the active control of the friction coefficient
The tests were performed with an electrified ball bearing assembly
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like one of the prototypes described in US 2010/0247012 A1 [31].
An axial ball-bearing (DIN 51104) with ball radius of 5.55 mm
(7/32 inch), was arranged with 13 Si;N, ceramic balls (Fig. 2(a)),
resulting in a hybrid bearing. The ceramic balls isolated the two
electrified rings, thus enabling the application of high voltages
without the risk of shortage. Tests were conducted at voltages up
to 1,000 V, rotating speeds up to 1,000 r/min and constant normal
load of 5 N.

2.4.2 Evaluation of the dielectric breakdown resistance of the
lubricant

Breakdown occurs when the fluid no longer maintains its
dielectric properties, thus current starts passing through the
lubricant film (the oscilloscope registers both a sharp decrease in
the voltage and a peak in the electric current intensity). In this test,
one of the isolating ceramic balls in Fig. 2(a) was replaced with a
conductive steel ball. Tests were conducted at 1,000 r/min and
5 and 10 N. Stabilization of the friction coefficient was carried out
during the first 5 to 10 min, with no application of electric voltage.
Once stabilized, electric voltage was increased in steps of 0.1 V
from 0 to 20 V until electric arc detection.

2.4.3 Study of the load-carrying capacity of the lubricant film under
electric field

A steel ball (1.4401 grade 100) with a radius of 6.35 mm
approached a steel plate (1.4301 AISI 304), at a speed of 0.5 pm/s
from an initial distance of 0.3 mm down to 0 mm (or minimum
achievable distance). Both ball and plate were electrified (Fig. 2(b)).
The purpose of this experiment was to determine whether upward
forces are generated in the lubricating film under the influence of
the external electric field, which oppose the moving plate.

3 Results and discussion

3.1 Electro-active control of the friction coefficient

Figure 3 shows the electro-rheological behavior, at 25 °C, for
2 wt% nanoclay in castor oil, as a function of electric field strength.
The electroviscous effect observed is based on the so-called
interfacial (or Maxwell-Wagner) polarization upon application of
a potential difference. Such type of polarization refers to the
phenomenon of charge separation at the interfaces of two media
(in this case, nanoclay and oil) having different dielectric constant.
As a result, chain-like structure is formed bridging both electrodes
along which the electric field is applied, thereby yielding a very
noticeably increase in the shear stress value that is needed before
the material starts flowing. With increasing the electric field
strength the polarization state of the nanoparticles increases,
thereby yielding stronger linkages between the units that
constitute the string-like structure. As a proof of it, a video
showing the string-like structure formation of Cloisite 15A and
Pangel B20 in castor oil is provided as Electronic Supplementary
Material (ESM) (available from https://video.uhu.es/media/

(b)
Rheometer

W 7

Fig.2 (a) Ball bearing assembly consisting of two electrified cages and insulating ceramic balls. (b) Ball-on-plate configuration.
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t/1_8gkjbsOc). As can be appreciated, despite its Newtonian
behavior at 0 V, Cloisite 15A dispersion exhibits a larger electro-
rheological potential than Pangel B20 dispersion. An increase in
viscosity at 0.1 s by two and a half decades was observed for
Cloisite 15A when 2.4 kV/mm was imposed. In contrast, for
Pangel B20, which exhibits a strong pseudoplastic character at
0V, the viscosity at low shear rate (0.1 s™) could be increased by
only one decade by the electric field. These results demonstrate the
greater electro-viscous potential of the layered nanosilicate Cloisite
15A. For example, 2 wt% Cloisite 15A in castor oil displayed a low
shear rate viscosity of 6x10” Pa-s at 2.40 kV/mm, as compared to
2 wt% Pangel B20 in castor oil with a low shear rate viscosity of
only 10° Pas (limiting value). The results also prove the
extraordinary intrinsic thickening capacity of the sepiolite Pangel
B20.

The electrorheological potential of such dispersions opens the
possibility of electro-active control of friction in electrified
tribological contacts by fully sustainable ER lubricating fluids.
Based on this, electrical voltages up to 1000 V were applied to the
electrified ball bearing set-up shown in Fig. 2(a). Friction
coefficient vs. time is represented in Fig. 4 for dispersions of both
types of nanoclay, as a function of concentration (0.5, 2, and
4 wt%). Testing conditions included a normal force of 5 N and
rotating speed of 500 r/min. Two different voltages of 500 and
1000 V were applied in two periods of 400 s, with an intermediate
interval of 300 s with no electric field. With a distance between the

bearing rings (electrodes) of 5 mm, electric fields of 100 and
200 V/mm were obtained.

Before analyzing the electro-active control of the friction
process, the effect of nanoparticle concentration on the coefficient
of friction (COF) should be discussed. The ball bearing tests were
carried out in the hydrodynamic lubrication regime. Such a
lubrication regime is characterized by contact surfaces being fully
separated by a relatively thick film of lubricant. Hence, the COF
increases as the lubricant viscosity is increased. Cloisite 15A in
castor oil exhibited Newtonian behavior, with viscosity at 25 °C
gradually increasing from 0.69 Pa-s (pure castor oil) to 1.07 Pas
upon addition of 4 wt% Cloisite 15A. Therefore, in the absence of
electric voltage, the observed increase in COF with concentration
is attributed to the increase in the biolubricant dynamic viscosity.
For Pangel B20, only minor differences of less than 2% in COF
were observed between 0.5 and 2 wt% at 0 V. Despite the
differences observed in their shear-thinning behaviors with
concentration, such dispersions showed a similar limiting viscosity
at very high shear rates. This agrees with the result in Fernandez-
Silva et al. [32]. In addition, it is noteworthy that due to the high
thickening capacity of this type of sepiolite, the 4 wt% dispersion
behaved like a very consistent semisolid liquid (comparable to a
conventional lubricating grease with NLGI 2 or 3). As a
consequence, part of the lubricant was already ejected in the initial
phase of the test due to the high centrifugal forces in the ball
bearing. This caused lack of lubricant in the contact surface.
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Fig. 3 Steady state viscosity curves, at 25 °C, for 2 wt% nanoclay in castor oil as a function of external electric field: (a) Cloisite 15A and (b) Pangel B20.

0.24 0.24
' 05W% © 0.5W% (b) Pangel B20

0234 ° 2w ° 2w L 0.23

: L 4wt% :

0.22 1 b 2,4 4 L022
c (st c
2L o2t —5"-5..&__‘_' L 021 ©
& b=
= )
S 0.20 I -0.20 8
CCJ «mé: g

0-19'w 0.19 .=
2 = M iapie 3
© R s " e L
\T 0.182¢ Lo1slL

0147 ot 500 V [0.14

0.13 ] L 0.13

0.12 ] . . o2

0.11 4 (a) C|0|S|te 15A = L0.11

T T T T T T T T T T T T T T T T T T T T T T
0 400 800 1,200 1,600 2,000 200 400 600 800 1,000 1,200
Time (s)

Fig.4 Electro-active control of the friction coefficient using (a) Cloisite 15A and (b) Pangel B20 nanoclays, at normal force of 5 N and rotating speed of 500 r/min.
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Under hydrodynamic regime conditions, at which the tests were
conducted, lubricant viscosity is the main factor governing the
frictional behavior, given that the solid surfaces are sufficiently
apart such that solid friction does not occur. In consequence,
starved lubrication is expected to yield a lower COF value than
fully flooded lubrication. As a result, an anomalous reduction in
the hydrodynamic COF was obtained (Fig. 4(b)), which can be
attributed to starved lubrication. For the sake of reference, it is
noteworthy that the corresponding “dry” lubrication curve (total
absence of lubricant) yielded a COF value of ca. 0.01. On the other
hand, it is also important to note the appearance of vibrations and
noise in the ball bearing at such concentration.

The application of an external electric field enabled the COF to
be actively adjusted on demand. With the exception of the 4 wt%
Pangel B20 dispersion, which resulted in starved lubrication, all
tests were conducted under fully flooded conditions. Under
comparable fully flooded lubrication conditions, ie., at 0.5 and
2 wt%, Cloisite 15A and Pangel B20 yielded similar COF
variations at 500 V (100 V/mm), while Cloisite 15A gave only
slightly larger COF variations at 1,000 V (200 V/mm). Thus, the
COF behavior does not seem to strictly follow the electro-
rheological pattern depicted in Fig. 3. Mechanisms other than the
pure electro-viscous effect appear to be involved in lubrication
performance. Consequently, the results from electro-rheological
measurements cannot be directly extrapolated to the electro-
tribology issue. In addition, the COF returned to its initial value
after the electric field was turned off, demonstrating the
immediate reversibility of this electro-active control of the
viscosity of the biolubricant.

Moreover, Fig. 5 displays the evolution of current intensity with
time for the above described electro-active control tests in an
electrified ball bearing prototype, at two selected nanoclay
concentrations (0.5 and 2 wt%). Current flow increased with both
electric potential and concentration. As expected from the low

conductivity values above reported, small current flow values, in
the order of hundreds of A, were found even at the largest value
of applied voltage, 1,000 V. As previously mentioned, it is worth
noting the importance of low leakage current in practical
applications of ER fluids as smart materials. Low conductive fluids
prevent short circuit and help minimize the unwanted large power
consumption. Current intensity values were not significantly
different between nanoclays, and were found to remain constant
with time. However, at 1,000 V, the signal was notoriously affected
by noise, mainly that corresponding to Pangel B20. This fact
might be related to the stability of the lubricant film.

Table 1 lists the percent increase in COF as a function of
applied voltage and concentration. In general, COF increased with
concentration. At 1,000 V, the use of Cloisite 15A at
concentrations up to 2 wt% caused a greater increase in COF than
with Pangel B20. At 4 wt%, Pangel B20 caused an increase in
COF, which is probably due to the starved lubrication mentioned
above.

With hydrodynamic lubrication, almost no wear occurs as long
as the contacts are sufficiently lubricated. Under such
circumstances and for smart lubricant applications, the lubricant
viscosity should be reduced to optimal values, as reported by
Barber et al. [33]. Nevertheless, such electro-active control offers
the unique opportunity to adjust the lubricant viscosity by means
of electrical voltages in such a way that it can optimally adapt to
different load conditions. This enables the lubricity of the same
biolubricant to be adapted to changing working conditions,
reducing the need for often very hazardous additives to improve
lubricity, friction, and viscosity index. In a further development,
the electro-sensitive potential of these biolubricants could help
mitigate other negative effects caused by high speeds, for example.

Figure 6(a) shows the fluid leakage from the axial ball bearing
when it was lubricated with 4 wt% Pangel B20 in castor oil
without electric field. The high viscosity of the dispersion leads to
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Fig.5 Evolution of current intensity with time using (a) Cloisite 15A and (b) Pangel B20 nanoclays, in the electrified ball bearing used for the electro-active control

study.

Table1 Percentage increase (%) in COF with the application of electric fields of 500 and 1,000 V

Conc. (wt%) 0to 500V 0 to 1,000 V

05 31 86

15A 37 98
40 107

05 31 55

B20 38 85
55 254
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poor wetting of the contact zone, resulting in starved lubrication
when the biolubricant is partially expelled at 500 r/min without
external electric field. This undesirable phenomenon was reversed
when a potential difference of 1,000 V was applied from the start
of the test so that the lubricant could no longer be expelled
(Fig. 6(b)). At higher rotating speeds than 500 r/min, lubricant
expulsion continued to occur, indicating that a higher voltage is
probably required to keep the lubricant in the contact zone. For
the sake of clarity, a video is provided as ESM (available from
https://video.uhu.es/media/filmora%20articulo%20v2.mp4/1_Ipm
4748)).

In addition, the insets in the lower right corner of Fig. 6 show
the COF stabilization process for the 4 wt% Pangel B20 in castor
oil at a rotation speed of 500 r/min. At 0 V, COF remained
unstable within the whole period elapsed. A deep resonating noise
was perceived during the entire test period. However, when the
same test was performed under 1,000 V, the COF leveled off
noticeably fast and remained stable. Moreover, the noise
disappeared. It seems that the electric field forces the surrounding
oil-wetted electro-sensitive Pangel B20 nanoparticles to
concentrate in and around the region where the electric field
strength is highest, i.e., at the contact point between the sphere
and the ring. The nanoparticles shield the oil from leaking and
thus improve lubrication. This is in contrast to reports of oils that
do not contain ER particles [34]. After the electric field was turned
off, the lubricant seemed to remain for a while in the contact zone
(transient polarization state of the nanoparticles) [35], until it was
finally ejected by centrifugal forces. Therefore, we can conclude
that the amount of biolubricant needed to keep the friction stable
could be reduced through the proposed strategy of smart electro-
responsive lubrication.

3.2 Dielectric breakdown analysis in an electrified ball

bearing

The ball bearing configuration described in Section 2.4.1, with 12
isolating ceramic balls and one conductive steel ball, was used for

Co— 13 & cof e
Sl I N ) AR L |
Without electric field j ¥ %’-’-&."’%”J—J\L.."-.

the analysis of lubricant breakdown resistance, in accordance with
the technique described in Jablonka et al. [36] and later improved
by Shetty et al. [37] for evaluating this phenomenon in rolling
bearings. Tests were conducted under normal forces of 5 or 10 N
and a rotating speed of 1,000 r/min (approximate entrainment
speed of 1.25 m/s). The purpose of this test was to investigate how
the electro-active control of the lubricant film may affect the
dielectric breakdown when ER fluids are used in ball bearings.

Table 2 shows the dielectric breakdown voltages for both
Cloisite 15A and Pangel B20 dispersions at the three
concentrations studied. Note that displayed values were measured
under the real working conditions specified in Section 2.4.2
(different from ASTM D877 and ASTM D1816). Technical
limitations of the measuring device (maximum measurable
voltage of the oscilloscope was 20 V) prevented the breakdown
from being detected when the tests were performed under a
normal force of 5 N. As a result, it was not possible to perform a
comparative analysis between the nanoclay types under these
force values. Tests were then performed under less favorable
loading conditions, i.e., 10 N. With addition of 0.5 wt% Cloisite
15A, the breakdown resistance of the base castor oil was
enhanced, yielding an increase from 1.4 to 7.4 V. Concentrations
of 2 wt% or more could delay breakthrough beyond 20 V. It
seems that the Cloisite 15A nanoclay improves the lubricating film
formation, probably due to its very high electro-responsive
capacity, as shown in Fig. 3. This had a positive effect on the load
carrying capacity of the biolubricant under an external electric
potential (Section 3.3). Although the Pangel B20 dispersions
exhibited distinctly grease-like behavior, the electro-responsive
capacity of Pangel B20 was not large enough for this nanoclay to
remain at the contact point at the low voltages used in this test.
Thus, even at 4 wt%, the lubricant was not able to significantly
improve the film formation of neat castor oil, so that an electrical
shorting (current leakage) occurred at about 2 V.

Based on the above considerations, the theoretical minimum
gap within the lubricated contact in the hydrodynamic regime

CoF line
e 4 wt% B20 a1 1RV

A SN o P i

Fig.6 Visual evidence of the lubricant expulsion phenomenon using 4 wt% Pangel B20 in castor oil: (a) without electric field and (b) applying an external

voltage of 1,000 V.

Table2 Dielectric breakdown voltages (in V) measured as described in Section 2.4.2, for Cloisite 15A and Pangel B20 in castor oil

5N 10N
Conc. (Wt%)
15A B20 15A B20
0 (neat oil) 194 194 14 1.4
0.5 >20 >20 7.4 1.5
>20 >20 >20 1.8
>20 >20 >20 2.1
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(ie, minimum film thickness (H,,)) was calculated using the
Hamrock-Dowson model (Eq. (1)) [38—40]:

Hm/Rx —3.63-G™. U8 . Y0073 (1 _ e—o.ssk) (1)

where k=1 for a ball on plain surface (k is the ellipticity
parameter, defined as the ratio of the radii of curvature of the
contacting surfaces in the direction of the major and minor axes
of the contact ellipse) ; G, U, and W are dimensionless parameters
of the Hamrock-Dowson equation (Egs. (2)-(4)):

G=a,-F (2)
‘u

v= (3)
F

V=ER @

where a, (Pa™) is pressure-viscosity coefficient (14.2 GPa™ [41, 42]);
E (Pa) is equivalent elastic constant from 100Cr6 steel elasticity
modulus (210 GPa); 7 (Pa-s) is viscosity (measured values at 0.5, 2,
and 4 wt% were 0.84, 0.96, and 1.07 Pa:s, respectively); u (m/s) is
entraintment speed; F (N) is load; R, is curvature radius (ball
radius).

Table 3 shows the minimum film thicknesses calculated
according to Eq. (1) for the three Cloisite 15A dispersions
investigated. Neat castor oil was included as control sample. For a
comparative analysis, the experimentally measured breakdown
voltages were color-coded in Table 3 (potential intervals are
marked with different colors). As can be observed, neat oil failed
to prevent breakdown even at the largest entrainment speed
studied, ie., 2.75 m/s. However, with increasing Cloisite 15A
concentration, the onset of each specific breakdown voltage
interval was reached at smaller entrainment speeds.

Thus, the speed at which the orange voltage interval
(breakdown voltage between 5 and 10 V) started was reduced
from 1.25 to 0.75 m/s as Cloisite 15A concentration was raised
from 0.5 to 4 wt%. At 2 and 4 wt% Cloisite 15A, the lubricant film
thickness bounding the red, orange, and grey breakdown voltage
intervals decreased with increasing concentration. It is expected
that future work on this topic will yield a relationship between the
concentration, velocity, and thickness of the film that will
efficiently predict the occurrence of electrical breakdown.

To further investigate the fundamentals of the lubrication

Table3 Minimum  film  thicknesses  calculated  according  to

Hamrock-Dowson (Eq. (1)), and breakdown voltages colormap (red < 5 V;

orange: 5-10 V; yellow: 10-20 V; green > 20 V) for Cloisite 15A in castor oil at
different concentrations

H,, (nm)
0.5 wt%

Entrainment speed (m/s)

Neat oil 2 wt%

4 wt%

0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75

https://doi.org/10.26599/FRICT.2025.9441023

mechanism, a 2 wt% Cloisite 15A in castor oil formulation was
visualized under an electric field of 2.4 kV/mm in the optical cell.
It has been shown that despite the electronegative character
usually attributed to clay minerals, the metal plate acting as a
negative electrode attracts the nanoparticles, forming a protective
layer (Fig. 7(a)). Montmorillonite nanoplatelets organomodified
with cationic surfactants have been shown to exhibit positive zeta
potential [43]. Accordingly, a possible explanation to the observed
phenomenon is that the quaternary ammonium cations (2Me-
2HT-N*) remained on the platelets after exfoliation of the tactoids.
This would provide localized positive charges that induce their
electrophoretic deposition on the negative plate.

Figure 7 provides an analysis of both types of nanoclay under
comparable concentration and field strength conditions in terms
of their ability to form columnar structures bridging the
electrodes, i.e., the origin of the so-called “electro-viscous” effect.
The microscopic images show the higher electro-responsive
potential of Cloisite 15A, as previously demonstrated by viscous
flow tests in Fig. 3. These results support and confirm the film
forming ability of Cloisite 15A as described above.

3.3 Load-carrying capacity of the lubricant film under
external electric field

Load-carrying capacity of both Cloisite 15A and Pangel B20 in
castor oil was tested by a compression test in the ball-plate
configuration shown in Fig. 2(b). The lubricating film was
compressed while an upper ball (held at the bottom of a vertical
shaft) approached a lower plate at a speed of 0.5 um/s, from an
initial height of 300 um to the minimum achievable distance.
Figure 8 shows the evolution of the axial force monitored by the
rheometer transducer when the lubricant film between ball and
plate was submitted to compression in an electrified tribosystem.

(®)

0.5 mm *

0.5 mm
Fig.7 Columnar structuring between electrodes under 2.4 kV/mm, in 2 wt%
nanoclay in castor oil: (a) Cloisite 15A and (b) Pangel B20.

1.0

08 an

Onset distance (um)

o
o
1

Concentration (wt%)

Axial force (N)
o
B
1
>
>

15A B20

o n A A 0.5wt%

. o n o ® 2wt%
o = o 4 wt%

0.2+

- ] Control (0 V)

Ball-to-plate distance (um)

Fig.8 Evolution of the axial force with the distance between ball and plate at
300 V for Cloisite 15A (empty symbols) and Pangel B20 (filled symbols) in castor
oil. Control tests at 0 V, for reference (square symbols) (inset: onset distance vs.
nanoclay concentration).
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Both Cloisite 15A and Pangel B20 dispersions were evaluated at
the three concentrations studied, 0.5, 2, and 4 wt%, and under an
external electric voltage of 300 V. For comparison, the same tests
were performed at 0 V. As can be appreciated in Fig. 8, regardless
of concentration, no counterforce was detected as the ball
approached the plate when no voltage was set. On the contrary,
when the voltage was set to 300 V, an increasing normal force
started to act on the lowering ball as the lubricant film was
compressed.

This result demonstrates that the structuring of the internal
morphology of the lubricant film, which consists in interfacial
polarization of nanoclay particles [25], the accumulation at the
contact point (Fig. 9) and subsequent arrangement into columnar
structures (Fig. 7), is triggered by an external electrical stimulus.
This is consistent with the fact that the electric field strength
increases as the distance between electrodes (ball and plate)
decreases, enhancing the electrically active structural network in
the liquid. As in the ESM, a video is provided (available from
https://video.uhu.es/media/Squeezing%20test/1_zj5bzu6b)
showing the film behavior of the Cloisite 15A-based lubricant in
an electrified tribological contact during a squeezing test at
1,000 V. The enhanced load-carrying capacity of the lubricant film
(string-like structures) upon being triggered by an electrical
potential is notorious (please, note how the clay mineral
nanoparticles are retained by the electric field, in contrast to the
nanoparticles being dragged by the oil as it flows out of the gap, in
the absence of electric field). A similar conclusion was drawn by
Gracia-Fernandez et al. [44], using a fluid consisting of 10 wt%
corn starch in silicone oil. In addition, onset distances were
determined as the ball-to-plate distance at a certain value of load-
change rate (first derivative of curves in Fig. 8). Such a rate was
arbitrarily chosen to be 0.05 N/m. Calculated values were plotted
against nanoclay concentration (inset in Fig. 8). Those values
directly depend on nanoclay concentration. This result is
indicative of how the load carrying capacity of the lubricant
improves with increasing concentration in the presence of an
electric field. B20 showed stronger dependency. In both cases,
Cloisite 15A and Pangel B20, linear relationships were found
within the concentration interval studied, i.e., from 0.5 to 4 wt%.

4 Conclusions
The electro-active control of friction in an electrified ball bearing

Fig.9 Visual inspection of Cloisite 15A accumulation at the contact point
between ball and plate, the point of greatest electric field strength, during
compression testing.
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prototype through fully sustainable ER lubricating fluids was
analyzed. By applying an electrical voltage, the coefficient of
friction could be actively adjusted as needed. Although Cloisite
15A and Pangel B20 in castor oil exhibited very different ER
behavior, their ability to change the coefficient of friction was
similar. In addition, it was found that the ejection of 4 wt% Pangel
B20 in castor oil from the contact zone at 500 r/min was
prevented when a potential difference of 1,000 V was applied.
Polarized nanoparticles affected by the electric field are forced to
concentrate at and around the contact point of the ball ring,
preventing the oil from leaking and improving lubrication. The
electric field prevented deficient lubrication and noise generation.
In addition, a more stable development of the coefficient of
friction over time was achieved. Cloisite 15A showed better ability
than Pangel B20 to retard dielectric breakdown in castor oil. This
capability is related to the electro-responsive potential, which
improves film formation even at high rotation speeds. It was
additionally found that the electrical potential led to structuring of
the nanoclay in the lubricant so that when it was trapped between
the electrified plate and the ball, it could counteract the pressure
resistance. This result may have important implications for the
development of fully sustainable lubricating fluids whose load-
carrying capacity can be increased, if necessary, by applying an
electrical voltage. Such a load-carrying capacity would allow the
lubricant to operate efficiently under increasing loads without the
risk of wear damage. It is not yet clear why Pangel B20 shows
higher counterforce in compression test than Cloisite 15A, despite
smaller viscosity change in the E-field. It was seen that the friction
coefficient change is not only due to the electro-viscous effect.
These promising results open up the realization of a new
lubrication concept for technical applications.
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