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Abstract: The process of lubricant penetration into frictional interfaces has not been fully established, hence
compromising their tribological performance. In this study, the penetration characteristics of deionized
water (DI water) containing an electroosmotic suppressant (cetyltrimethylammonium bromide (CTAB))
and an electroosmotic promoter (sodium lauriminodipropionate (SLI)), were investigated using steel-on-
steel friction pairs. The results indicated that the lubricant with electroosmotic promoter reduced the
coefficient of friction and wear scar diameter, whereas that with an electroosmotic suppressant exhibited an
opposite behavior compared with DI water. The addition of SLI promoted the penetration of the DI water
solution, thus resulting in the formation of a thick lubricating film of iron oxide at the sliding surface. This
effectively reduced the abrasion damage, leading to a lower coefficient of friction and wear loss.

Keywords: electroosmosis; friction interface; electroosmotic additives; water lubricants; tribological

performance

1 Introduction

In mechanical systems, lubricants are widely used
to reduce friction and improve worn surface quality
[1]. During cutting processes, lubricants can enter
contact surfaces to form lubricating films through
the gaps at the tool-chip interface, which generates
a film-to-film contact of low shearing resistance and

hence improves interfacial friction and wear conditions.

Nevertheless, the penetration mechanism of lubricants
into the interface of frictional pairs is still not well
understood, thus compromising their cutting
performance. Previous studies [2-4] pointed out
that capillaries exist at the contact interface of two
sliding pairs, such as tool-workpiece interfaces and

the contact surfaces of friction pairs, and lubricants

thus penetrate the contact zone through these capillaries.
In recent years, various transparent tools have been
designed and used in the machining of pure lead,
aluminum, and copper to study the penetration
mechanism of lubricants [5, 6]. The experimental
results showed that during machining, capillaries
were indeed formed at the end of the tool-chip
interface. Many of authors [3, 5] believed that
these capillaries play a critical role in lubricant
penetration. These capillaries serve as passageways
by which lubricants can enter and wet the contact
interface and promote the formation of lubricating
films. Bieria et al. [7] found that lubricants were
driven to the tool-chip interface via these microscale
capillaries under both capillary force and atmospheric
pressure for lubrication. The study reported in Ref. [8]
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demonstrated that the penetration depth of lubricants
into capillaries was directly proportional to the
coefficient of the capillary force in the liquids but
inversely proportional to the capillary radius. The
pressure formed within the capillaries was also
verified to be the main driving force in the lubricant
penetration process [9]. Xu et al. [10] studied the
effects of capillary force, atmospheric pressure, and
capillary wall viscous resistance on the penetration
performance of cutting fluids during grinding of
Cr12 die steel. Their results showed that the capillary
penetration depth of grinding fluids was a complex
process dominated by multiple forces. Thus, the
process and mechanism of lubricant penetration
into frictional interfaces need to be further clarified.
During the friction and wear processes, the contact
interface of frictional pairs is broken, scratched, or
undergoes plastic deformation. The highly active
"fresh" surface is exfoliated, and the electrons
overflow from these "fresh" surfaces, leading to
electron emission [11], which mainly includes chemi-
emission [12], fracto-emission [13, 14], and tribo-
emission [15]. Govindaraj and Subbiah [16] observed
electron emission during the cutting process of
stainless steel, low carbon steel, and copper using
carbide tools with different cutting parameters. They
pointed out that the magnitude of the electron
emission was not only related to the resistivity,
hardness, tensile strength, and yield strength of
the material, but also to the cutting speed and
depth. The electron emission intensity accumulated
for 1,000 ms during scratching of a carbon film
with a diamond stylus under dry air condition was
approximately 100 pC [17]. The magnitudes of the
electron emission and tribo-electrification intensity
for metal-metal contact are inferior to those between
insulators and semiconductors [18], however, it was
shown that tens of microvolts could still be generated
between friction pairs made of Fe/Fe [19]. The
emitted electrons are affected by a strong normal
electric field at the friction interface, causing a gas
discharge in the gap of the friction pair that
generates a plasma [20] under dry friction [21] or
oil-lubricated [22] conditions. These triboelectric
phenomena can generate a self-excited electric
field at the friction interface, which may generate

an electrokinetic effect on the lubricants in the
capillaries, promoting the penetration of lubricants
through capillary electroosmosis.

Capillary electroosmosis is a process in which the
electrolyte solution in a capillary moves relative to
the fixed wall of the capillary under an applied
electric field. The capillary, axial electric fields at
both ends of the capillary, and electrical double
layer (EDL, including the diffusion layer and fixed
layer) produced at the liquid/solid interface are
the necessary factors for capillary electroosmosis
[23]. The walls of metals, quartz, and most natural
substances are negatively charged when they are
immersed in a water-based solution [24]. The formation
of the EDL is mainly due to the resulting surface
charge of the capillary wall. Co-ions from the solution
are repelled and counter-ions are attracted to screen
the surface charges, creating a charged region close to
the capillary inner surface [25]. Because of the strong
electrostatic effect between ions, the fixed layer
ions are immobilized, whereas the diffusion layer
ions move under the effect of the electric field. The
movement of diffusion layer ions drives the solution
in the capillary to move concurrently under the
influence of the solution viscosity and finally forms
an electroosmotic flow (EOF) [26]. In general, the
EOF can be promoted by enhancing the electric
field strength [27], increasing the pH [28], and
reducing the internal diameter of the capillaries
[29]. Moreover, zwitterionic surfactants [30] (such as
3-[(3-cholamidopropyl)-dimethylammonio]-1-prop
anesulfonate (CHAPS) and sodium lauriminodipr-
opionate (SLI)) can improve the EOF, but cationic
surfactants [31] (such as cetyltrimethylammonium
bromide (CTAB) and tetradecyltrimethylammonium
bromide (TTAB)) may change the EOF direction [29]
due to a change in the EDL properties caused by the
adsorption of electroosmotic additive molecules on
the capillary surface. Chen et al. [32] systematically
studied the application of a high-pressure electro-
osmotic pump in micro-column liquid chromatography
and designed an electroosmotic pump with an
output pressure of at least 5 MPa and a stable flow
rate of about 1 yuL/min for pure water and methanol.
They reported that the EOF rate and pressure
could be controlled quantitatively by adjusting the
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driving voltage at both ends of the capillary and
the diameter of the capillary. Wang and Wu [33]
investigated the driving characteristics of microfluids
on a moving wall. They pointed out that an increase
in the moving speed of the wall could improve the
EOF speed and rate when the fluid pressure in the
micro-channel and the driving voltage were constant.
Zhong and Chen [34] found that the EOF velocity
of deionized (DI) water was approximately 11 mm/s
when an electric field of 800 V/cm was applied to
both ends of a capillary with a diameter of 25 um.
This result was similar to that (approximately 3.55 mm/s)
of an investigation based on a capillary penetration
model of the tool-chip contact zone [9].

In this study, we first developed a device for
measuring the EOF velocity of DI water with two
types of electroosmotic additives at various concen-
trations. Second, the tribological performances of
DI water with the electroosmotic additives were
evaluated by four-ball tests of steel-on-steel contact
pairs to explore the penetration characteristics of
lubricants in the capillaries of the friction interface.
Third, we also investigated the effects of different
rotational speeds and applied loads on the friction
and wear properties when taking the capillary
electroosmosis effect in the friction interface into
consideration. Finally, X-ray photoelectron spectroscopy
(XPS) of the worn surfaces lubricated by DI water
with different electroosmotic additives was conducted.
The goal of this study is to explore the penetrability of
lubricants at steel-on-steel friction interfaces and
reveal the mechanism of electroosmosis, which
affects the capillary penetration of lubricants at the
friction interface.

Table 1 Properties of the electroosmotic additives.

2 Methods

2.1 Preparation of the lubricants

To minimize the influence of excess ions in the
lubricating fluid on these exploratory experiment,
DI water was used as the reference lubricant because
of its simple composition and its positive and negative
ions due to hydrolysis of water molecules [35]. In
this study, CTAB (cationic surfactant) and SLI
(zwitterionic surfactant) were used as electroosmotic
additives, and DI water was employed as the base
fluid. Electroosmotic additives in powder form were
directly added into the base fluid at a concentration
range of 0.05-0.3 mM (mmol/L). Subsequently, the
lubricants were ultrasonically treated in a water
bath for 30 min to ensure complete dissolution of
the electroosmotic additives. Both electroosmotic
additives were purchased from Shanghai Macklir
Biochemical Co., Ltd., China. DI water containing
CTAB was used as the electroosmotic suppressant
lubricant, and DI water containing SLI was used as
the electroosmotic promoter lubricant. The main
properties of the electroosmotic additives used are
summarized in Table 1.

2.2 Capillary electroosmosis experiment

The surface tension and contact angle of the lubricants
utilized in this study were measured by the drop
weight method [36] and goniometry method [37],
respectively. Each group of experiments was repeated
five times at room temperature, and the average
value was recorded. To measure the EOF velocity
of the various lubricants under different conditions, a

Electroosmotic additives CTAB

SLI

Function Electroosmotic suppressant
Relative molecular mass 364.5
Physical state Powder
,‘ Y
16 14 12 10 § 1 4 2 ¥
‘ SNSRI SING NI NP,
Chemical molecular formula 5B o0y 1 s 3 1 b

(CTAB)

Electroosmotic promoter
373.44

Powder

(SLI)

www.Springer.com/journal/40544 | Friction



1022

Friction 10(7): 1019-1034 (2022)

device, as shown in Fig. 1, was fabricated. The capillaries
used in the device were 304 stainless steel tubes
with internal/external diameters of 0.5/1.1 mm and
0.9/1.5 mm, and a length of 40 mm. Syringes of 2.5
mL were vertically installed on both sides of the
device. After fabricating the device, ultrasonic
cleaning with DI water for 10 min was performed
to ensure tidiness of the inner wall of the capillaries
and syringes. The lubricants were added from one
side of the syringe to avoid bubbles, and the two
sides of the liquid level in the syringe were finally
in horizontal position under the action of gravity.
Each type of lubricants was added to the 1.5 mL
level of both syringes. The electrodes in contact
with the lubricants were platinum electrodes with
a diameter of 2 mm. The output end of the high-
voltage electrostatic generator (EST802A, Beijing
Huajinghui Technology Ltd., China) was connected to
the left electrode with an output voltage of 1.5 kV

or 3 kV, whereas the other electrode was grounded.

According to the formula E=U/d, the intensities of
the electric field generated at both ends of the
capillary were approximately 400 V/cm and 800
V/em, which exceeded the starting electric field
intensity of capillary electroosmosis (150 V/cm) [38].
Each test lasted for 30 min, and the EOF velocities
of the different lubricants were calculated based
on their moving volume. Each test was repeated

Capillaries

|

Platinum electrodes

Acrylic base

Lubricant Insulated frame

Fig. 1

five times at room temperature (25 °C), and the
average value was then recorded.

2.3 Friction and wear testing

The tribological tests were conducted on an MMW-1
multispecimen test system (Jinan Shijin Group-Co.,
Ltd., China). The tribological properties of the lubricants
containing CTAB and SLI were compared with
those of pure DI water under different testing
conditions using a four-ball method (see Fig. 2(a)).
The test conditions were as follows: at room
temperature (25 °C); additive concentrations of
0.05, 0.1, 0.2, and 0.3 mM; rotational speeds of 600,
800, 1,000, and 1,200 rpm; and loads of 49, 98, and
147 N. The evaluation duration was 30 min. The
steel balls employed in the tests were 12.7 mm in
diameter and made of AISI 52100 steel with an
HRC hardness of 59-61. The scratches on the
friction interface shown in Fig. 2(b) were a half
cylinder with a radius of ~1 pm. As a counterpart
ball slid on it, a cylinder cavity was formed, which
was approximately considered to be a capillary [1,
39, 40]. The change in the experimental parameters
affected the morphology of the capillaries on the
friction interface, thus influencing the penetration
effect of the lubricants [5, 41]. Figure 2(c) presents
a schematic of the friction capillary interface. A

High voltage electrostatic generator

Photograph of the device designed for measuring the EOF velocity of the lubricants.
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strong radial electric field was generated due to
the frictional electrification between the friction
surfaces [19, 42], and the electrons emitted from
the sliding contact were affected by this electric
field, which generated a plasma [20, 22]. These
above phenomena resulted in an axial self-excited
electric field directed toward the closed end in the
capillary. To analyze the chemical states and
distribution of the chemical elements on the worn
surfaces, additional ball-on-disk tests were performed.
The steel balls used for these tests were the same
as those for the four-ball tests, and the steel disks
employed were $32 mm x ¢$16 mm x 0.8 mm. They
were made of AISI 52100 steel with an HRC
hardness of 25-28. The tests were conducted at
room temperature (25 °C), an additive concentration
of 0.2 mM, a rotational speed of 800 rpm, and a
load of 98 N; the test duration was 15 min. Before
testing, the specimen holders and test balls/disks
were dipped in acetone and cleaned in an ultrasonic
bath for 10 min. Each test was repeated five times,
and the average value was recorded. After each test,
the disks and balls were cleaned in an ultrasonic
bath. The wear scar diameters (WSDs) of the balls and
the surface topographies of the disks were analyzed
using a three-dimensional dynamic microscope system
(VW-6000, Keyence, Japan). The worn surfaces of the
balls and disks were examined using a scanning
electron microscopy (SEM) system equipped with an

(a) Upper
friction pair
e - LT T TS o s ~
s e ’ AN R \
’ ’ N \
’ et (o B
1 ’ " \
1 1 — \
' B — \
Lower ! — )
. . . 1
friction pair |

\

1

]

\ '

1 1

1

X \ I‘\ ! /I
s ¢ \ Wear scar J/

energy dispersive X-ray spectroscopy (EDS) (EVO18,
Zeiss, Germany), and a Kratos AXIS Ultra DLD X-ray
photoelectron spectrometer (Shimadzu Corporation,
Japan) equipped with an Al ko radiation source (15
keV, 10 mA). The pass energy was 20 eV for fine
scanning at a resolution of 0.3 eV, using the binding
energy of adventitious carbon (284.8 eV) as a reference.

3 Results and discussion
3.1 Capillary electroosmosis properties

Due to the diameter limitation of commercial
capillaries, it is difficult to investigate the electroo-
smosis properties of lubricants in small capillaries
with an internal diameter of 1-2 um [9]. Therefore,
macroscopic capillaries with different diameters
were used to comparatively investigate the EOF
velocity of different solutions. Table 2 presents the
measurements of the surface tensions and contact
angles of DI water and lubricants with the two
different surfactants, in which the results of the DI
water were used as a comparison. We observed
that the surface tensions and contact angles of the
two kinds of lubricants were smaller than those of
the DI water and decreased with increasing
surfactant concentration. The EOF velocities of the
lubricants containing CTAB and SLI under
different conditions are depicted in Figs. 3(a) and

(®)

98 N, 800 rpm

Lubricant

Fig. 2 (a) Schematic of the four-ball test. (b) Capillaries at the friction interface. (c) Schematic of the friction capillary

interface.
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3(b). The absolute values of the EOF velocities of
both lubricants increased rapidly with the increase
in CTAB and SLI concentrations under the same
electric field strength. With an increase in the
electric field intensity on both sides of the capillary,
the absolute values of both EOF velocities increased
obviously. For example, the EOF velocities of DI
water in the capillary with an internal diameter of
0.9 mm were 0.65 x 10 and 0.77 x 10™* puL/ms when
the electric field intensities were 400 and 800 V/cm,
respectively. It should also be noted that the EOF
velocity increased with a decrease in the inner
diameter of the capillary. The EOF velocities of the
DI water under 800 V/cm in the capillaries with
internal diameters of 0.5 and 0.9 mm were 1.09 x
10 and 0.77 x 10™* uL/ms, respectively. This is mainly
because the increased ratio of the side area to the
cross-sectional area of the capillary can improve
the EOF [29]. The maximum absolute values of the
EOF velocities were recorded when the concentrations
of CTAB and SLI reached 0.2 and 0.1 mM, respectively.
This may be because the adsorption of electroosmotic
additives molecules in the inner surface of the
capillary tended to become saturated [43, 44].

As shown in Fig. 3, the direction of the EOF velocity
is opposite to that of the electric field when CTAB
lubricants are employed. This is mainly because
the quaternary ammonium cationic group of the
CTAB molecule is positively charged [45], and the
CTAB molecules are firmly adsorbed on the inner
wall of the capillary under the influence of the
electrostatic attraction [46]. With the increase in
CTAB concentration, the adsorption quantity of
the CTAB molecules on the capillary wall increased
gradually until the entire negatively charged internal
wall of the capillary was covered, forming a single
molecule adsorption layer. The density of negative
charges on the capillary wall continued to decrease
until it reached zero, and the EOF weakened until
it disappeared eventually.

The second adsorption layer on the capillary
walls was formed by the interaction of the hydrophobic
chains in the CTAB molecules with the increased
concentration of CTAB, as displayed in Fig. 4(a).
Chen [38] suggested that when the CTAB concen-
tration in the solution reaches 0.05 mM, the second

adsorption layer forms (at this time, the direction
of the EOF begans to reverse). With the increase in
CTAB concentration, the rate of the reversed EOF
increased. When the CTAB concentration reached
0.2 mM, the velocity of the EOF became stable, and
the adsorption of CTAB molecules on the inner
surface of the capillary reached saturation.

Additionally, we can observe from Fig. 3 that the
direction of the EOF velocity is the same as that of
the electric field when SLI lubricants are used.
Under 400 V/cm, the EOF velocities of the SLI
lubricant with 0.2 mM were 36.9% and 29.6% higher
than those of the DI water with capillary inner
diameters of 0.5 and 0.9 mm, respectively. Under
800 V/cm, the enhancing effect of the SLI lubricant
with 0.2 mM on the EOF was stronger: the velocities
were 54.5% and 36.7% higher than those of DI water,
respectively. A possible reason for this phenomenon is
that one SLI molecule has one cationic group
containing nitrogen and two carboxylic acid anion
groups. As shown in Fig. 4(b), the positive cationic
groups of the SLI molecules are closely adsorbed
on the negatively charged capillary walls and form
an additional fixed layer under the electrostatic
effect between the charges. The carboxylic acid
anion groups remained in the solution and did not
move with the movement of the solution. This
condition doubled the negative charge on the
capillary wall, resulting in the enhanced EOF [47].

Upon combining Table 2 with Fig. 3, it can be
seen that when the surfactant concentration increased
from 0.2 to 0.3 mM, although the surface tension
and contact angle continued to decrease, the EOF
velocity did not change significantly. This result
indicates that the penetration of the lubricating fluid
in the capillaries was mainly controlled by the EOF
instead of electrowetting at such a low concentration
of surfactant.

3.2 Tribological properties

3.2.1 Tribological behaviors under different

concentrations

Figure 5 presents the variations in COF and WSD
as a function of concentration when the lubricants
containing CTAB and SLI are used. The performance
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Table 2 Values of the contact angles and surface tensions
for the three Different types of lubricants at various
concentrations. The results achieved by DI water were used
for comparison.

Surface tension Contact angle

Lubricant

y (mN-m™) 0(°)
0 mM DI water 72.0 79.5
CTAB 60.9 77.7
0.05 mM
SLI 61.7 77.3
CTAB 58.3 75.6
0.1 mM
SLI 60.1 76.1
CTAB 57.1 74.1
0.2 mM
SLI 58.2 74.3
CTAB 54.9 72.1
0.3 mM
SLI 55.9 71.5
2 T T T T
(a) B CTAB (800 V/cm-0.9 mm)
X CTAB (800 V/cm-0.5 mm)
1+ é CTAB 400 V/cm-0.9 mm) |
™ CTAB 400 V/cm-0.5 mm)
I
Or i

EOF velocity x 10 (uL/ms)
[\8}

BY-Ei
DA
EaD+-ZH
ED-®HRH

@ SLI (800 V/cm-0.9 mm)
& SLI (800 V/cm-0.5 mm)

SLI (400 V/cm-0.9 mm)
@® SLI (400 V/cm-0.5 mm)

-1 ! | . |
0.0 0.1 0.2 0.3

Concentration (mM)

Fig. 3 Effect of electroosmotic additive type and
concentration, capillary diameter, and electric field strength
on EOF velocity. The values consistent with the direction of
the electric field line are positive, and the test time is 30
minutes. The types of electroosmotic additives are (a) CTAB
and (b) SLI.

achieved using DI water is also shown in Fig. 5 for
comparison. The COFs and WSDs increased with
increasing concentration of CTAB, and the highest
friction increase was obtained when the concentration
of CTAB reached 0.2 mM. The COF and WSD were

25.5% and 10.4% higher compared with those of DI
water (0.289 in COF and 0.692 mm in WSD),
respectively. This could be because CTAB might
suppress the penetration of lubricants into the
friction interface due to the changed EDL structure
on the inner walls of the capillary, reducing the
amount of lubricants participating in the anti-friction
and anti-wear processes and consequently increasing
the COF and WSD.

As illustrated in Fig. 5, the COFs and WSDs sharply
decrease and then remain stable with increasing
concentrations of SLI. When the concentration of
SLI reached 0.1 mM, the best performance was
recorded, in which the COF and WSD were 22.7%
and 10.7% lower than those of DI water, respectively.
These results suggest that the addition of SLI
promotes the EOF toward the deeper friction
interface, leading to more lubricants entering into
the capillaries of the friction interface to participate in
the anti-wear process, resulting in the reduction of
the COF and WSD. However, when the concentration
of electroosmotic additives continued to increase,
the COFs and WSDs basically remain unchanged.
This should be due to the saturation of the adsorption
of CTAB and SLI molecules on the inner wall of
the capillary [48].

Figure 6 displays the SEM images and EDS
spectra of the worn surfaces of the friction balls
under different lubrication conditions. In Fig. 6(a),
a large number of deep furrows are clearly shown
on the worn surface employing the CTAB lubricant,
indicating severe abrasive wear. However, the
furrows produced by the SLI lubricant were
shallower, as presented in Fig. 6(c), suggesting a
better anti-wear capacity. The EDS spectra detected
within the dashed boxed areas on the worn surfaces
show that the contents of Br on the worn surfaces
are 0 wt%, and those of the Na element are 0.01-0.09
wt%. CTAB contains Br while SLI contains Na,
suggesting that only very small amounts of the
additives were involved in the lubrication process
during the trials. In addition, the maximum mass
fractions of CTAB and SLI in the electroosmotic
suppressant lubricant and electroosmotic promoter
lubricant are only 0.0109 wt% and 0.0112 wt%,
respectively. Therefore, the lubricating performances

www.Springer.com/journal/40544 | Friction
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Fig. 4 Regulation mechanism of different electroosmotic additive molecules on EOF: (a) CTAB and (b) SLI.

of the electroosmotic additives themselves had little

effect on the anti-friction and anti-wear performance

of the Ilubricants.

The improvement

in the

tribological performance of the lubricant may be

mainly due to the amount of lubricant penetrating

into the steel-on-steel sliding interface. In addition,

the content of O on the worn surface using the SLI

lubricant is higher than that of the other two cases,

indicating that more oxygen is supplied to

participate in the anti-wear process and form an

oxide film on the worn surface. Additional details

UANERSIHY Pazss

are discussed in Section 3.3.

3.2.2  Tribological behavior under different rotational
speeds

Figure 7 shows the WSD and COF as a function of
rotational speed under the lubrication conditions
of the electroosmotic suppressant and electroosmotic
promoter; the results recorded under DI water are
used for comparison. The COFs decreased rapidly,
whereas the WSDs showed an opposite trend with
increasing rotational speed. Huang et al. [49] found
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Fig. 5 Effect of electroosmotic additive concentration on (a) ’§ 12 Fe o) 0.58
COFs and (b) WSDs for four-ball tests at 800 rpm and 98 N. § ] Br  0.00
The results obtained using DI water are used for comparison. ; 24 ] Na 0.09
S Cr 1.46
that the variations in the COF and wear rate of friction Z 6 Fe 9715
: " 2 N 051
pairs were closely related to the contact condition g Ssi 02
of the friction pairs with varying sliding speed 2 81 0.01
when they compared the anti-wear performance a 0-
2 4 6 8 10

under minimum quantity lubrication (MQL) and
electrostatic minimum quantity lubrication (EMQL)
conditions at different test speeds. As indicated in
Fig. 7, the COFs and WSDs lubricated by the SLI
lubricant are comparatively lower than those
lubricated by the CTAB lubricant at all rotational
speeds. Compared with DI water (0.289), the use
of SLI and CTAB lubricants could achieve a 22.5%
reduction but a 25.5% increment in COF, respectively,
when the rotational speed was 800 rpm. This may
be mainly because the increase in rotating speed
could result in severer contact, which increases the
axial electric field strength at both ends of the
capillary at the friction interface. The addition of
SLI can promote more water and oxygen molecules
penetrating the friction interface, which promote
the formation of an oxide film, thus enhancing the
tribological performance. However, the addition of
CTAB suppresses the penetration of water into

Energy (keV)

Fig. 6 SEM images of the worn surfaces lubricated with (a)
CTAB, (b) DI water, and (c) SLI, and EDS spectra detected at
the dashed boxed areas on the worn surfaces of the SEM
images at 0.2 mM electroosmotic additive concentration, 800
rpm, and 98 N.

the friction interface, leading to a worse tribological
performance.

3.2.3 Tribological behaviors under different applied
loads

Figure 8 depicts the COF and WSD as a function of
the applied load under different lubrication conditions
using the results recorded under DI water as
comparison. The COFs and WSDs of the SLI
lubricant are lower than those of the CTAB lubricant
under different loads. The capability of SLI in
promoting the lubricant into the capillaries of the
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Fig. 7 Effect of rotational speed on (a) COFs and (b) WSDs
for four-ball tests at 0.2 mM electroosmotic additive
concentration and 98 N.

friction interface is remarkable based on the reduced
COFs and WSDs in comparison with CTAB. As can
be seen from Fig. 8, the COF initially decreases
and then increases with increasing applied load
for both SLI lubricant and DI water cases. It is
possible that the increase in the applied load leads
to an increase in wear surface roughness, leading
to the increase in the diameter of the capillaries on
the worn surface, resulting in a lower EOF [40]. As
explained earlier, the axial electric fields at both
ends of the capillary were enhanced by the production
of a strong plasma in the friction zone when the
applied load increased. A stronger electric field
accelerates the EOF of lubricants and promotes
lubricant penetration into the contact interface.
Moreover, it can bring more oxygen molecules into
the contact area to form an anti-wear layer, thus
achieving a better tribological performance [16].
However, when the load is further increased, the
excessive pressure between the friction pairs may
cause the anti-wear layer formed on the worn surface
to peel off quickly [50], increasing the wear of the
friction pairs, as reflected by the larger values of COF.
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Fig. 8 Effect of applied load on (a) COFs and (b) WSDs for
four-ball tests at 0.2 mM electroosmotic additive concentration
and 800 rpm.

3.2.4 Surface topography

Figure 9 compares the overall characteristics of the
SEM and optical micrographs of the worn surfaces
under all conditions. It is evident from Figs. 9(a, c,
e) that the quality of the worn surfaces using the
SLI lubricant was better than those using the DI
water and CTAB lubricants, which is consistent
with the relevant friction and wear behaviors. A
possible explanation for this result may be that
more lubricant penetrated the interface of the friction
pair and formed an oxide layer on the worn surface.
The oxide layer could effectively protected the
worn surface of the friction pairs and minimize
scratches, leading to a better surface quality.
Regarding the experimental evidence on the SEM
micrographs shown in Figs. 9(b, d, f), typical
characteristics of irregular lamellar wear debris
are clearly obtained on the surfaces in all cases.
Moreover, even flake shedding occurred under the
DI water and CTAB lubrication conditions, which
demonstrated that adhesion and plastic deformation
took place [51]. In addition, there are plowing
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Fig. 9 Optical and SEM micrographs of the worn surfaces
lubricated with (a, b) CTAB lubricant, (¢, d) DI water, and (e,
f) SLI lubricant at 0.2 mM concentration, 800 rpm, and 98 N.

grooves with different degrees on the worn surfaces
under all lubrication conditions. Therefore, it
appears that the wear mechanism for all lubricants
is generally dominated by the combination of
adhesive wear, abrasive wear, and plastic deformation.

3.3 XPS analysis of worn surfaces

To investigate the effect of the electroosmotic
additives on the penetrability of the lubricating
fluid at the friction interface, the worn disk surfaces
were analyzed by XPS. Figure 10 provides the O 1s
and Fe 2p XPS spectra on the raw AISI 52100 steel
and worn surfaces lubricated by the CTAB, SLI,
XPSPEAK 41 was
employed to fit the spectral elements, and Table 3

and DI water lubricants.
lists the relative areas of FeO, Fe203 and Fes3O4, and
FeOOH on the AISI 52100 steel and worn surfaces.

For the AISI 52100 steel surface, the peaks in the
O 1s spectra illustrated in Fig. 10(a) are related to
the absorbed Fe-O bonds. The 710.7 and 725.1 eV
binding energies, probed in the Fe 2p spectrum

presented in Fig. 10(b), are attributed to Fe 2psp
and Fe 2pi2 for Fe:Os and FesOs, but the 706.8 eV
binding energy may be assigned to Fe 2ps2 for Fe
[37]. Furthermore, the peak at ~719.7 should be
ascribed to the satellite peak of Fe 2ps: for Fe20s
and FesOu4 [52].

For the DI water lubrication condition, new
peaks are detected in the Fe 2p spectra, as shown
in Fig. 10(b). The ~712.7 eV binding energy is
attributed to the Fe 2ps2 for FeOOH, indicating
that there is a chemical reaction between DI water
and Fe at the friction interface [53]. In addition, the
peaks at 709.9 and 724.1 eV are attributed to the
Fe 2ps2 and Fe 2p12 for FeO [36]. According to
the observations above, we can infer that an oxide
layer is formed on the contact interface with DI
water lubrication.

For the CTAB lubricant, the respective peaks at
531.2 eV and ~712.7 eV correspond to the FeOOH
also existing on the O 1s and Fe 2p spectra. Compared
with that by DI water, the peaks assigned to the Fe
2ps2 and Fe 2pis2 for FeO obviously weakened, and
the relative areas of FeOOH in addition to Fe20s
and FesOs detected on the worn surface produced
with the CTAB lubricant are lower than those of DI
water (see Table 3). This indicates that only a
preliminary chemical reaction took place on the
worn surface and the oxide film formed on the
worn surface was thin. This is because the CTAB
molecules formed a second adsorption layer on the
capillary wall under the action of the electrostatic
force between charges, reducing the EOF and
causing less lubricating fluid to participate in the
anti-wear process.

For the SLI lubricant, the types of peaks detected
on the worn surface are the same as those of DI
water. However, the relative areas of FeOOH and
Fe203&FesOs4 detected on the worn surface produced
by the SLI lubricant are higher than those of DI
water (see Table 3). This demonstrated that the
penetrating capacity of the lubricants into the
contact interface was improved when the electroosmotic
promoter was employed, and more oxygen was
supplied to produce an oxide film on the worn
surface [9]. The existence of a higher oxygen content
on the worn disc surface caused the Fe® and Fe?* to
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Fig. 10 XPS spectra of (a) O 1s and (b) Fe 2p on the AISI
52100 steel surface and the worn surfaces lubricated with
CTAB, DI water, and SLI lubricants.

transform into Fe3* [52].

Based on the above findings, a penetration model
of the friction region under different lubricants
is illustrated in Fig. 11. The penetration property
of DI water into the capillaries of the friction
interfaces differed under the addition of different
electroosmotic additives, leading to a different
thickness oxide film generated on the friction
interfaces, which consisted of Fe:0s&FesOs and
FeOOH. The contact on the friction interface was
changed from steel on steel to film on film owing to

~~
(e)
N

SLI

\@ﬂ

I — Friction pairs
| — Original friction film
- —_— FeZO3 and Fe304

I — FeOOH

Fig. 11 Schematic of the lubricating layer under (a) DI
water, (b) CTAB, and (c) SLI lubrication conditions.

the oxide film formed on the friction interfaces [54].
As shown in Fig. 11, the addition of SLI promoted
the penetration of DI water into the capillary, which
accelerated the formation of an oxide film on the
contact interface, leading to the enhanced tribological
performance of the steel-on-steel friction interface.

4 Conclusions

In this study, the EOF velocities of pure DI water,
DI water with CTAB, and DI water with SLI in
steel capillaries with different inner diameters
were verified by measurements under different
electric fields. The lubrication properties of these
three types of lubricants were investigated by
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four-ball experiments of a steel-on-steel sliding
interfaces. The results showed that the tribological
performance of these lubricants were related to
their EOF velocities. Furthermore, the lubrication
mechanism of DI water as the base lubricant
added with an electroosmotic suppressant (CTAB)
and an electroosmosis promoter (SLI) was also
revealed. The conclusions obtained are as follows:

1) The penetration property of DI water in the
capillaries can be modified by adding electroosmotic
additives. In addition, the EOF velocity is directly
proportional to the electric field intensity and
inversely proportional to the inner diameter of the
capillary.

2) Owing to the existence of one cationic group
containing nitrogen and two carboxylic acid anion
groups in one SLI molecule, the wall charges of the
capillary doubled, resulting in a stronger EOF
directed to the deeper contact region. With the
increase in CTAB, the polarity of the wall charges
was reversed (from "negative" to "positive") because
of the adsorption of the quaternary ammonium
cationic group in the CTAB on the negatively
charged capillary wall; thus, the direction of EOF
was finally reversed. In general, compared with
pure DI water, the SLI lubricant can reduce the COF
and WSD, whereas the CTAB lubricant exhibits an
opposite behavior.

3) The rotational speed and applied load have great
influences on the friction and wear performances
because changes in the rotational speed and applied
load can affect both the intensity of electron
emission and inner diameter of the capillaries on
the friction interface. The most significant difference
in lubrication performance with different lubricants
was observed when the rotating speed was 800
rpm and the applied load was 98 N.

4) The addition of SLI can promote lubricant
penetration into the capillaries of the contact zone
and is beneficial to form a thicker oxide layer on
the friction interface. The friction contact is
transformed from the original steel to steel into
film to film, which reduces the COFs and WSDs.

In the next research, we plan to investigate the
characteristics of EDLs and electron emission
capacities of different friction interfaces in lubricants

to establish a capillary electroosmosis kinetic model
of lubricants at friction interfaces.
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