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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
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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 uL/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 " 12 10 8 6 4 2 &
. NSNS SN N
Chemical molecular formula 5B o0y 1 5 3 1 b

(CTAB)

Electroosmotic promoter
373.44

Powder

O Na*
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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/ecm 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

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 pum. 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

Fig. 1 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

friction pair

\
\ \
\

energy dispersive X-ray spectroscopy (EDS) (EVO1S,
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

(b

98 N, 800 rpm

98 N, 600 rpm

Lubricant

Fig. 2 (a) Schematic of the four-ball test. (b) Capillaries at the friction interface. (¢) 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* uL/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~* puL/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

Friction

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 ¥ (mN-m™) o)
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)

BY-Ei
DA
EaD+-ZH
ED-®HRH

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

@ 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 L L L
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) SLL

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

http:/friction.tsinghuajournals.com | 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 The in the
tribological performance of the lubricant may be

lubricants. improvement
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

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)
COFs and (b) WSDs for four-ball tests at 800 rpm and 98 N.
The results obtained using DI water are used for comparison.

that the variations in the COF and wear rate of friction
pairs were closely related to the contact condition
of the friction pairs with varying sliding speed
when they compared the anti-wear performance
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

9
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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

http:/friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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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

Friction
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Fig. 8 Effect of applied load on (a) COFs and (b) WSDs for

0.2 mM
concentration and 800 rpm.

four-ball tests at electroosmotic  additive

of COF.
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
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Fig. 9 Optical and SEM micrographs of the worn surfaces
lubricated with (a, b) CTAB lubricant, (c, d) DI water, and (e,
f) SLI lubricant at 0.2 mM concentration, 800 rpm, and 98 N.

took place [51]. In addition, there are plowing
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 FesO4, 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 2pi12 for Fe20s and FesOs, but the 706.8 eV
binding energy may be assigned to Fe 2ps» for Fe
[37]. Furthermore, the peak at ~719.7 should be
ascribed to the satellite peak of Fe 2ps2 for Fe2Os
and FesOs [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 2ps» 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 2pi2 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 2p1y2 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
Fe:03&Fes0s4 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

http:/friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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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 Fe* [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 Fe20s3&FesOs and
FeOOH. The contact on the friction interface was
changed from steel on steel to film on film owing

—~
(]
~

|

SLI

|“ﬂ

I — Friction pairs

| — Original friction film
I — Fe:0; and Fe;04
I — FeOOH

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

to 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
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three types of lubricants were investigated by
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

13

capacities of different friction interfaces in lubricants
to establish a capillary electroosmosis kinetic model
of lubricants at friction interfaces.
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ARTICLE INFO ABSTRACT

Associate Editor: Dr Jian Cao Conventional microcapillary lubrication theories explain lubricant penetration into capillaries at the tool-chip
interface under the action of atmospheric pressure and capillary force without considering the electrokinetic
effect caused by triboelectrification. In this study, the effect of electroosmosis on the penetration of water-based
cutting fluid at the tool-chip interface of a turning process was investigated for the first time. An ionic adsorption
model was proposed to adjust the zeta potential of different tool and workpiece materials in fluids, and a self-
excited electric field at the tool-chip interface was obtained using an exoelectron emission test. The electroos-
motic force related to the zeta potential and electric field intensity can regulate electrically driven fluid pene-
tration. Cutting tests with a fixed self-excited electric field indicated that the cutting force obtained using a
higher zeta potential fluid was lower than that obtained using deionized water and reversed zeta potential fluids
(e.g. significant declines of 31.1 % and 44.3 % in AISI 304 turning). Moreover, scanning electron microscopy and
energy dispersive X-ray spectroscopy analyses on the worn tool edges produced using the above fluids indicated a
transfer from adhesive wear to micro breakage, which explains the positive correlation between penetration and
zeta potential, owing to an elevated electroosmosis effect. The results presented in this paper are significant for
understanding the influence of the electroosmosis effect on lubricant penetration to perfect the microcapillary
lubrication theory and provide a reference for formulating metal working fluids.
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1. Introduction

During machinery operations, cutting fluids are applied to reduce
friction at the tool-workpiece interface, ensure the surface quality of the
machined workpiece, and prolong the tool life (Huang et al., 2021). To
reduce friction and heat, fluids are applied in the contact zone between
the processed material and tool (Li et al., 2017). During the grinding of a
nickel-based alloy lubricated with different cutting fluids, Guo et al.
(2017) observed that physicochemical properties of the lubricating fluid
that penetrated the machining contact zone demonstrated a decisive
influence on its lubrication performance. Gao et al. (2021) developed a
material removal mechanism model of a carbon fibre-reinforced poly-
mer (CFRP) using a single grain in the grinding process; they observed
that the good penetration and spreading effect of the lubricating fluid on
the grain-fibre contact surface could effectively reduce the machining
force and friction coefficient and significantly improve the machin-
ability of CFRPs. Cui et al. (2021) and Liu et al. (2021) outlined the

machinability of difficult-to-cut aerospace materials using minimum
quantity lubrication (MQL) and cryogenic minimum quantity lubrica-
tion (CMQL) techniques, and found that the improvement of the pene-
trability of the cutting fluid in the machining contact zone could
significantly reduce the cutting force and improve the tool life and the
surface quality of the workpiece. Wang et al. (2020) demonstrated that
using an ultrasonic vibration-assisted technology could improve the
penetration of fluids into the tool-chip and workpiece interfaces,
resulting in a satisfactory machining performance. Godlevski et al.
(1997) established four penetration models of cutting fluids and
demonstrated that the fluid action operated primarily through lubricant
penetration at the tool-chip boundary through a dynamic network of
interface capillaries under the influence of atmospheric pressure and
capillary forces. Gerth et al. (2014) established a cutting zone contact
model to study the contact formed between the tool and chip. They
observed that the fluid could reduce the adhesive bond distance between
the tool and chip surface in the secondary shear zone to decrease the
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shear force. Thimm et al. (2021) proposed a newly developed experi-
mental test setup based on optical measurements to determine the chip
speed and maximum shear strain rate of AISI 1045 steel. The results
indicated that fissures in the chips serve as alternative penetration ac-
cess points for fluids, through which energy dissipation is elevated in the
primary shear zone. In addition to the capillary lubrication theory
mentioned above, Podgaetsky (2018) stated that the Rehbinder effect
facilitates the separation of the workpiece material through the inter-
action of additives and microcracks; Yamada et al. (2021) claimed that
the Marangoni effect creates a capillary force and drives the fluid away
from the highest temperature zones, resulting in anti-penetration. While
these detailed mechanisms of fluid penetration during machining op-
erations address pressure-driven and surface-tension-driven effects, the
authors propose a novel electrokinetic penetration effect caused by the
triboelectrification phenomenon in the cutting process to perfect the
capillary lubrication theory.

For the cutting process, Govindaraj and Subbiah (2019) conducted a
comprehensive study on the electrical properties of materials. The re-
sults indicated that the workpiece undergoes shear and fracture-based
failures in its primary shear zone and suffers high-contact-stress tribo-
logical interactions in its primary and secondary friction zones between
the tool, chip, and machined surface, resulting in triboelectrification and
charged particle emission. Wang et al. (2020) studied the electrification
and charge transfer between polymers and metals. They observed that
the degree of triboelectrification is affected by the difference in the work
function of the tool and processing material, material transfer, or ma-
terial defects (e.g. vacancies, microcracks, etc.). Olufayo and Kadernani
(2014) summarized previous experimental studies and concluded that
the triboelectrification potential generated by friction is related to the
resistivity of the material, and this potential could be detected up to 1 kV
by turning polymer materials with a diamond tool. Chang et al. (2007)
studied the triboelectrification between metals, and the results indicated
that the triboelectrification potential of the iron (disc)—carbon steel (pin)
is tens of microvolts, and the charge polarity of the pin changes from
random to negative polarity with an increase in the carbon content.
Nakayama and Yagasaki (2019) performed an experiment and
concluded that the triboelectrification potential can produce a strong
radial electric field in the slit of the contact pair, and the excitation of
frictional exoelectrons via an electron avalanche ultimately generates
triboplasma. Molina et al. (2001) and Nakayama and Fujimoto (2004)
conducted electron detection tests. The intensity of the triboemission
electron is frequently measured using a channel electron multiplier
under vacuum or special atmospheric conditions, and the emission in-
tensity of the material follows the given order: insulator > semi-
conductor > conductor. Nakayama (1994) scratched various solids with
a diamond stylus under boundary lubrication conditions and observed
that the insulating materials cannot easily capture escaping charged
particles; thus, the detected charged particles are stronger than those of
metals. Additionally, the results indicated that the negatively charged
particles are detected more intensely than positively charged particles.
For complex environments, Scudiero et al. (1998) proposed a new
charged-particle-detection method and demonstrated that a Faraday ion
collector can be adopted to capture specific charged particles by
providing an external bias voltage. Under atmospheric conditions,
Govindaraj and Subbiah (2019) measured the intensity of charged
particles using a Faraday collector at a bias voltage of + 100 V during
the machining of three different workpieces (mild steel, copper, and
stainless steel) using a carbide cutting tool. The results demonstrated
that the mechanical and electrical properties of workpieces are directly
proportional to the intensity of charged particle emissions. However,
limited attention has been directed towards the self-excited axial electric
field generated by charged particle emission at the tool-chip or
tool-workpiece contact zone. Matta et al. (2009) conducted sliding tests
in a hydrogen-containing test chamber and analysed the chemistry of
sliding contact surfaces. They observed that the emission of charged
particles may have an important role in reducing friction and wear by
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forming surface films. Furthermore, the author’s previous four-ball
friction experiments have demonstrated that lubricants with different
electroosmotic properties can influence the formation of tribofilms on
wear surfaces (Xu et al., 2020). Therefore, it is crucial to understand the
influence of self-excitation electrical properties of the contact zone on
lubricant electroosmosis and further explore the effect of the difference
in self-excitation electrical properties in the processing area on the
lubricant penetration mechanism.

Electroosmosis is an electrokinetic effect on a liquid in a micro-
capillary, which is produced by the action of the electric field on
diffusion layer ions in the electric double layer (EDL) at the solid-liquid
interface (Van et al., 2005). Harvey et al. (2002) established a solid-
-liquid interface model and concluded that the EDL is generated by the
dissociation of surface groups or ion adsorption when the liquid contacts
the material surface. He et al. (2012) and Ren (2018) have demonstrated
that the resulting electroosmotic flow (EOF) causes the liquid to move in
a defined direction relative to the stationary capillary wall, which is
often employed in operations such as liquid chromatographic separa-
tions and electrokinetic micropumps. Wang et al. (2007) stated that the
potential at the shear plane between the charged surface and liquid
moving with respect to each other represents the zeta potential, which
reflects the potential of electrostatic interactions and the expected
capillary EOF through its polarity and amplitude. According to Huisman
et al. (2000) and Sze et al. (2003), several methods, such as the elec-
troviscous, electroosmosis, and streaming potential methods, can be
used to measure the zeta potential at the solid-liquid interface. Gallardo
et al. (2012) claimed that the streaming potential method has a wide
range of applications, and it can determine the amplitude and polarity of
the zeta potential simultaneously and can consider the inverse property
of EOF. Mockel et al. (1998) measured the zeta potentials on ultrafilter
membrane surfaces fabricated from unmodified polysulfone and six
carboxylated polysulfones in 1 mM (mmol/L) KCl using the tangential
streaming potential method. They observed that the surface properties
have a significant influence on the zeta potential, and the potentials on
different membrane surfaces varied from — 20 to — 50 mV. However, to
date, only a few studies have focused on the zeta potential measurement
of cutting tools (such as cemented carbide) and workpiece materials in
low-concentration surfactant solutions. According to the principle of
zeta potential measurement, when using the streaming potential
method, the differences in the combination of materials and liquids can
significantly affect the measurement of the zeta potential. When a higher
surface charge material or lower concentration solution is employed, the
contribution of the surface conductance of the material cannot be
neglected (the reverse conductive current can be conducted through the
surface of the material); otherwise, the zeta potential is underestimated.
Fievet et al. (2003) claimed that the Helmholtz—-Smoluchowski (H-S)
equation should be selected for the calculation of the zeta potential, and
Chang (1955) stated that the diffusion coefficient of the diluted solution
can be calculated using the Wilke equation.

EOF can be directly affected by the axial electric field and zeta po-
tential. Mockel et al. (1998) discussed that changing the pH value of the
solution can adjust the polarity and magnitude of the zeta potential by
dissociating the surface groups, and finally, the EOF is regulated.
Moreover, the addition of a specific surfactant can affect the magnitude
and direction of EOF. For instance, Macdonald et al. (2005) stated that
zwitterionic surfactants (such as 3-[(3-chol-
eamidopropyl)-dimethylamino] —1-propanesulfonate [CHAPS], sodium
lauriminodipropionate [SLI], etc.) can increase EOF without changing
its direction, whereas Tavares et al. (1997) claimed that the addition of
cationic surfactants (such as tetradecyltrimethylammonium bromide
[TTAB], cetyltrimethylammonium bromide [CTAB], etc.) can change
the direction of EOF at a very low concentration (0.05 mM). Further-
more, Movahed et al. (2012) commented that the surfactant may have
an underlying influence on the adjustment of EOF by forming an
adsorption layer at the solid-liquid interface and changing the EDL
structure owing to its special molecular structure. Feng et al. (2021)
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studied the lubrication properties of deionized (DI) water, an electro-
osmotic promoter lubricant (SLI lubricant), and an electroosmotic sup-
pressant lubricant (CTAB lubricant) at a steel-steel interface through
four-ball wear tests. The research results indicated that the friction co-
efficient and wear scar diameter could be reduced by using the SLI
lubricant, whereas the CTAB lubricant produced opposite test results.
This phenomenon may be attributed to the role played by the electro-
osmosis of the lubricant in the gap of the friction contact zone in regu-
lating its lubrication effect. However, only one type of steel-steel contact
pair has been applied in experiments, and the friction between the tool
and chip/workpiece contact pairs is similar to that in friction contact
pairs, and there exist other apparent electrical phenomena. Therefore, it
is necessary to further explore the electroosmosis effect of the cutting
fluid during cutting using different tool-workpiece combinations. The
electroosmosis performance of the cutting fluid may provide a signifi-
cant understanding of the regulation mechanism of the electroosmosis
effect. Thus, it would create a fundamental evolution of the penetration
of the lubricant in the processing area and, eventually, increase the ef-
ficiency of lubricants in different processing methods.

1.1. Problem identification

This study attempts to investigate the capillary electroosmosis effect
on water-based cutting fluids in the turning process. The performance of
the electrical-driven fluid penetration of the tool-chip contact zone slit
(Fig. 1[a, b]) primarily depends on the EDL characteristics of the tool
and chip material surfaces and the axial self-excited electric field in the
interstitial spaces. The zeta potential at the EDL reflects the net charge
density of the diffusion layer; the electric field force applied to the net
charges in the diffusion layer is produced by the space axial self-excited
electric field, which results from the exoelectrons generated by the
tool-chip friction. Therefore, the zeta potential at the solid-liquid
interface and the intensity of the self-excited electric field are the main
factors affecting EOF (Fig. 1(c)).

To evaluate the electroosmosis ability, we used two types of cutting
fluids added with an electroosmotic promoter or suppressant to study
the formation mechanism of the zeta potential at the tool-chip interface
by detecting the streaming potential of tool and workpiece surfaces. In
the cutting test, the charged particles escaping from the flank-machined
surface interstitial spaces were detected by combining a Faraday
collection plate with a bias electrode plate, which could both avoid the
interference of chips during detection and selectively collect the specific
particles. The self-excited electric field intensity in the contact zone was
calculated using the emission intensity of the charged particles. Finally,
the effects of cutting fluids with different electroosmosis capabilities on
cutting force, surface roughness, and tool wear were analysed in the
cutting experiments, and the mechanism and control means of electro-
osmosis were explored.

(b)

Capil!ary
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2. Experimental details

2.1. Streaming potential testing and zeta potential details in various
cutting fluids

The EDL is formed when surface charges on the tool-chip capillary
wall attract anti-ions in the cutting fluid. Under the direct current
electric field, EOF is generated by the fluid in the diffusion layer. The
EOF velocity can be directly affected by the zeta potential. According to
Slepicka et al. (2010), the zeta potentials of tools and workpiece mate-
rials in the cutting fluids used in this study are generally not easily
measurable using commercial instruments, but they can be calculated by
measuring their streaming potential.

Commercial cutting fluid frequently contains many ionic composi-
tions. To reduce the influence of different ions on the electroosmosis
effect as much as possible, we selected DI water as the basic cutting fluid
in this study. An electroosmotic promoter cutting fluid (SLI cutting fluid)
and electroosmotic suppressant cutting fluid (CTAB cutting fluid) were
prepared by adding a zwitterionic surfactant (SLI) and cationic surfac-
tant (CTAB), respectively, to DI water. Both surfactants were purchased
from Shanghai Macklin Biochemical Co., Ltd., China. The concentrations
of the additives were 0.05, 0.1, 0.2, and 0.3 mM. Subsequently, the
cutting fluids were ultrasonically treated in a water bath for 30 min to
ensure that the additives dissolved completely.

The streaming potential represents an electrokinetic phenomenon at
the solid-liquid interface under the action of hydrodynamic forces and
can be obtained by changing the fluid pressure and recording the voltage
change at both ends of the channel (Drechsler et al., 2020). The
streaming potential measurement system is shown in Fig. 2(a). The
pressure difference at both ends of the narrow channel in the testing cell
(6) was controlled using the pressure regulator (2) and visualized using
the pressure gauge (3). Platinum electrodes (5) were immersed in the
liquid near both ends of the channel. The streaming potential data was
recorded by the electrometer (4; Keithley, 6517B). The range of the
pressure difference between both ends of the slit channel was
0-0.08 MPa, which was adjusted by 0.01 MPa each time and maintained
for 3 min. Each test was executed three times at room temperature
(25 °C), and the average value was calculated.

For consistency in the workpiece and tool materials in cutting, AISI
304 stainless steel, AISI 1015 mild steel, YG6 cemented carbide steel,
polyethylene (PE), and acrylonitrile butadiene styrene (ABS) plates were
selected to build slit channels. Schematic diagrams of the tangential
streaming potential measuring principle and slit channel structure are
shown in Fig. 2(b) and (c), respectively. Two measuring sheets were
separated to form the channel using PTFE separators. The length () of
the channel was 160 mm, the width (w) was 10 mm, and the height (H)
was 0.3 mm.

Diffusion

Fig. 1. (a) Location of the cutting zone; (b) penetration of cutting fluid in the cutting zone capillary; (c) schematic diagram of cutting fluid electroosmosis in a

capillary under a self-excited axial electric field.
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Fig. 2. (a) Streaming potential measurement system: (1) diaphragm pump, (2) pressure regulator, (3) pressure gauge, (4) 6517B electrometer, (5) platinum elec-
trode, (6) testing cell, (7) pressure regulator, (8) constant pressure valve, (9) liquid inlet pipe, (10) liquid outlet pipe A, (11) liquid outlet pipe B, (12) liquid storage
tank; (b) schematic diagram of tangential streaming potential measuring principle; (c) slit channel structure.
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2.2. Testing details for triboelectrification electrostatic potential and
charged particle emission intensity for various cutting parameters and
materials

The triboelectrification electrostatic potential and radial electric
field are caused by an equal number of different charges on the two
contact surfaces owing to the intense friction between the tool and chip/
workpiece in the cutting area. The axial electric field for the EOF of the
cutting fluid in the cutting zone is generated by the emitted charged
particles (including electrons and negatively and positively charged
particles) caused by an electron avalanche. A schematic diagram of the
triboelectrification electrostatic potential and charged particle emission
in the cutting area gap is shown in Fig. 3(c).

The potential of the chip can be approximately replaced by that of
the newly machined surface because directly measuring the potential of
chips directly is difficult, and the tool experiences a similar friction
process with the chip and machined surface of the workpiece in the
turning test. For the measurement, a vibratory capacitance electrometer
(EST102, Beijing Hua Jinghui Technology Ltd., China) probe was placed
20 mm below the newly machined surface (Fig. 3(a)).

The intensity of the charged particle emission in the tool-chip con-
tact zone was approximately replaced by that of the tool flank-newly
machined surface gap because of the contact between the curly chips
and the tool rake face. The emission intensity of these escaping charged
particles determined the magnitude and direction of the axial electric
field at the cutting zone capillary. As shown in Fig. 3(d), a Faraday
collecting plate fabricated from a silver sheet was set on the tool flank
face, and a bias electric field plate was set at 20 mm away from the
collecting plate to ensure that the Faraday collecting plate could capture
specific charged particles. When a negative bias electric field (Fig. 3(e))
was applied, the escaping negatively charged particles were captured by
the collector, and the intensity of the particle flow was detected by an
electrometer (Keithley, 6517B). Similarly, the intensity of the positively
charged particle flow can be obtained by applying a positive bias electric
field. The voltage of the bias electric field was provided by a high voltage
electrostatic generator (EST802A, Beijing Hua Jinghui Technology Ltd.,
China), and the intensity was set to + 700 V/cm.

Detections of triboelectrification potentials and charged particle
emission intensities were performed on a CAK6150D precision lathe
(Fig. 3(b)). To prevent wrapping of the chip around the tool, we divided
the workpiece into a stepped shaft with the same diameter and set the
segment to 5 mm to limit the machining length of each experiment. An
insulating baffle plate was set on the rake face to avoid interference
between chips and the charged particle collector (Fig. 3(b)). The
workpieces used were AISI 1015, AISI 304, PE, and ABS with a diameter
of 60 mm. The cutting tools employed in these investigations were PVD-
TiAIN-coated cemented carbide cutting tools (CCMT09T304N-SU,
Sumitomo Electric, Japan), and the rake angle was 8°. The cutting speed
was 44.6, 63.1, and 89.4 m/min; the depth of the cut was 0.25, 0.5, and
1 mm; the feed rate was 0.25 mm/r; and the cutting length was 5 mm.
The average value of the measured potential or current in the machining
period was considered as the measurement result. Before testing, the
workpieces were pre-machined with a cut depth of 1 mm to eliminate
any surface irregularities and ensure cutting continuity for all tests. Each
set of tests was executed using a fresh tool edge to retain an identical
experimental context. Each experiment was repeated three times, and
the average value was recorded. All tests were conducted under dry
cutting conditions. The intensity of charged particle emission is not
affected by the cutting fluid during the actual machining because the
emission of charged particles occurs in the initial separation stage be-
tween chip and workpiece.

2.3. Turning testing using cutting fluids with different electroosmotic
properties at varying cutting parameters and materials

The turning experiment was conducted to investigate the influence
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of the electrokinetic effect on the performance of the cutting fluid in the
contact zone capillaries during the cutting process. The workpieces, tool,
and cutting parameters in this test are listed in Section 2.3. The cutting
fluids employed are provided in Section 2.1, and the liquid was supplied
to the cutting zone using a siphon nozzle with an air pressure of 0.2 MPa
and flow rate of 50 ml/min. Each set of tests was conducted using a fresh
workpiece and tool edge to maintain the same experimental context.
Each test was repeated three times, and then the average value was
recorded.

The cutting forces and surface roughness were recorded after the
fourth pass (each cutting length was 125 mm). The cutting forces were
measured using a three-component dynamometer (9129 A, Kistler,
Switzerland). A portable surface roughness tester (SJ-210, Mitutoyo,
Japan) with a sampling length of 0.8 mm was used to measure the
surface roughness of the workpiece at five specific points. A scanning
electron microscopy (SEM) system equipped with an energy dispersive
X-ray spectroscope (EDS; EVO18, Zeiss, Germany) was employed to
identify the predominant type of the tool wear mechanism.

3. Electroosmosis influential parameters: a prerequisite for
understanding the electrokinetic effect of cutting fluid in the
cutting contact zone

To explore the electroosmosis effect of cutting fluid in the cutting
zone under turning conditions, we first studied the formation mecha-
nism and regulation method of the zeta potential and streaming po-
tential of cutting fluid on the surfaces of tool and chip materials.

The temperature in the cutting contact zone of the metal workpiece
can reach several hundred degree Celsius. Although the temperature of
the contact zone is lower than that of the metal during polymer cutting,
it is still higher than that of the channel in the streaming potential
measuring device employed in this study. The investigation conducted
by Godlevski et al. (1997) indicated that the penetration of the cutting
fluid into the cutting zone capillary can be divided into three phases: (a)
penetration in the liquid phase, (b) microdroplet explosion, and (c)
filling of the gas phase. This study focused only on the liquid phase
penetration of the cutting fluid. It is generally accepted that the lubri-
cation performance of the cutting fluid is positively correlated with the
penetration degree of the liquid phase in the cutting zone. Therefore,
this study focused on the streaming and zeta potentials of different
cutting fluids in various workpieces in the liquid phase penetration
stage, which can be used as the basis to explore the influence of elec-
troosmosis on capillary penetration of cutting fluids. Additionally, when
the cutting fluid is in the temperature range of the liquid phase, the
absolute values of streaming and zeta potentials increase with temper-
ature (Li, 2011), which is conducive to the electroosmosis effect of the
cutting fluid.

Furthermore, the formation mechanism of the self-excited axial
electric field in the capillary region of the tool-chip contact zone was
described according to the triboelectrification electrostatic potential and
charged particle emission. Based on these investigations, through the
analysis and calculation of the capillary electroosmotic force in the
tool-chip contact area, an understanding of the regulation mechanism of
electroosmosis was obtained.

3.1. Formation mechanism of the zeta and streaming potentials of cutting
fluid on tool and chip material surfaces

When metal and polymer materials encounter a solution, the solid-
-liquid interface is frequently negatively charged by the selective
adsorption of ions. The excess negative surface charges attract anti-ions
to form the interface EDL (Saboorian and Chen, 2019). When pressure is
applied to one side of the slit channel, the charges in the diffusion layer
accumulate on the other side. At this time, the streaming potential is
generated on both sides of the slit channel (Fig. 4(c)).

The zeta potential of a flat material surface in a diluted solution can
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Fig. 4. (a, b) Streaming and zeta potentials of different cutting fluids in different slit channels. (c-e) Regulation mechanism of different electroosmotic additive

molecules on streaming potential: (d) SLI cutting fluid and (e) CTAB cutting fluid.

be calculated from the detected streaming potential using the H-S
equation (Drechsler et al., 2020).

E, n (AR
L 1
€T AP e ( R )

where E; is the streaming potential, AP is the pressure difference of
single regulation (0.01 MPa), and 7 is the viscosity of the cutting fluid.
The conductivity term is in parentheses, where A" is the conductivity of
high concentration electrolyte solution (such as 100 mM KCl solution),
R" is the resistance when the slit channel is filled with high concentra-
tion electrolyte solution, and R is the resistance when the slit channel is
filled with low-concentration cutting fluid (such as 0.1 mM CTAB cut-
ting fluid). The resistance was measured by connecting the 6517B
electrometer to the electrodes at both ends of the slit channel when this
channel is filled with solution, and the results are shown in Supple-
mentary Table S1.

One molecule of the SLI cutting fluid included a nitrogen-containing
cationic group and two carboxylic acid anionic groups. Under the
electrostatic force, the cationic group was adsorbed on the negatively
charged material surface, and the carboxylic acid anion groups
remained in the solution. The carboxylic acid anion groups adsorbed
more positive ions in the solution to form a new diffusion layer with a
higher concentration of positive ions, increasing the streaming potential
(Fig. 4(c) to (d)). With an increase in the SLI concentration, the
streaming potential initially increased and then stabilized, as shown by
the dotted line in Fig. 4(a). This may be because the effective adsorption
of additive molecules on the material wall tends to be saturated (Teix-
eira et al., 2018). Compared with DI water, the surface streaming po-
tential of 0.2 mM SLI cutting fluid was greater by 85 % (ABS), 92.9 %
(PE), 122.2 % (AISI 304), 198.5 % (AISI 1015), and 42 % (YG6).
Additionally, the absolute values of the streaming potential on the
insulating materials (60-150 mV) were higher than those on the metal
materials (3.8-26 mV), indicating that the insulating material had a
stronger selective capacity to absorb ions in the solution and generated
more surface charges. The resistance decreased when the cutting fluid

with a higher concentration filled the channel, resulting in an increase in
the conductivity term in Eq. (2). Therefore, the absolute values of zeta
potentials continuously increased with the additive concentration, as
shown by the dotted line in Fig. 4(b). The zeta potential of the 0.2 mM
SLI cutting fluid on the five types of material surfaces was greater than
that of DI water by 168.5 % (ABS), 170 % (PE), 419.3 % (AISI 304),
397.5 % (AISI 1015), and 104.3 % (YG6). Furthermore, the addition of
SLI did not change the polarity of the zeta potential but only increased
its absolute value.

The quaternary ammonium cationic groups in the CTAB molecules
were positively charged, and they were firmly adsorbed on the material
surface under the action of an electrostatic force. With the increase in
concentration, CTAB molecules covered the material surface to form a
single-molecule adsorption layer, and additional new molecules formed
a second adsorption layer through hydrophobic interaction. Finally, the
ionic electricity in the diffusion layer changed from positive to negative.
When the concentration reached 0.05 mM, the polarity of the zeta po-
tential changed from negative to positive and increased with the CTAB
concentration (Fig. 4(c)-e)). The streaming and zeta potentials of the
CTAB cutting fluid on different material surfaces were opposite to those
of the SLI cutting fluid. The streaming potentials of insulating materials
initially increased and then tended to stabilize with the increase in the
CTAB concentration, while this trend was not apparent in metal mate-
rials, as shown by the solid line in Fig. 4(a, b). Compared with 0.05 mM,
when the CTAB concentration reached 0.2 mM, the streaming/zeta po-
tential on the five material surfaces increased by 35.4 %,/84.2 % (ABS),
31.7 %/76.9 % (PE), 25 %/76.3 % (AISI 304), 90 %/169.6 % (AISI
1015), and 60.5 %/111.4 % (YG6). Under a stable pressure, the
streaming potential values on the insulator surfaces were relatively
stable, and an apparent ‘step’ phenomenon occurred with the change in
pressure, indicating that the electroosmotic additive molecules had
stronger adsorption on the insulating material surface. For the metal
channels, although the streaming potentials changed with the pressure,
the ‘step’ was not apparent (Supplementary Fig. S1). This might be
attributed to the metal material having a smaller surface charge and
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weak adsorption capacity for surfactant molecules compared with the
insulating material, resulting in the instability of the streaming potential
value under the same pressure.

3.2. Measurement of triboelectrification electrostatic potential and
charged particle emission intensity during cutting

Owing to the violent friction between two friction pairs (tool-chip
and tool-workpiece), a strong self-excited radial electric field is pro-
duced in the tool-chip contact zone capillary, which causes an electron
avalanche and microplasma, and charged particles can escape from the
tool-chip contact zone through the capillary slit.

The triboelectrification electrostatic potential of the material surface
detected in the turning test is the residual potential of the electrostatic
dissipation. The dissipation velocity of the electrostatic potential on the
workpiece surface can be represented by half the decay time t;/, (Peilin,
1992).

fy =712 = 0.697 = 0.69 5™ @
14

Here, y is the material conductivity, ¢n, is the relative dielectric
constant of the workpiece, and ¢y is the vacuum dielectric constant.

Since the conductivities of metals are significantly higher than those
of insulating materials, the half decay times of metals are significantly
smaller than those of insulators (Table 1). The minimum time required
for the workpiece to move from the cutting area to the measuring area
directly above the electrometer probe was approximately 0.03 s. During
the test, most of the surface potentials of metal workpieces dissipated,
resulting in their triboelectrification electrostatic potentials being
significantly lower than those of insulating workpieces (Fig. 5(a, b)). The
range of the electrostatic potential of the insulating workpiece surface
was 150-350 V, whereas it was less than 1 V on the metal material
surface (Supplementary Fig. S2). The increase in cutting depth and
cutting speed aggravates the friction between the tool and chip/work-
piece, resulting in more active charge transfer on the two contact pair
surfaces and resulting in an increase in triboelectrification electrostatic
potential. This is because the triboelectrification electrostatic potential
is generated by surface charge transfer between contact pairs, and the
carrier of charge can be electrons (Wang and Wang, 2019), ions (Wil-
liams, 2013), and material fragments in the gap of the contact zone
(Chang et al., 2007). The charge carrier transfers more frequently when
the friction between the two contact surfaces increases, eventually
increasing the triboelectrification electrostatic potential (Nakayama,
2014).

The specific atomic (atomic number and work function), electrical,
physical, and mechanical properties of a material can affect the emission
intensity of a given cutting condition (Nakayama, 1999). The material
properties of the five materials used in this study are listed in Table 2.

The triboelectrification electrostatic potentials generated on insu-
lating material surfaces were higher than those on metal materials,
which could form a radial electric field with higher intensity, thus
inducing stronger charged particle emission (Fig. 5(c, d)). The magni-
tude of the charged particle emission intensity was 1 x 10™°-1 x 1078
A, and the intensities of charged particles when cutting insulating ma-
terials were approximately 3-6 times higher than those of metal mate-
rials. Additionally, the increase in cutting depth and cutting speed
enhanced the friction electrostatic potential on the tool-chip surface,
increasing the emission intensity of positively and negatively charged
particles. Some fluctuations were observed when detecting single
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polarity charged particles (Supplementary Fig. S3). From the overall
analysis of the cutting process, we can conclude that the intensity of the
negatively charged particle emission was always dominant in both
metals and insulators. Thus, the polarity of net charged particles in the
capillary was negative.

3.3. Formation mechanism of the self-excited axial electric field in the
tool-chip contact zone capillary

The charged particles generated from the tool-chip contact area
escape outward along the capillary slit. The self-excited axial electric
field intensity at both ends of the capillary can be calculated according
to the escape current intensity. The self-excited electric field intensity
can be expressed as E = pJ, where p is the air resistivity in the capillary
(Q-m), and J is the current density of escaping particles (A/m?). The
current density of escaped particles from each capillary slit is J=I/nA,
where I is the current intensity generated by the net escaping charged
particles, A is the cross-sectional area of a single capillary, and n is the
number of capillaries in the contact area.

The morphology of the chip surface detected by the microscope (VW-
6000, Keyence, Japan) is shown in Fig. 6(c), and its surface grooves can
be used as capillaries in the cutting area for the penetration of the cut-
ting fluid (Liu et al., 2010). When calculating the axial electric field,
setting the average capillary radius as 5 um and assuming that the
number of capillaries on the chip surface is 10, the self-excited axial
electric field intensity in a single capillary is E = pI/10 A. When
considering the existence of cutting fluid, the resistivity of cutting fluid
used in this study (1 x10%-1 x10* Q m) was employed, and the range of
calculation results was 1.5 x 10%-1.09 x 10° V/cm, which satisfied the
electric field strength required for capillary electroosmosis (150 V/cm)
(Chen, 2006).

Because the charged particle emission intensities in insulating ma-
terials were significantly stronger than those of metals, the self-excited
axial electric field of insulating material capillaries was higher under
the same cutting parameters (Fig. 6(a, b)). The electric field intensities in
ABS/PE were 390.9 %/284.2 % and 515.8 %/381.9 % higher than those
of AISI 304 and AISI 1015, respectively, under a cutting depth of 1 mm,
cutting speed of 89.4 m/min, and feed rate of 0.25 mm/r. When the
resistivity of the material was similar, the axial electric field intensity
increased with the cutting depth and speed. A possible explanation for
this might be that the cutting load increases with the hardness and ul-
timate strength of the material, resulting in a concomitant increase in
the self-excited axial electric field strength at both ends of the capillary
(AISI 304 was higher than AISI 1015, and ABS was higher than PE).

3.4. Influence mechanism of capillary electroosmotic force on cutting
fluid penetration

The electroosmotic force (Fe) is the driving force of the EOF of the
fluid in the cutting zone capillary (Fig. 1(c)). Feos can be expressed as

Ecmoh(2Rr — r?)

Din 3

Foo :Eﬂevk :E<*Zf0)(ﬂ(2Rr7r2) X h) =

AB

where, E is the external axial electric field intensity, p, is the net charge
density in the diffusion layer, Vj is the volume of the EDL, ¢ is the zeta
potential, ¢ is the conductivity of cutting fluid, Dap is the diffusion co-
efficient of solute A in solvent B, R is the radius of the capillary, r is the
thickness of the EDL, and h is the penetration depth of the cutting fluid in

Table 1

Half decay time of electrostatic dissipation of workpiece and tool materials into air.
Material AISI 1015 AISI 304 YG6 PE ABS
Conductivity (S/m) 6.3 x 10° 1.4 x 10° 1.25 x 10° <1x10°1 <1x10°1
ti/2 (s) <23 x10718 <1.05 x 107" <1.17 x 107V >0.147 >0.201
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Fig. 5. (a, b) Variation in triboelectrification electrostatic potential under different cutting parameters; (c, d) variation in the negatively and positively charged
particle emission intensity under different cutting parameters; (a, ¢) Cutting depth as a variable with the cutting speed and feed rate fixed at 89.4 m/min and
0.25 mm/r; (b, d) cutting speed as a variable with the cutting depth and feed rate fixed at 1 mm and 0.25 mm/r.

Table 2
Material properties of workpiece and tool materials.
Material Electrical Hardness Ultimate Yield
Resistivity Strength Strength
(nQ m) (MPa) (MPa)
Mild steel (AISI 159 111 (HB) 385 325
1015)
Stainless steel 720 201 (HB) 515 215
(AISI 304)
Tungsten carbide 800 90 (HRA) 344 -
(YG6) as tool
material
Polyethylene >1 x 101 45 (Ball - 28
(PE) Indentation
Hardness)
Acrylonitrile >1 x 10" 93.2 (Ball 38 45.1
butadiene Indentation
styrene (ABS) Hardness)

the cutting zone capillary. The calculation methods for diffusion coef-
ficient Dyp and EDL thickness are described in Supplementary. The
conductivity (o) of the cutting fluid was measured using a conductivity
meter (DDS-11A, INESA Scientific Instrument Co., Ltd.). The relative
dielectric constant of water (78.49) was used for the calculation.

The magnitude and direction of the electroosmotic force on the
cutting fluid column in the capillary can be adjusted by changing the
electroosmosis performance of the cutting fluid, which is useful for
clarifying the electroosmosis mechanism of cutting fluid in the tool-chip
contact zone. According to the analysis in Section 3.1, the adsorption of

SLI molecules on the chip surface increases the density of ions in the
diffusion layer and modifies the magnitude of the zeta potential without
changing its polarity. Therefore, the electroosmotic force calculated
using Eq. (3) increased with the SLI concentration and was consistent
with the axial electric field direction, as shown by the dotted line in
Fig. 7. When the SLI concentration reached 0.2 mM, the electroosmotic
force in the capillary of the five materials reached 20.2 x 10~° N (ABS),
12 x 107® N (PE), 3.1 x 1075 N (AISI 304), 1.8 x 107° N (AISI 1015),
and 0.6 x 10~ N (YG6). However, when CTAB cutting fluid was used,
the formation of a second adsorption layer of cations on the material
surface changed the zeta potential polarity, changing the ionic polarity
of the diffusion layer from positive to negative. The direction of the
electroosmotic force was opposite to that of the axial electric field and
increased with the concentration of CTAB, as indicated by the solid line
in Fig. 7. In addition, the electroosmotic forces of the 0.2 mM SLI cutting
fluid in insulation materials were 2.87-33.66 times higher than those of
metal materials. Furthermore, the absolute value of electroosmotic force
in ABS was 131.1 % higher than that in PE when the concentration of
CTAB additive reached 0.2 mM. This discrepancy could be attributed to
the fact that the electroosmotic force can be regulated by the axial
electric field and zeta potential.

To study the influence of electroosmotic force on the penetrability of
cutting fluid in capillaries, we established a force model of cutting fluid
in the capillary penetration process and calculated the penetration depth
of cutting fluid in capillaries of different materials. A single capillary was
used as the object of investigation, and the following assumptions were
made:
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Fig. 7. Electroosmotic force of different cutting fluids in various capillaries.
The electroosmotic force was positive when in the same direction as the axial
electric field.

1. The capillaries in the cutting zone were distributed along the contact
line of the workpiece and the tool.

2. The capillary lengths were 1-2 mm (Chiffre, 1977), and a single
capillary was a vacuum cylinder with an opening at one end (God-
levski et al., 1997).

3. The existence time of capillary was significantly longer than the
penetration time of the cutting fluid (Liu et al., 2010); here, the
cutting fluid had sufficient time to penetrate inward.

The diagram of the cutting fluid force in the cutting zone capillary is
presented in Fig. 8(a). Cutting fluids are subjected to the driving force
(Fy) and resistance (F,) during penetration. Fy includes capillary driving
force (Fcqp), atmospheric pressure (F,), and electroosmotic force (Feos); Fr
is primarily the viscous resistance (Fy;co) of cutting fluids on the capil-
lary wall. The result of these forces is as follows:

F:Fcap+Fp+Feas'Fvism @

Feqp can be calculated using the Young-Laplace equation:
Feqp= 2nRycos6, where R is the capillary radius, y is the surface tension,
and 0 is the contact angle of cutting fluids. Py, is the standard atmo-
spheric pressure (1.01 x10° N/m?), and Fy= 7R?-Pgm. The viscous
resistance of the cutting fluid in the capillary can be derived using
Newton’s internal friction law and the Hagen-Poiseuille equation (Gao

and Liu, 2010):Fsco = 8nnhv, where 7 is the cutting fluid dynamic vis-
cosity, and v is the instantaneous velocity of fluid penetration.

In the process of the cutting fluid’s capillary penetration, its speed
and quality change. Therefore, these two changes should be considered
simultaneously when examining the total inertia effect of the cutting
fluid flow. The hydrodynamic equation was established by applying the
momentum theorem, which can be expressed as follows:d(mv)/dt = F,
where m is the mass of the cutting fluid in the capillary, m= zR?hp;, p; is
the density of the cutting fluid, and F is the resultant force of the cutting
fluid in the cutting zone capillary during penetration. The capillary
dynamic equation can be expressed as follows:

Ecrnoh(2Rr — r?)
D

) — 8anhv = L(mi)

dt )

27Ry cos 0+ nR*P,,, + ( -

The dynamic equation of cutting fluid’s penetration into capillaries
was solved using MATLAB software. Changes to the axial electric field
and zeta potential affect the electroosmotic force of cutting fluid in
capillaries of different materials, changing the direction and magnitude
of EOF and the cutting fluid penetration. Fig. 8(b-f) compare the effect
of cutting fluid type and capillary material on penetration depth. The
addition of the electroosmotic promoter (SLI) enhanced the penetration
depth of the cutting fluid. The penetration depth in ABS, PE, AISI 304,
AISI 1015, and YG6 materials were 15.5 %, 13.2 %, 10.7 %, 9 %, and 5.8
% higher, respectively, than DI water. However, the penetration depth
of cutting fluid with the electroosmotic suppressant (CTAB) in the above
materials decreased by 13.7 %, 10.2 %, 8.4 %, 6.1 %, and 4.9 %,
respectively. These calculation results indicated that electroosmotic
force has an important role in regulating the process of the cutting
fluid’s penetration into capillaries.

4. Electroosmosis effect of cutting fluid during the turning
process

Cutting fluids with different electroosmotic properties were used
when cutting different materials. The cutting force, surface roughness,
tool wear surface morphology, and element composition were analysed
to reveal the influence of the electroosmosis effect of the cutting fluid in
the cutting zone capillary on cutting performance.

4.1. Evolution of cutting force and surface finish behaviours using cutting
fluids with different electroosmotic properties

Fig. 9 depicts the effect of the cutting fluids on the resulting cutting
force and surface finish of four types of workpieces (AISI 1015, AISI 304,
PE, and ABS). The resulting cutting force was calculated using the
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formula Fg = F + P§ + Ff)l/ 2 where Fy is the radial thrust force, Fyis
the tangential force, and F; is the feed force. Compared with DI water,
when SLI cutting fluid was employed, the electroosmotic force was
enhanced in the same direction as the self-excited axial electric field.
With the influence of electroosmosis, more cutting fluid penetrated the
cutting zone capillary to lubricate the tool-chip contact interface, thus
reducing the cutting force. However, the addition of CTAB changed the
direction of the electroosmotic force, and the EOF was directed towards
the outside of the capillary, which hindered the penetration of cutting
fluid and ultimately resulted in an increase in the cutting force. With the
increase in SLI concentration, the cutting force first decreased and then
tended to stabilize (Supplementary Figs. S4[a, d, g, j1). When employing
a 0.2 mM SLI cutting fluid, the cutting forces of AISI 1015, AISI 304, PE,
and ABS decreased by 21.3 %, 31.1 %, 31.2 %, and 33.1 %, respectively,
compared with DI water; however, for a 0.2 mM CTAB cutting fluid
lubrication, the cutting forces of these four workpieces increased by 14.9
%, 23.7 %, 27.4 %, and 31.5 %, respectively (Fig. 9(a)). The stronger
self-excited axial electric field generated in the capillary enhanced the
electroosmosis effect of the cutting fluid. The influence of different
cutting fluids on the cutting force of the insulating workpieces
(27.4-33.1 % at 0.2 mM) was higher than that of metal workpieces
(14.9-31.1 % at 0.2 mM), which was consistent with the trend of elec-
troosmotic force.

For the same workpiece, the increase in cutting depth and speed
could enhance the intensity of the axial electric field at both ends of the
capillary, promoting the electrokinetic penetration of cutting fluid in the
cutting zone. As depicted in Supplementary Figs. S4(b, e, h, k),
compared with DI water, when the cutting depth was increased from
0.25 to 1 mm, the cutting force decreased by 8.1 %, 12.8 %, 13 %, and
13.4 % when cutting AISI 1015, AISI 304, PE, and ABS with a 0.2 mM
SLI cutting fluid, whereas these cutting forces increased by 6.7 %, 9.9 %,
9.3 %, and 9.6 %, respectively, when 0.2 mM CTAB cutting fluid was
employed. The variations in cutting force with cutting speed under the
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lubrication of three cutting fluids are shown in Supplementary Figs. S4
(c, f, i, D). The cutting force clearly decreased as the cutting speed
increased from 44.6 to 89.4 m/min in all scenarios. This was expected
because a higher cutting speed can reduce the chip thickness and result
in a lower cutting force (Huang et al., 2018). At higher cutting speeds,
more severe friction between tool-chip/workpiece stimulates the
emission of charged particles and thus increases the self-excited axial
electric field intensity at both ends of the capillary, which increases the
regulation of electroosmotic additives on the electroosmosis effect of
cutting fluid in the cutting zone capillary, resulting in the effect of
electroosmotic additives on the cutting force increased with cutting
speed.

Fig. 9(b) presents the influence of cutting fluids on the surface
quality of four workpieces. The change in surface quality was closely
related to the cutting force, which was primarily attributed to electro-
osmotic additives’ regulation of the penetrability of cutting fluid in the
cutting zone. When cutting insulators, the cutting force was low and the
material was easy to remove; thus, the differences in surface quality due
to cutting fluids with different electroosmotic properties were not
apparent (Supplementary Fig. S5).

4.2. Analysis of tool wear mechanisms under the electroosmosis effect

The penetration ability of a cutting fluid affects its lubricity, resulting
in differences in the tool edge wear form and the wear surface chemical
composition (Xu et al., 2019). Cutting metal materials such as AISI 304
stainless steel can characterize tool edge wear significantly more than
cutting ABS and other insulating materials.

Fig. 10 presents the SEM images of the worn tools after a 1000-mm
cutting length lubricated with three different cutting fluids when cut-
ting AISI 304. During cutting, high pressure and heat were applied to the
cutting edge, which exacerbated the friction between the workpiece and
the flank face, resulting in severe adhesive wear (Jawaid et al., 2000)
and the breakage of the tool cutting edge (Lv et al., 2018). As shown in
Fig. 10(a, b), a microchipping was obtained under lubrication using the
CTAB cutting fluid. This may be because the severe friction in the
interstitial spaces reduced the strength of the cutting edge when the
CTAB lubricant was used, indicating the insufficient lubrication of the
CTAB cutting fluid. Fig. 10(d, e) present the worn surface produced by
DI water. The tool edge was relatively complete, indicating that the DI
water’s lubricating performance was better than that of the CTAB cut-
ting fluid, but severe material adhesion still occurred. Furthermore, for
the SLI cutting fluid, the worn flank face (Fig. 10(g, h)) exhibited the
lowest wear and almost no tool breakage or adhesive layer, indicating an
effective lubrication performance.

The EDS analyses of each worn flank face are depicted in Fig. 10(c, f,
i), and the corresponding elemental contents are summarized in Table 3.
The EDS analysis for the CTAB cutting fluid detected the highest con-
centration of W (75.47 wt %), the main chemical element of the cutting
tool substrate, indicating that cutting edge breakage appeared. This was
because insufficient lubrication in the cutting zone creates an increase in
friction between the tool and workpiece, which causes the adhesion first.
At the beginning of the cutting process, the adhered material could
protect the cutting edge from rapid tool wear. If the processing
continued, the seizure would become unstable, and the tool material
would be torn and carried away from the substrate owing to the high
tool temperature caused by the low thermal conductivity of austenitic
stainless steels. Hence, microchipping of the cutting edge was the main
wear pattern of the coated tools when cutting under CTAB cutting fluid
lubrication.

When DI water was employed, the main contents of AISI-304 stain-
less steel (Fe for 74.01 wt %, Cr for 16.89 wt %, and Ni for 8.7 wt %)
were clearly higher than those of the other two cutting fluids, indicating
that adhesion was the main wear mechanism. In DI water cutting, more
cutting fluid penetrated the interstitial spaces than with the CTAB cut-
ting fluid. However, severe material adhesion still appeared on the flank
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surface. This was primarily because the cutting fluid could not penetrate
the interface area deeply to lubricate the contact layer; thus, it could not
effectively reduce the thermally related adhesion mechanisms.

Under SLI cutting fluid lubrication, the contents of Fe, Cr, and Ni
were 78.4 %, 34 %, and 98 % lower, respectively, than the contents of DI
water, but the contents of Al and Ti, the two principal chemical elements
of the tool coating, were approximately 200 times higher. This suggested
that the cutting tool was subjected to less adhesive wear, corresponding
to the improved machining performance. This phenomenon was due to
the more efficient entry of cutting fluid into the cutting zone, resulting in
a better lubrication performance for the tool-chip interface and, thus,
relieving the tool wear.

4.3. Specific penetration mechanism at tool-chip interface under
consideration of the electroosmosis effect

The analysis clearly demonstrates that electroosmosis has a signifi-
cant influence on the penetration of cutting fluid at the tool-chip contact
zone which would supplement and perfect the capillary penetration of
cutting fluid in the machining process. The vapour blanket appears in
the third stage penetration process (filling of the gas phase) when the
cutting fluid penetrates the cutting zone capillary (Godlevski et al.,
1997), but this study focused on the difference in the first stage pene-
tration process (the liquid phase penetration stage) as the basis for
evaluating the lubrication performance of cutting fluids. Therefore, the
influence of the vapour blanket on the penetration of the cutting fluid
through the capillaries at the tool chip interface was not considered.

Based on the above observations in Figs. 9 and 10, the distinct dif-
ferences in the penetration mechanisms revealed by cutting fluids with
different electroosmotic properties can be fully illustrated (Fig. 11). In
the processes of friction and separation, the radial electric field estab-
lished by the triboelectrification electrostatic potential on the chip and
the rake face excites the initially escaped low-energy electrons, causing
an electron avalanche and microplasma emission (Fig. 11(a)), which
induces charged particle emission. The polarity of the net charged par-
ticles escaping outward from the capillary slit is negative, which forms a
self-excited axial electric field pointing to the inside of the capillary
region. As presented in Fig. 11(b), this electric field can trigger the
electroosmosis of liquid in the capillary.

For DI water, the positive ions in the diffusion layer formed EOF
under the action of an electroosmotic force in the same direction as the
self-excited axial electric field, which promoted the penetration of cut-
ting fluid into the cutting area (Fig. 11(c)). When the CTAB cutting fluid
was employed, the adsorption of the CTAB molecules on the capillary
wall reversed the polarity of the zeta potential. At this time, the negative
ions in the diffusion layer were subjected to an electroosmotic force
opposite to the direction of the axial electric field (Fig. 11(d)). The EOF
towards the outside of the cutting area increased with the concentration,
which hindered the penetration of the cutting fluid, resulting in insuf-
ficient lubrication of the tool-chip contact surface. Furthermore, the
adsorption of SLI molecules on the capillary wall increased the number
of surface charges, improved the zeta potential, and enhanced the
number of positive ions in the diffusion layer. Compared with DI water,
the positive ions in the SLI cutting fluid diffusion layer were subjected to
a greater electroosmotic force in the same direction as the self-excited
axial electric field, resulting in a higher EOF, which promoted the
further penetration of cutting fluid into the cutting zone (Fig. 11(e)). The
enhancement of the cutting fluid penetration in the cutting zone capil-
lary can improve its role in lubrication and optimize the cutting
performance.

5. Conclusions
In this study, to understand the electroosmosis effect on the pene-

tration of water-based cutting fluids at the tool-chip interface, we
comprehensively investigated the zeta potential properties of different
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Table 3
Elemental content on the worn surface of cutting tools under different lubrica-
tion conditions (wt %).

Fe Cr Ni Al Ti w
CTAB cutting fluid 12.77 8.82 2.58 0.03 0.11 75.47
DI water 74.01 16.89 8.7 0.05 0.13 0
SLI cutting fluid 15.92 11.14 0.71 6.25 35.14 0

tools and workpiece materials in fluids, and the self-excited axial electric
field in tool-chip interfaces based on exoelectron emission tests. The
related underlying penetration mechanism caused by the electroosmosis
effect on the cutting process was revealed for the first time. Key con-
clusions from this study are shown below:

@ While the electroosmotic additive and its concentration in a fluid can
adjust the EDL structure of the surface of a tool or workpiece through
selective ionic adsorption, the regulatory methods of the zeta po-
tentials of tools and workpieces in fluid have been revealed, by which
the stronger capillary electroosmosis effect can be obtained with the
cutting fluid with a higher zeta potential absolute value. According
to the streaming potential measurements, the zwitterionic surfactant
increased the zeta potential absolute value through electrostatic
interaction, and the cationic surfactant reversed the zeta potential
through electrostatic interaction and the hydrophobic effect,
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indicating that the lubricant penetration in tool-chip interfaces
could be controlled according to the properties of the EDL of tool and
workpiece materials in a specific fluid.

@ The self-excited axial-driven electric field and driving force of the
capillary electroosmosis result from the triboelectrification potential
in the tool-chip interface. While the net negatively charged particle
emission flow escaping from the cutting contact area was detected by
combining a Faraday collection plate with a bias electrode plate, we
identified that the direction of the self-excited electric field and the
calculated field intensity, with a range of 1.5 x 10%-1.09 x 103 V/
cm, satisfied the conditions for the occurrence of the electroosmosis
effect on the lubricant penetration in tool-chip interstitial space.

@ We observed that, compared with DI water, the cutting forces were
reduced by 20-30 % in the cutting processes of AISI 1015, AISI 304,
PE, and ABS materials under the lubrication condition with the
higher zeta potential fluids, whereas the cutting forces increased by
15-30 % under the reversed zeta potential fluids, which was attrib-
uted to the direction change of the electroosmotic force. Moreover,
the SEM/EDS analyses of the tool edges indicated the transfer from
adhesive wear to micro breakage in AISI 304 turning, which explains
the positive correlation between lubrication and penetration,
resulting from an elevated electroosmosis effect.

The results described in this paper provide a comprehensive under-
standing of the electroosmosis effect on the lubrication potential of
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Fig. 11. (a) Model of the emission of charged particles due to triboelectrification. (b) Schematic of the generation of the self-excited axial electric field directed to the
inside of the cutting zone capillary, which is generated by the emission of charged particles. Schematic of the specific penetration mechanism at the tool-chip
interface in consideration of the electroosmosis effect on (c) DI water, (d) CTAB, and (e) SLI cutting fluids.
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water-based cutting fluid under different combinations of tool and
workpiece materials and on the specific penetration mechanism at
different tool-chip interfaces. It can support future studies to improve
the efficiency of commercial cutting fluid in different machining
methods. Considering that the EOF in the cutting zone capillary is not
visualized, a future development of the real-time monitoring of the EOF
of commercial cutting fluid in microcapillaries will be performed in the
laboratory or processing environment to further identify the universality
of electroosmosis effect on water-based or even oil-based cutting fluid
under different machining conditions.
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FEEE: UIHI X B4 i B 78 AR ) HUVRAE )-8 ST B 40 BB R TVE (E I = Z e KSR IR BAI ), M %
DA X T B A5 T 51 A 0 0 P B 508 o 2 i [X A7 ) B 22 3500 T P2 26 1 EL 3 2 LGS R DT P A B AL B T LU,
HIKIRER T HIB RN K S D) HIRAE T] -8 S 405 B B NI IR . R BB I R AR R T B INA B
YT RERN b 1 R 0ot D7) ) FL VR P 1 R A o S 0 ) ) XD B ey R R S R, AR T DD EI X G0 P
F B A BRI AR AR . S5 SRR, UTHIRAE D) E X A2 BB RO BRI AR5 TR BRI f B b 1 R TSR B AR 9, I
FLAE P BB AR BE R OIS AISI 304 T AR A1 7Mbb T4 25 B AR EL S 30 R0 U7 10 0 T ) 0 B PRI T 31,1960
44.3%. BLAN, SR SR SO0 HE I 70 B 7T U HEAT (R SEM KT EDS 434 S 7% B 11 770 1R 453 0 2K, b B B8 450 38 g i
7], U ISR 5 I HAE DI E X 9535 DL VTSI R AR AE IE B &R o WF 0S5 0T 1 MR I8 RS0 DT i B M LB R
W, SEEHBANEE L, DR E VI E M RE EESENE.

FHEIR: BN HIBUL: MR KIEVIEIG DIEITEGE

FESHES: TG519.3

Influence of Electroosmotic Effect on the Penetration and Lubrication
Mechanism of Water-based Cutting Fluid at Tool-Chip Interface

FENG Bohua®? LUAN Zhigiang®? ZHANG Ruochong™? XIAYu®? YAO Weigiang® HU
Xiaodong™? XU Xuefeng® 2
(1. College of Mechanical Engineering, Zhejiang University of Technology, Hangzhou 310014;
2. Key Laboratory of Special Purpose Equipment and Advanced Processing Technology, Ministry of Education
and Zhejiang Province, Zhejiang University of Technology, Hangzhou 310023)

Abstract: The micro-capillary lubrication theory explained lubricant penetration into the capillaries in the tool—chip interface under
the action of atmospheric pressure and capillary force without considering the electrokinetic effect caused by triboelectrification. The
axial electric field generated by the electrical effect in the cutting contact zone was enough to trigger the electroosmotic flow of
cutting fluid. Based on this, the effect of electroosmosis on the penetration mechanism of water-based cutting fluid in the capillary at
tool-chip interface was explored for the first time. The effects of electroosmosis additives, capillary materials and axial electric field
on the electroosmosis characteristics of cutting fluid were revealed by using the measurement system of electroosmotic velocity. The
variation of self-excited axial electric field at both ends of capillary in cutting zone was investigated by measuring the emission
intensity of charged particles. The results showed that the cutting fluid has electroosmosis effect in the cutting zone, which related to
the property of workpiece material and the emission intensity of charged particle. Compared with pure deionized water and
electroosmotic suppressant cutting fluid, the cutting force lubricated with electroosmotic promoter cutting fluid was reduced by
31.1% and 44.3% respectively when cutting AISI 304. Moreover, the scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) analyses on the tool edges using the above fluids showed a transfer from adhesive wear to micro breakage,
which demonstrated that the electroosmosis effect has a positive relationship with the penetration of cutting fluid in the cutting zone
and cutting performance. The results presented in this study are of great significance for understanding electroosmosis effect on the
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lubricant penetration mechanism to perfect the micro-capillary lubrication theory and provide reference for improving the efficiency

of cutting fluid.

Key words: Electrokinetic effect; Electroosmotic flow; Charged particle; Water-based cutting fluid; Cutting performance
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AT 4 JB AN 2 B A TP 1) FL VB R e 0o 353
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J2: AISI 304 B4 3G hnE B 18.5%); SLI i
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B 13 IR T HB IS INFISS BRI B X V) I 4
JERZE 2% T 4% (AISI 304 F1 PE) U1 HI 77 A2 T A
REEERIRZI . FRIBUNINGRIM 2N SLI F CTAB, ¥
JEVE A 0.05-0.3 mM, YIHITRRE 1 mm, )81 E
89.4 m/min, HFZ5E 0.25 mm/ir. MEF A LLE H,
B TKAE, SLI MmN B2 BAR T YT /7,
Nest 7R R, T CTAB IR B8 F W S50 T
BEIUIE R Z R TR E . P AR E R
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2.3.2  VIHIRFE R 5200

K 14 FER T 2448 0.2 mM HIB RN, K
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IR T VI 45 8 A 4a A LIS 1 g ) 5
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AISI 304 ANEEGIFI PE, VIHITRE 1 mm, B EE
0.25 mm/r. 2 8K RIS &5 Fon TR E N
Xttte AU, S UIEIENE ST, DI AR T
FEURE F 220 8 17 0 3 58 P 8 s v B o 3R TR P AR
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WaHE T J)-J8 A LT L AL, DT DX B ik i i 4
TP LA BT R AR ) FE A R R v, SO R
558 P i FELRE - RS T 38 5 T B T A i 1 1 YR il
[ 3750 . BN, BB ISR D) i g
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H 1 15a. ¢ ATAL, MUIHIEE B 44.6 m/min
HKF) 89.4 m/min J5, VIHIPIAF KBRS SLI A1 CTAB
IR T BT 7 B 25 8 K I R AR
B RME 4 IHRTH T 49 11.3%/10.7% CAISI 304) A
13.4%/10.1% (PE). B4k, MIE 15b. d ®%n, Bl
DIHBEE AR, BB PR i AR R iR 5
i) B AR X VT E 2T e i 2, {H 5 LA (ka3
I LA R BB RV IR, DIHEERE 51
H R FEE 6 D) I8 52 B2 LA B, DI S 501
PR T VI X B0 i i e B sR g, b
B SR 7 X AN ] 9B T BE DI 0V I R HR 9B A I T
7, EWUIE X R UIER RS E R, RE BN
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N 7 A ) R THD FEL A 22 3 6 FLVB TR B R, ik
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HAMELRGBE BG5S T K B RE AR T
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c2 Frn BB B i, WA ) BRI R A
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T K SEM/EDS 43 #r

< 16 (a3-c3) FIH T # B EDS 74T,
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BAEICR W RIRE s (75.47 wt.%), REH
LT VI 7 W 248 G o 31X S RN DT X A 7845
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. FEE TS, BT RSN S R
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A FEEGE A VIE TIRRR 7] . S H £
TKE, AISI 304 ANEEAN ) 32 EAG 4 B8 2 W I vy

HAMPF IR (Fe ¥ 74.01 wt.%, Cr & 16.89
wt.%, Ni N 8.7% wt.%), 3 3 ZEEHHLH]I A+
K& . 5 CTAB UVIHIMARLL, 26253 7Kg T
HEZ VRS ERIVIE X E B, HT)EERH
5 BT ™ ARRRG B o 1% 32 B A YIRS
TRIRN BBl X 25 78 o0 e ek, S350
ANBEA BUEK S VT HAE SRR B S . 78 SLI b))
YT 24T, Fes Cr M Ni &40t E5 T
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FhE AL TR AL Ti A& 5 4 200 1%
2 B ERS 7] L RS B BE SRR 0 TP RE AR B M
TEVIHIEEFE R SLI PIHBR B E R4, YIEl ]
B 5k ) ) DX P A T B A, ANTTIRE T
JIR B .
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Fe Cr Ni Al Ti w
CTAB 12.77 882 258 003 011 7547
BTk 7401 1689 87 005 013 0
SLI 1592 1114 071 625 3514 0
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