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A B S T R A C T

CNTs are commonly used nanoparticles in NMQL for their excellent heat transfer enhancement performance.
However, winding and conglobation are constraints against their tribological performance, these constraints can
be solved by surfactants. However, the influences of surfactant type and dispersing mechanism on the dispersion
effect of CNTs have not been studied systemically. Consequently, this study analyzed the dispersing mechanism
of different surfactants and evaluated the dispersion stability and tribological performances of PPO-based CNT
nanofluids. Results showed that nanofluids with APE-10 obtain the highest viscosity, lowest friction coefficient,
minimum roughness value and favorable surface morphology, thus indicating their excellent dispersion stability
and tribological performance. Further, different experimental evaluations confirm that APE-10 is the optimal
dispersant of CNT nanofluids.

1. Introduction

Pouring grinding, which has a large flow rate of grinding fluid, in-
creases the cost for grinding fluid disposal, consumes substantial
grinding fluid, and causes considerable environmental damages [1,2].
In this context, a new precision-machining technique with high effi-
ciency, low consumption, and clean low-carbon consumption, that is,
NMQL, has been developed [3–5]. Solid nanoparticles are added to base
oil to prepare nanofluids, which can solve the technological bottleneck
of poor heat exchange performance in the traditional MQL grinding by
exploiting the excellent heat transfer enhancement of nanoparticles
[6–8]. Li et al. [9] investigated into the effect of NMQL on the tem-
peratures in surface grinding and fonud that CNT nanofluid results in
the lowest grinding temperature of 110.7 °C. Then, these researchers
developed a mathematical model for convective heat transfer coeffi-
cient which to some extent explained the experimental result. Nano-
particles are conducive to improving the lubrication performance on
grinding wheel/workpiece and wheel/cutting interfaces in the MQL
[10,11], thereby improving machining accuracy and surface quality
significantly [12,13]. Nanoparticles can further increase the

tribological performance in the grinding zone [14–16]. Ge et al. [17]
explored the tribological behaviors of new greases added with oleo-
philic TiO2 and SiO2 nanoparticles. These researchers found that a layer
of protective oil film is generated by the deposited Ti and Si or metallic
oxide, which can reduce friction and improve tribological properties.
Qu et al. [18] demonstrated that Cu microparticles can improve the
friction-reduction and antiwear properties of sunflower seed oil, and
the synergistic lubrication effect is produced to explain the lubrication
mechanisms. Zhang et al. [19] explored the lubrication performance of
the NMQL by adding mixed nanoparticles (MoS2/CNTs). The results
showed that the MoS2/CNT (optimal mixing ratio is 2:1.) hybrid na-
noparticles achieve a better lubrication effect than single nanoparticles.
Vegetable oil is a nontoxic, biodegradable, and environment-friendly
renewable resource [20]. This resource has low or zero damage to the
environment and operators and has an excellent lubrication perfor-
mance [21]. Therefore, vegetable oil can replace the traditional mineral
oil as the base oil of lubricating fluid [22,23]. Guo et al. [24] used
castor oil as the base oil and individually mixed it with six other types
of vegetable oils at a ratio of 1:1; each mixture was obtained as the base
oil for MQL grinding. The results indicated that the comprehensive
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lubrication performance of mixed oil is superior to that of castor oil,
and soybean/castor oil exhibits the optimal performance and surface
quality. Wang et al. [25] explored the lubrication performance of seven
vegetable oils in the MQL grinding by comparing these oils with tra-
ditional pouring lubrication. These researchers found that vegetable
oils possess an excellent lubrication performance, as manifested by low
friction coefficient and grinding wheel wear; the results indicated that
palm oil has the most excellent lubrication performance. Under ambient
temperature, the heat conductivity coefficient of CNTs is 3000 W/m·K,
which is a thousand times higher than that of water. For the solid
materials of the same type and mass, a small volume indicates small
grain size, large specific surface area of materials, and high heat-con-
ducting properties [26,27]. The thermal conductivity of several
common materials is listed in Table 1 [28]. In addition, scholars have
also done research on grinding wheel to reduce the grinding tempera-
ture and improve the lubrication and cooling performance of grinding
process. Mao et al. [29] proposed a spiral orderly distributed fiber tool
and carried out the grinding experiment. The results indicated that the
useful flow of cutting fluid for the spiral orderly distributed fiber tool is
increased obviously. Miao et al. [30] investigated the influence of
graphite addition on bonding properties of the abrasive layer and
decided an optimized graphite content of 10 wt%, at which the porosity
of abrasive layer and the bending strength was favorable to meet the
high-speed grinding requirements.

CNTs have a small size, a large specific surface area, and a draw
ratio. Their surface energy and tension are also significantly higher than
those of conventional materials. CNTs are easy to wind and conglom-
erate and then can form large aggregates given the robust electrostatic
and van der Waals force among molecules or atoms on the surface, as

illustrated in Fig. 1. The conglomeration of CNTs can cause incomplete
oil membrane and large winding accumulations on the frictional pair
surface; thus, it cannot develop an effective rolling and serve as “micro-
bearing” similar to several spherical nanoparticles. These above-
mentioned features determine the limited friction-reduction capability
of CNTs [31]. Wang et al. [32] introduced the lubrication properties of
different vegetable oil-based nanofluids by comparing frictional tests
and grinding experiments. The results showed that all the nanoparticles
can improve the lubrication performance of the base oil, in which the
friction coefficient of CNT nanofluids fluctuates with time, and the wear
performance is poor. Xie et al. [33] added different nanoparticles to the
base liquid to prepare nanofluids. These researchers studied the influ-
ences of particle size, volume concentration, pretreatment process,
additives, and the physical properties of the base liquid on heat con-
duction and proposed promising approaches to optimizing the thermal
conductivity of nanofluids. Hu et al. [34] added sorbitol monostearate
and copper stearate as dispersing agents to 500SN oil that contained
amorphous ferric oxide nanoparticles and found that the dispersing
agents play important roles in improving the tribological properties;
furthermore, copper stearate is markedly superior to sorbitol mono-
stearate. The stability and homogeneity of nanofluids improve the
thermal conductivity significantly. A stable uniform dispersion of CNTs
is necessary to restrain their winding and conglomeration and optimize
their performance [35].

Scholars have conducted numerous studies to explore the dispersing
effects of various surfactants on CNTs. Duan et al. [36] reported the
dispersion of CNTs with SDS by molecular mechanic simulations from
an energy perspective. These authors revealed the aggregation
morphologies of SDS on the surface of CNTs and the effect of the

Nomenclature and abbreviation

NMQL nanofluid minimum quantity lubrication
MQL minimum quantity lubrication
MWCNT multi-walled carbon nanotube
SWCNT single-walled carbon nanotube
CNT carbon nanotube
PPO pure palm oil
Nanofluids fluid containing nanometer-sized particles
Mr relative molecular mass
HLB hydrophilic-lipophilic balance
NPE nonylphenol polyoxyethylene ether
OPE octyl phenol polyoxyethylene ether
DPE dodecyl polyoxyethylene ether
DNPE dinonyl phenol polyoxyethylene ether
APE-10 alkylphenol polyoxyethylene ether-10
CTAB cetyl trimethyl ammonium bromide
OP-10 octyl phenol polyoxyethylene ether-10
SDBS sodium dodecyl benzene sulfonate
SDS sodium dodecyl sulfate
TTAB tetradecyl trimethyl ammonium bromide
SEM scanning electron microscope
TEM transmission electron microscope
[EAMIM]BF4 functionalized 1-ethoxycarbonylmethyl-3-methylimi-

dazolium tetrafluoroborate
VA van der Waals suction potential energy
VR electrostatic repulsive potential energy

Adm Hamaker constant of dispersive media
Ap Hamaker constant of particles
A Hamaker constant of particles in the medium
As Hamaker constant of surfactants adsorbed on the surface

of the particles
Δ shortest distance between the adsorption layers of two

isometric spheric particles
δ adsorption layer thickness
a effective radius of spheric particles
VRS space repulsive potential energy
VRθ entropy repulsive potential energy
k Boltzmann constant
NS number of adsorbed molecules on the surface area of the

unit
H0 shortest distance between the surfaces of two spheric

particles
θ∞ extent of the surface to be covered by the molecule when

the two surface distances are H0 = ∞
l length of the adsorbed surfactant molecule
VRE elastic repulsive potential energy
G elastic modulus of the adsorption layer
VRO osmotic repulsive potential energy
A2 second virial coefficient
C2 concentration of surfactants in the adsorbed layer
T absolute temperature
CMC critical micelle concentration

Table 1
Thermal conductivity of several common materials.

Material Engine oil Water Copper oxide Alumina Silicon Aluminum Copper Diamond CNTs

Thermal Conductivity/W/(m·K) 0.145 0.613 19.6 40 148 237 401 2300 3000
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diameter of CNTs on the adsorption density. Moore et al. [37] sus-
pended SWCNT in water-bearing media by using various anionic, ca-
tionic, and non-ionic surfactants and polymers. These researchers
compared the capability of the SWCNT suspension of surfactants and
the qualities of absorption and fluorescence spectra. The results de-
monstrated that ionic surfactant SDBS has gained the optimal-resolu-
tion spectral characteristics. The non-ionic surfactant contains a high
molecular mass of surfactant to suspend substantial SWCNT and gain
obvious spectral characteristics. Rastogi et al. [38] reported a com-
parative analysis of the dispersion of MWCNTs with four surfactants,
namely, Triton X-100, Tween 20, Tween 80, and SDS. Among the four
surfactants, Triton X-100 and SDS provided the maximum and
minimum dispersions, respectively. The experimentally observed trend
of the dispersing power of surfactants was consistent with their che-
mical structures. Estellé et al. [39] measured the viscosity and thermal
conductivity of water-based CNT nanofluids, which were stabilized by
lignin as a surfactant. In contrast to SDBS, lignin reduced the viscosity
and shear-thinning behavior of nanofluids at a high-volume fraction,
without penalizing thermal conductivity enhancement.

Scholars have also studied the performance of other nanofluids
under the condition of surfactant. Mao et al. [40] studied the effect of
SDBS on the suspension stability of Al2O3 nanofluids and analyzed the
dispersion morphology of Al2O3 nanoparticles in a disperse system.
These researchers found that large aggregates appear when no surfac-
tant is applied in the disperse system, and the Al2O3 nanoparticles are
uniformly dispersed in the disperse system by applying the surfactant.
Guo et al. [41] investigated the tribological properties of oil-based
nanofluids using different surfactants. The results revealed that phos-
phinate ionic liquid, as the surfactant, maintains long-term stability

when mixed with ceramic nanoparticles. SEM studies showed that the
film formed on the disk surface may enhance the tribological perfor-
mance when using oleic acid as the surfactant. Behera et al. [42] stu-
died the correlation between the spreading behavior, surface tension,
and surface energy of Al2O3 nanofluids added with different surfac-
tants. The optimal wetting behavior was observed when the nanofluids
were added with a non-ionic surfactant. Machining experiments with
Inconel 718 using the aforementioned nanofluids indicated a reduction
in friction coefficient.

The literature index demonstrated that scholars have observed the
macroscopic dispersion effects of CNTs and analyzed the particle sizes
of CNT aggregates using laser granulometer and other instruments. The
effects of different surfactants on the dispersion stability of CNTs were
studied through SEM and TEM. However, the influence mechanisms of
different surfactants on CNTs are diverse, which is caused by their
different chemical molecular structures and physical properties.
Currently, only a few studies compare the tribological performances
and analyze the corresponding mechanism of CNT nanofluids added
with different types of surfactants. Thus, the surfactant that can con-
tribute the optimal CNT dispersion, the CNT nanofluids with the type of
surfactant with the optimal tribological performance, and if an essential
relationship with the dispersion stability exists cannot be determined.
The experimental phenomenon is also difficult to capture by evaluating
the tribological performance of lubricating fluid by grinding tests, and
evaluating the lubrication performance of the lubricating fluid by
frictional testing is a conventional method. The working conditions for
frictional and grinding tests are different, but the frictional test can be
used to simulate the conditions of grinding test and represent the tri-
bological properties of grinding fluid, thus enabling this test to guide
the actual industrial production. At present, rare studies on this aspect
have not been reported.

The work and aims of this study are as follows.

● To determine the influences of different surfactants on a CNT-dis-
persing mechanism

● To observe the dispersing stabilities of different surfactants through
a static method

● To evaluate the tribological performances of nanofluids added with
six types of surfactants and analyze the friction-reduction and an-
tiwear principles using a frictional tester

● To explore and determine the surfactant that is the most suitable
dispersing agent for CNT nanofluids

2. Dispersion mechanism analysis and comparison of surfactants

CNTs are coaxial circular tubes composed of a monolayer to

Fig. 1. SEM images of CNTs.

Fig. 2. Space barrier of surfactant adsorption.
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multilayer carbon atoms in a hexagonal arrangement. Carbon atoms in
CNTs hybridized by SP2 have a larger S orbit than those hybridized by
SP3, thus exhibiting high modulus and strength [43]. CNTs possess fa-
vorable lubrication performance and wearing resistance considering
their unique tube structure and extremely high tenacity. However,
CNTs are characterized by their tubular, easy-winding, and congloba-
tion characteristics, which limit their applications. The addition of
surfactants to CNT nanofluids can relieve the winding and conglom-
eration of CNTs effectively, thereby improving the CNT dispersion ef-
fect. Different surfactants have various dispersing mechanisms to CNTs.

2.1. Space barriers of CNT–PPO and CNT–CNT interfaces

CNT surface is classified as a high-energy surface, and palm oil
possesses favorable polarity given its high triglyceride content.
Therefore, palm oil cannot spread over the CNT surface well. Moreover,
CNTs are easy to wind and conglomerate, thus resulting in the failure of
a uniform CNT dispersion in PPO, as depicted in Fig. 2a. Surfactant
molecules with special groups can be adsorbed onto the CNT surface or
PPO strongly. Space barrier is formed in this way to assure uniform
dispersion of CNTs in PPO after adding a surfactant, and the schematic
of a space barrier is demonstrated in Fig. 2b.

The main role of surfactant as the dispersing agent is to prevent the
re-conglomeration of dispersed solid particles. The disperse system is a
thermodynamic instability system given its large surface area and high
surface energy. The surfactant adsorbed onto the CNT–PPO interface
weakens the tension of the CNT–PPO interface, thus decreasing the
surface free energy significantly and relieving the trend of mutual
conglomeration. In addition, the adsorption layer on the CNT surface
can be thickened by the surfactant adsorption, and the formed space
barrier can hinder the conglomeration of particles [44]. If the surfactant
is classified as an ionic-type surfactant, then the adsorption of surfac-
tant also causes charges to the surface to generate an electrostatic re-
pulsion barrier, which can hinder the conglomeration of particles. Ac-
cording to DLVO theory, the stability of the disperse system is
determined by the sum of the van der Waals suction potential energy VA
and the electrostatic repulsive potential energy VR of the particles as
follows [45,46]:

V V VA R= + (1)

V 0R = (2)

In the disperse system of non-aqueous media, the electrostatic re-
pulsion barrier can be neglected given the low dielectric constant, and
the dispersion stability of solid particles is mainly determined by VA.

VA depends on particle size, particle shape, distance among parti-
cles, and nature of dispersed phase and medium. For two pellets with
equal diameter, VA complies with the following formula:
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where A is the Hamaker constant, H0 is the shortest distance between
the surfaces of two spheric particles, and a is the effective radius of the
spheric particles. The Hamaker constants of particles and dispersive
media are Ap and Adm, respectively. The Hamaker constant of particles
A in the medium will change and can be calculated using the following
equation:

A A A( )dm p
1/2 1/2 2= (4)

Surfactants adsorbed on the surface of the particles will form an
adsorption layer with a thickness of δ, and the Hamaker constant of
surfactants is As. When the shortest distance between two isometric
spheric particles is Δ, the expression of VA is as follows:
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Formula (5) implies that the absolute value of VA decreases with the
increase in δ; that is, the adsorption layer can reduce the suction po-
tential energy and increase the stability. The absolute value of VA in-
creases with ɑ; in particular, the suction potential energy increases, and
the stability becomes poor with the increase in ɑ.

In addition to affecting VA, the surfactant can also produce a barrier
called a space repulsive potential energy VRs considering the formation
of the adsorbed layer and solvation effect. The nature of the adsorbed
layer indicates three parts of VRs, namely, VRθ, VRE, and VRO.

Space repulsive energy can be written as

V V V VR
S

R R
E

R
O= + + (6)

The first part is the entropy repulsive potential energy VRθ, which
can be expressed as follows:

V N kT H
l

1R S
0=

(7)

where NS is the number of adsorbed molecules on the surface area of
the unit, k is the Boltzmann constant, θ∞ is the extent of the surface to
be covered by the molecule when the two surface distances are H0 = ∞,
l is the length of the adsorbed surfactant molecule, and T is the absolute
temperature.

The surfactant adsorbed on the solid surface is used as a rigid rod,
and the degree of activity freedom of a steel-rod surfactant will be re-
duced when the two surfaces draw close, thus producing the entropy
repulsive potential energy.

The second part is the elastic repulsive potential energy VRE, which
can be expressed as follows:

V G H a0.75
2

( )R
E 0

5/2
1/2= +

(8)

where G is the elastic modulus of the adsorption layer, δ is the ad-
sorption layer thickness, H0 is the shortest distance between the sur-
faces of two spheric particles, and a is the effective radius of the spheric
particles. The surfactants are elastomers; thus, VRE will be generated
when the adsorbed layer is compressed.

The third part is the osmotic repulsive potential energy VRO, which
can be expressed as follows:

V kTA C H a H4
3 2

3 2
2R

O
2 2

0
2

0= + +
(9)

where k is the Boltzmann constant, T is the absolute temperature, A2 is
the second virial coefficient, C2 is the concentration of surfactants in the
adsorbed layer, δ is the adsorption layer thickness, H0 is the shortest
distance between the surfaces of two spheric particles, and a is the ef-
fective radius of the spheric particles.

When the adsorption layer overlaps, the surfactant concentration
will increase in the overlapped region, and the chemical potential dif-
ference is due to the concentration difference between the overlap area
and the adsorbed layer; this difference leads to the repulsive potential
energy VRO.

2.2. Reversed micellization

The micelle formation of surfactants in the solution closely re-
sembles the surfactant adsorption at an interface. The state of surfactant
molecules will change when a certain concentration is reached. Under
this circumstance, a certain number of surfactant molecules in the so-
lution will create an aggregation in the form of a polar group
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proceeding to opposite directions, and the aggregation is a micelle,
which can effectively increase the space repulsion barriers [45]. The
number of micelles increases with the further increase in surfactant
concentration while keeping the size of each micelle and the number of
molecules in each micelle constant, and the entire process is exhibited
in Fig. 3. A certain surfactant concentration is required to form micelles,
and the certain concentration is described as a critical micelle con-
centration (CMC). The micelle formation will cause sudden changes in
the surfactant properties. The CMC is an important property of sur-
factant and can be used as an evaluation index of the surface activity of
the surfactant. A low CMC indicates a low concentration required to
form micelles and a low concentration for the interface to reach the
saturated adsorption of the monomolecular layer. Therefore, a low
concentration can significantly change the internal and surface prop-
erties of the system; that is, surfactant performs effectively under low
micelle concentration [45,47].

Surfactants can also form micelles in a non-aqueous solution. Such
aggregate, with hydrophilic groups as the internal kernel, is called re-
versed micelle (W/O micelle) and has opposite structures with micelles
in the aqueous solution. The association of surfactant in a nonpolar
solvent is the consequence of forming a reversed micelle through di-
pole–dipole between two molecules and ion interaction. Reversed mi-
cellization is different from micelles formed by surfactant in water
through hydrophobic interaction; This process is complicated, as dis-
played in Fig. 4. The reversed micellization further increases the space
barrier and improves the dispersion stability of CNTs.

Several special groups and chemical bonds in surfactant can influ-
ence the CMC differently. The eOe and eOH polar groups in the mo-
lecular hydrocarbon chain of surfactant will decrease the critical re-
versed micelle concentration of surfactant significantly [45].

2.3. Nature of the hydrocarbon chain

The hydrophilicity of the hydrophilic group is negatively related to
the length of the hydrocarbon chain. A strong relative hydrophilicity of
hydrophilic groups implies a strong tendency to escape from oil, easi-
ness to be adsorbed onto the solid surface, and a high adsorption ca-
pacity. Surfactants with significantly different properties also conform
to the abovementioned law [45]. For surfactants that belong to
homolog, the surface adsorption capacity will increase slightly with the
growth of methyne eCH2 in the hydrocarbon chain length [48].

The hydrocarbon chain length of ionic surfactant can influence its
hydrophilicity and lipophilicity; that is, a long hydrocarbon chain leads
to a strong lipophilicity. However, such a relationship is sensitive to the
hydrophilicity of hydrophilic groups. Given strong lipophilicity, the
adsorption capacity on CNT–PPO interface enhances, and the absorp-
tion stability improves. However, the long chain will be curled up when
the carbon number in the straight alkane chain of the lipophilic group
increases up to 16, thus also increasing the single-molecule cross-sec-
tional area of the surfactant. Consequently, the saturated adsorption
capacity of the surfactant decreases, and the adsorption layer becomes
loose, thereby indicating the declining adsorption capacity of the

surfactant [45].

2.4. London force

An instantaneous relative displacement between electron cloud and
atomic nucleus frequently occurs given the ceaseless movement of
electrons and the continuous vibration of an atomic nucleus in mole-
cules; thus, an instantaneous dipole is produced. The instantaneous
dipole exists briefly but continuously. The molecular interaction force
generated by the instantaneous dipole is called the London force, and
London force constantly occurs on the surfactant and solid surface. The
significance of London force lies not only in its independent adsorption
mechanism but also in its supplementation mechanism of other ad-
sorption types [45]. London force increases with the molecular weight
of surfactant. London force is also related to molecular deformability,
ionization potential, and molecular distance.

2.5. Synergism

Mixed surfactant possesses excellent performance, is prepared by
two or several types of surfactants, and has an excellent performance
[45,49]. The physicochemical properties of the mixed surfactant solu-
tion change significantly compared with those of the independent sur-
factant, which is called synergism or called synergistic effect. The sur-
face activity of mixed surfactant is superior to that of each component,
and several of its properties may even be beyond the capability of the
original components. The mixed surfactant prepared by homolog can be
approximately viewed as the ideal solution, and micelle is viewed as the
ideal micelle [50,51].

3. Experimental

3.1. Experimental setup and conditions

Frictional tests under different lubricants were performed using a
ball-on-disc rotation sliding tribotester (UMT-3 Instruments). Friction
coefficient was recorded in a computer connected to the testing plat-
form automatically. The experimental apparatus and principle are
presented in Fig. 5. To conform to the grinding conditions, a white
alundum ball and a stainless steel disc were selected to be the friction
pair in the experiment. The rotation sliding between the disc and white
alundum ball approximately simulated the lubrication state between
abrasive particles and workpiece surface in the surface grinding ex-
periment. The experimental parameters are listed in Table 2.

Six lubricating fluids (six types of surfactants + CNT nanofluids)
were used in the frictional test, and the PPO was selected as the base oil,
according to [52]. The control variate method of the test was adopted.
In each test, only the type of lubricant was changed, whereas other
conditions remained the same. The overall test design is displayed in
Table 3. Each frictional test was performed thrice to assure a high test
accuracy. After each test, the white alundum ball and disc were cleaned
by acetone and absolute ethyl alcohol to eliminate impurity residues

Fig. 3. Formation process of micelles.
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(e.g., lubricating fluid and cutting debris) on the sample for the con-
venience of further measurements.

The SEM images and surface roughness value of disc and the ma-
terial removal rate were measured to analyze the tribological char-
acteristics of CNT nanofluids added with different surfactants. Wear
samples were processed by 10 min ultrasonic cleaning in acetone and
then cleaned by absolute ethyl alcohol to reduce measurement error.
Finally, the samples were dried, packed in bags, and labeled. The
viscosity of CNT nanofluids with different surfactants under room
temperature (approximately 23 °C) was measured using a DV2TLV di-
gital viscometer. The test and analysis equipment is illustrated in Fig. 6.

4. Materials

An AISI304 steel disc and a white alundum ball were used for the
two friction pairs. The element composition and properties of the
AISI304 disc are listed in Tables 4 and 5, correspondingly. The basic
properties of the white alundum ball are listed in Table 6.

In the experiment, PPO was used as the basic lubricating oil and
CNTs as the nanoparticles. The main properties of PPO and CNTs are
listed in Table 7. Surfactants with different basic groups and

hydrocarbon chain lengths were applied. The main properties of the

Fig. 4. Space barrier of reversed micelles.

Fig. 5. UMT-3 Tribometer 1. lubricant,2. grind disc, 3. white alundum ball, 4. cage, 5. force sensor, 6. fixed block, 7. Z-axis slide rail, 8. synchronous pulley, 9. belt.

Table 2
Tribotesting parameters.

Condition Value

Test temperature (°C) 22 ± 5
Test duration (s) 1800
Load (N) 20
Rotating speed (r/min) 50

Table 3
Conditions of different lubricants.

Sample Lubricating fluid composition

1–1 PPO+2 wt% (CNTs)+3 wt% (APE-10)
1–2 PPO+2 wt% (CNTs)+3 wt% (CTAB)
1–3 PPO+2 wt% (CNTs)+3 wt% (OP-10)
1–4 PPO+2 wt% (CNTs)+3 wt% (SDBS)
1–5 PPO+2 wt% (CNTs)+3 wt% (SDS)
1–6 PPO+2 wt% (CNTs)+3 wt% (TTAB)
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surfactants are summarized in Table 8.

4. Results and discussion

4.1. Stability persistence

Variations in CNT nanofluids with different surfactants under static
conditions were observed and recorded, as depicted in Fig. 7. Prepared
CNT nanofluids with different surfactants were processed through a
10 min ultrasonic vibration in an ultrasonic cleaning machine to ensure
the same initial dispersion state. After putting static for 1 h, the CNT
nanofluids with SDS showed obvious layering; their bottom layer was
the CNT aggregation layer, the middle was the PPO layer with few
CNTs, and the top was the SDS particulate layer. SDS is a particulate
surfactant with high HLB and poor oil solubility, and abundant SDS
particles are accumulated on the top layer rather than dispersing [53].
After 3 h of being static, the CNT nanofluids with SDBS began to de-
monstrate CNT aggregation settlement, and the color lightened up from
the bottom to the top of the tube. The CNT nanofluids with CTAB began
to develop a flocculent CNT aggregation system in the upper part and
abundant CNT aggregation settlement in the lower part. After 5 h of
being static, the CNT nanofluids with SDS, SDBS, and CTAB continued
to aggregate and deposit, and the layering phenomenon intensified.
However, no obvious changes were observed in the other groups of
nanofluids. After 21 h of being static, the CNT nanofluids with APE-10
and OP-10 developed extremely thin transparent layers on the liquid
surface; these transparent layers might be a small amount of mixture of
surfactants and palm oil. No obvious changes occurred in the other
groups of nanofluids. After 45 h of being static, none of the nanofluids

had developed marked changes. Therefore, APE-10(> 45 h), OP-
10(> 45 h), and TTAB(> 45 h) were the surfactants with a high dis-
persion stability under extended time statics.

4.2. Effects of surfactants on the viscosity of CNT nanofluids

The dispersing mechanisms of the different surfactants in the CNT

Fig. 6. Diagram of the test and analysis equipment.

Table 4
Element composition of AISI304 material.

Element C Si Mn Cr Ni S P Fe

Weight (%) ≤0.08 ≤1.00 ≤2.00 18.0–20.0 8.0–10.5 ≤0.03 ≤0.035 Remainder

Table 5
Properties of AISI304 material.

Physical properties

Melting point 1398 °C-1454 °C
Density 7850 kg/m3

Elastic modulus at 20 °C 199000 MPa
Specific heat capacity 500 J/(kg·K)
Thermal conductivity at 20 °C 15 W/(m·K)

Mechanical properties
Inner stress 205 N/mm2

Tensile strength 520 N/mm2

Hardness 90 HRB
Elongation 40%

Table 6
Basic properties of the white alundum ball.

Model Grain size Hardness Binding agent Ball diameter

WA80H12V 240 mesh medium ceramic 9.5 mm
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nanofluids were discussed by static observation and viscosity compar-
ison. The prepared CNT nanofluids with different surfactants were
dispersed through a 10 min ultrasonic vibration in the ultrasonic
cleaning machine, and viscosity was measured using the DV2TLV di-
gital viscometer. The test parameters were set as follows: 75% torque,
1 min measurement time, and viscosity data collected every 1 s. Finally,
the viscosity average throughout the entire measurement was obtained.

The viscosities of the CNT nanofluids added with different surfac-
tants under room temperature are demonstrated in Fig. 8. Fig. 8 illus-
trates that adding surfactant can increase the viscosity of the CNT na-
nofluids. Different surfactants increased the viscosity of the CNT

nanofluids to different extents. The order of viscosity of lubricating
fluids was (PPO + CNTs + APE-10) > (PPO + CNTs + CTAB) >

(PPO + CNTs + SDS) > (PPO + CNTs + TTAB) >
(PPO + CNTs + OP-10) > (PPO + CNTs + SDBS) > (PPO + CNTs) >
(PPO). The comparison of the measurement results with frictional test

and static observation showed that the nanofluids with APE-10 and
CTAB exhibit improved dispersion stability and tribological properties.
APE-10 increased the viscosity of nanofluids significantly because it is a
mixed surfactant; that is, different surfactant molecules had high-effi-
ciency “synergism” and were adsorbed onto the CNT–PPO interface
[45,49].

CTAB could increase the viscosity of nanofluids more significantly
than the TTAB; this phenomenon could be explained by the following
aspects. CTAB contains two hydrophilic groups (amidogens and ha-
logen -Br). With strong hydrophilicity, CTAB shows a high tendency to
escape from oil and is easy to be adsorbed onto the CNT surface [45].
Thus, the adsorption capacity is high, which is conducive to a uniform
CNT dispersion and a high nanofluid viscosity. In addition, the carbon
chain is longer in the lipophilic groups of CTAB than in TTAB, and the
longer chain will not be curled up in a short time. CTAB is adsorbed
onto CNTs, thereby increasing the distance between CNTs compared
with that under TTAB adsorption and improving the CNT dispersion
effect [45,46].

Nanofluids with SDS achieved the third highest viscosity but also
poorer dispersion stability. The reasons for this result might be as fol-
lows: SDS is a powdery surfactant with a high HLB value; therefore, the
oil solubility of SDS is poor, and the dispersion effect of CNT nanofluids
after adding SDS deteriorates [53]. Moreover, serious layering phe-
nomena, namely, CNT deposited at the bottom of the lubricating fluid,
PPO occupied the middle layer, and SDS particles accumulated at the

Table 7
Main properties of CNTs and PPO.

Properties of nanoparticles

Nanoparticles CNTs
Size 50 nm
Purity 99.0%
Color black
Density 2.1 g/cm3

Properties of base fluid
Base oil PPO
Color yellow
Density at 20 °C 0.93 g/ml3

Viscosity at 20 °C 56.7 MPa s
Flashpoint 165 °C
Acid value 0.16 mg/g
Saponification 195.07 mg/g
Main fatty acid

composition
42.02% oleic acid, 40.24% palmitic acid, 12.32%
linoleic acid, 4.27% stearic acid

Table 8
Properties of surfactant.

Surfactant APE-10 OP-10 SDBS SDS CTAB TTAB

Mr 646 348.5 288.4 364.5 336.4
HLB 8–8.6 10.6 40 15.8 16.75
Type nonionic nonionic anionic anionic cationic cationic
Physical state liquid liquid liquid granular powdery powdery
Chemical molecular formula 80% NPE

15% OPE
1% DPE
1% DNPE
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top layer, was developed, thus resulting in high viscosity. The low
viscosity of the nanofluids with OP-10 might be caused by the weak
London force of OP-10 molecules on the CNT surface [45]. The rotor
rotation of viscometer in the measurement significantly damaged the
adsorption of OP-10 considering the strong external disturbance and
the weak London force of OP-10 molecules on the CNT surface.

4.3. Effects of surfactants on the friction-reduction performance of CNT
nanofluids

The utilization of surfactant could increase the dispersion stability
of CNTs in PPO. However, different surfactants caused various friction
coefficients. Therefore, the possible reasons and mechanisms of actions
related to the friction-reduction effects of CNT nanofluids with different
surfactants must be discussed. The experimental results of the friction
coefficient and viscosity were highly correlated. CNT nanofluids with

surfactant possessed high viscosity; thus, a low friction coefficient was
obtained. With the increase in viscosity, the colloidal force, Brownian
movement, and viscosity force among nanofluid molecules increased
accordingly, thereby benefitting the formation of oil membrane on the
friction surface and the increase in the thickness and strength of the
adsorption membrane. Consequently, the lubrication performance in-
creased slightly. An oil membrane with sufficient thickness was difficult
to form on the high-temperature friction surface when the lubricating
fluid had low viscosity. The oil membrane had the low bearing capacity
and was easily damaged under loads. The lubrication in the friction pair
was inadequate, and the friction coefficient increased accordingly.

The friction coefficients of the different lubricating fluids are ex-
hibited in Fig. 9a. The addition of different surfactants to CNT nano-
fluids caused different friction coefficients, and the fluctuation in the
friction coefficients significantly changed with time. Given the entire
experiment, the friction coefficients of nanofluids with a non-ionic
surfactant (APE-10 and OP-10) increased with time. The friction coef-
ficient of nanofluids with OP-10 increased from 0.135 to 0.157 after
200 s because APE-10 and OP-10 exhibited high molecular mass and
London force, thereby playing the dominant role in several dispersing
mechanisms. Therefore, nanofluids showed a high dispersion stability
in a static observation. The lubricating fluid was disturbed by the ro-
tation sliding of the white alundum ball, and the stable system formed
by London force, which was generated by an instantaneously induced
dipole, was damaged throughout the frictional test, thus weakening the
dispersion of CNTs and intensifying the aggregation of CNTs gradually.
Consequently, a stable adsorption film was impossible to form, and the
continuity of the adsorption film was destroyed; this result contradicted
the lubrication performance.

The friction coefficient of nanofluids with a cationic surfactant
(CTAB and TTAB) slightly decreased with time. The friction coefficients
of nanofluids with CTAB decreased from 0.15 to 0.135, whereas those
with TTAB decreased from 0.17 to 0.15. The reason for these results
might be as follows: with the continued friction and wear process, the
friction surface gradually smoothened, the wear changed from the
violent wearing state to the stable wearing state gradually, and the

Fig. 7. Static observation results of nanofluids with different surfactants.

Fig. 8. Viscosity of nanofluids with different surfactants.
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destroyed friction film was updated and supplemented timely, thereby
contributing to the continuously satisfying lubrication performances
[32]. The friction coefficient curves of nanofluids with anionic SDS and
SDBS remained constant throughout the experiment, except for a slight
fluctuation.

Fig. 9b illustrates that the average friction coefficient of the CNT
nanofluids with APE-10 was the lowest (0.121), thereby indicating the
optimal friction-reduction performance. The overall order of average
friction coefficient was APE-10 (0.121) < CTAB (0.144) < OP-10
(0.148) < SDBS (0.156) < TTAB (0.160) < SDS (0.169). On the
basis of the average friction coefficient, the comparative analysis was as
follows:

● APE-10 versus OP-10. The friction coefficient of the CNT nanofluids
added with APE-10 was the lowest, and the friction coefficients
fluctuated slightly. APE-10 is a mixed surfactant, and the surface
active molecules of APE-10 have high-efficiency synergism; in ad-
dition, APE-10 can adsorb onto the CNT–PPO interface, and a high-
efficiency synergistic effect exists between APE-10 and CNTs
[54,55]. The specific performance might be as follows: different
types of surfactants formed reversed micelles with different sizes
and shapes, which filled different spatial spaces and formed stable
dispersions. The nanofluids with OP-10 showed a favorable disper-
sion effect in the static observation. A possible reason was that the
surfactant concentration reached the critical reversed micelle con-
centration. The other possible reason is that OP-10 molecules con-
tain eOe and eOH polar groups, which will decrease the critical
reversed micelle concentration of OP-10 sharply [45]. Therefore, a
low concentration could form the reversed micelles and reach the
saturated adsorption of molecular monolayer. The low concentra-
tion could change the internal and interface performances of the
system significantly; that is, the OP-10 surfactant could develop
high performances under a low concentration. The frictional test
reported that the friction coefficient under nanofluids with OP-10
was not the lowest, and the disc surface quality analysis demon-
strated the poor friction-reduction and antiwear performances,
which were caused by the instability of the dominant London force
in the frictional tests.

● CTAB versus TTAB. Fig. 9b displays that the average friction coef-
ficient of nanofluids with CTAB was lower than that of nanofluids
with TTAB. The possible reason was that the carbon chain of the
lipophilic group of CTAB is longer than that of TTAB, and the dis-
tance among CNTs when CTAB was adsorbed onto CNTs is longer
than that under CTAB. Thus, CNTs could uniformly disperse and
easily form the uniform friction membrane on the friction pair

surface, thus contributing favorable friction-reduction and antiwear
performances. Moreover, CTAB exhibited strong lipophilicity and
low critical reversed micelle concentration in palm oil and per-
formed efficiently under a low concentration, thereby causing it to
have a high adsorption capacity on the CNT–PPO interface and
improved adsorption stability. The experimental results of the static
observation were opposite to the abovementioned analysis. Nano-
fluids with CTAB required a shorter time for layering deposition
than those with TTAB, thus indicating a favorable dispersion effect
of CNT nanofluids with TTAB. One possible reason is that TTAB
possesses shorter hydrocarbon chain and stronger hydrophilicity of
hydrophilic groups; thus, TTAB is apt to escape from oil and can
easily be adsorbed onto the CNT surface, thereby contributing to the
increase in adsorption capacity [45]. The other possible explanation
was as follows: The carbon number on the straight alkane chain of
the lipophilic group exceeds 16, and the static observation time is
longer than that of the frictional test, thus causing the curling up of
the long chain; the cross-sectional area of single surfactant mole-
cules was further increased [47]. Ultimately, the saturated adsorp-
tion capacity of surfactant and the loosening of the adsorption layer
were decreased.

● SDBS versus SDS. Nanofluids with SDBS are superior to those with
SDS in terms of the average friction coefficient and static dispersion
performance; the possible reasons are that SDS has a large HLB
value that leads to the poor oil solubility, and the solubility of SDS
powder in palm oil is relatively small, thereby resulting in a small
number of micelles formed by SDS molecules; consequently, the
dispersion effect is the poorest [53]. Macroscopically, the experi-
mental results of a static observation showed that SDS is layered up
in the lubricating fluid, and abundant SDS is no longer dissolved in
the lubricating fluid and cannot effectively disperse.

Certain information is displayed in Fig. 9b. First, the friction coef-
ficients of nanofluids with nonpolar ionic surfactant OP-10 and cationic
surfactants CTAB and TTAB varied extensively. The extensive variation
in the friction coefficient of nanofluids with OP-10, as presented in
Fig. 9a, was due to the friction coefficient curve steadily increased after
200 s, accompanied by a small fluctuation. Second, the friction coeffi-
cients of nanofluids with cationic surfactants CTAB and TTAB fluc-
tuated significantly throughout the experiment, and the maximum
friction coefficient influenced the mean considerably, thereby in-
dicating a mutual corroboration as illustrated in Fig. 9a. The violent
fluctuation might be the consequence of the accumulation and ex-
foliative discharge of cutting debris.

Fig. 9. (a) Friction coefficient, (b) Box plot of friction coefficient.
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4.4. Effects of surfactants on the antiwear performance of CNT nanofluids

4.4.1. Roughness
The surface roughness value of the disc samples was measured after

the frictional test to discuss the frictional wear of samples. Roughness
measurement and mean were gained from 3 points to 5 points of each
disc sample, and the point that is closest to the roughness mean was
selected for evaluation. The roughness values of disc samples under
different nanofluids are depicted in Fig. 10, and the roughness profile
curves of disc samples under different CNT nanofluids are demonstrated
in Fig. 11. The roughness value order under different lubrication con-
ditions was APE-10 (0.48 μm) < OP-10 (0.518 μm) < SDBS
(0.533 μm) < TTAB (0.552 μm) < CTAB (0.691 μm) < SDS
(0.839 μm). The minimum roughness value was achieved by CNT na-
nofluids with APE-10; therefore, they achieved the optimal lubrication
and tribological properties. Scratches were only one part of the disc-
sampling section for roughness measurement, and the roughness value
could not comprehensively reflect the surface quality and lubrication
performance of nanofluids.

4.4.2. Maximum scratch depth
MATLAB program was used to generate the scratch profile curves

based on the original roughness data for fully reflecting the grinding
performance of white alundum balls and the antiwear performances of
different nanofluids with surfactants. Fig. 11 displays that the max-
imum scratch depth order under different nanofluids was APE-10
(7.024 μm) < TTAB (7.790 μm) < SDBS (8.469 μm) < OP-10
(9.238 μm) < CTAB (9.608 μm) < SDS (10.057 μm). The nanofluids
with APE-10 contributed the optimal antiwear performance. The dis-
persion effect of CNTs under CNT nanofluids with APE-10 was stable,
and CNTs easily formed a stable friction film, thereby leading to the
reduction in surface roughness. A low surface roughness enhanced the
capacity of film forming and the thickness of the oil film. A virtuous
circle was formed in this way. The optimal antiwear performance was
achieved under nanofluids with APE-10.

4.4.3. Material removal rate
Material removal rate is the material volume on the disc removed by

the white alundum ball per unit time. The antiwear performance of
different CNT nanofluids can further be analyzed by material removal
rate. Area ratio (η) can reflect the material removal rate, and η is ne-
gatively correlated with the material removal rate. The related formula
of area ratio is expressed as follows:

(S S )/S1 2 3= + (10)

where η is the area ratio, S1 (μm2) and S2 (μm2) are the cross-sectional
areas of plastic accumulation caused by disc extrusion by the white
alundum ball, and S3 (μm2) is the cross-sectional area of the furrows
produced by the white alundum ball cutting of the disc. The cross
section of a scratch is illustrated in Fig. 12. The values of S1, S2, and S3

were calculated by MATLAB software. In Fig. 13, the order of η of the
six disc groups in terms of material removal rate is TTAB < SDBS <
SDS < APE-10 < OP-10 < CTAB. Therefore, the order of nanofluids
in the antiwear performance is CTAB > OP-10 > APE-10 > SDS >
SDBS > TTAB. Fig. 14 demonstrates that the disc scratches under
nanofluids with OP-10 presented obvious narrow gully and high max-
imum scratch depth; this result obviously disagreed with the white
alundum ball profile. This result might be due to the large or several
cutting debris piled up in the grinding zone to cut the disc as the “third
body” under the extrusion of white alundum balls [56].

4.4.4. SEM morphology
Disc surface was observed by SEM to disclose the lubrication me-

chanism of different CNT nanofluids. The SEM morphologies under six
types of CNT nanofluids are depicted in Fig. 14. The worn surfaces
under nanofluids with OP-10, APE-10, and TTAB were relatively

smooth, without evident furrows and scratches. Particularly, the worn
surfaces under nanofluids with APE-10 and TTAB were relatively rough.
The worn surface under nanofluids with OP-10 hardly had large fur-
rows and wrinkle superposition (Fig. 14c). The worn surface under
nanofluids with OP-10 was relatively smooth, but the maximum scratch
depth was 9.238 μm, as exhibited in Fig. 11. This result might be due to
the relatively smooth worn surfaces were against the high storage ca-
pacity of nanofluids, which caused it to be impossible to generate
friction film. Evident scratches and furrows were observed from the
worn surfaces under nanofluids with CTAB, SDBS, and SDS, accom-
panied with large-sized nonseparated cuttings at the furrow edges
(Fig. 14b, d, and 14e). The possible reason might be that the aggregated
CNTs and adhered chip were ground into blocks given the high nano-
fluid viscosity, which would cut plow the disc as the “third body” under
the extrusion of white alundum balls [56]. However, with limited
hardness and cutting capability, the nonseparated chip could not be cut
off completely and effectively from the disc. Fig. 14c and f depict that
obvious accumulation of CNTs existed on the friction surface. The CNT
aggregations were extruded by a white alundum ball in the cutting zone
and then accumulated on the friction surface.

(a): PPO+2 wt% (CNTs)+3 wt% (APE-10); (b): PPO+2 wt%
(CNTs)+3 wt% (CTAB); (c): PPO+2 wt% (CNTs)+3 wt% (OP-10); (d):
PPO+2 wt% (CNTs)+3 wt% (SDBS); (e):PPO+2 wt% (CNTs)+3 wt%
(SDS); (f): PPO+2 wt% (CNTs)+3 wt% (TTAB).

5. Conclusions

This study evaluated the dispersing properties of different types of
surfactants. The molecular structures and physicochemical properties of
different surfactants were analyzed, and their dispersing mechanisms
were studied. Six surfactants were selected for experimental verifica-
tion. CNT nanofluids added with different surfactants were observed
under static conditions. A contrast analysis on the viscosity and friction
coefficient of the lubrication of different CNT nanofluids and the
wearing loss of discs was performed to compare and verify the disper-
sion mechanism. On the basis of the experimental results, the following
conclusions were drawn:

(1). Among the six surfactants, the CNT nanofluids with APE-10 ob-
tained the longest time without deposition (> 45 h) and the
highest viscosity (345.7 MPa s), thereby demonstrating the most
outstanding dispersion stability.

(2). Further investigation showed that the CNT nanofluids with APE-10
gained the lowest friction coefficient (0.121), lowest maximum
scratch depth (7.024 μm), lowest roughness value (0.48 μm),
second lowest material removal rate, and favorable frictional

Fig. 10. Roughness value of CNT nanofluids with different surfactants.
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surface morphology, thereby indicating the excellent tribological
property, antiwear, and friction-reduction performance.

(3). The order of viscosity and the average friction coefficient of na-
nofluids with different surfactants were strongly correlated. The
high viscosity of nanofluids implied a stable oil film, thus exerting
a favorable friction-reduction effect.

(4). The static observation results and experimental evaluation pre-
sented that APE-10 was optimal to be added to CNT nanofluids as
surfactants, which indicated that the “synergism” of a mixed sur-
factant exerted excellent dispersion effect and tribological prop-
erty.

Acknowledgments

This research was financially supported by the National Natural
Science Foundation of China (51575290), the Major Research Project of
Shandong Province (2017GGX30135 and 2018GGX103044), and the
Shandong Provincial Natural Science Foundation of China
(ZR2017PEE002 and ZR2017PEE011.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.triboint.2018.10.025.

References

[1] Barczak LM, Batako ADL, Morgan MN. A study of plane surface grinding under
minimum quantity lubrication (MQL) conditions. Int J Mach Tool Manufact
2010;50(11):977–85.

[2] Heinemann R, Hinduja S, Barrow G, Petuelli G. Effect of MQL on the tool life of
small twist drills in deep-hole drilling. Int J Mach Tool Manufact 2006;46(1):1–6.

[3] Chol SUS. Enhancing thermal conductivity of fluids with nanoparticles. ASME-
Publications-Fed 1995;231:99–106.

[4] Zhang YB, Li CH, Ji HJ, Yang XH, Yang M, Jia DZ, Zhang XP, Li RZ, Wang J.
Analysis of grinding mechanics and improved predictive force model based on
material-removal and plastic-stacking mechanisms. Int J Mach Tool Manufact
2017;122:81–97.

[5] Yang M, Li CH, Zhang YB, Jia DZ, Zhang XP, Hou YL, Li RZ, Wang J. Maximum
undeformed equivalent chip thickness for ductile-brittle transition of zirconia
ceramics under different lubrication conditions. Int J Mach Tool Manufact

Fig. 11. Roughness profile curve. (a): PPO+2 wt% (CNTs)+3 wt% (APE-10);
(b): PPO+2 wt% (CNTs)+3 wt% (CTAB); (c): PPO+2 wt% (CNTs)+3 wt%
(OP-10); (d): PPO+2 wt% (CNTs)+3 wt% (SDBS); (e):PPO+2 wt% (CNTs)
+3 wt% (SDS); (f): PPO+2 wt% (CNTs)+3 wt% (TTAB).

Fig. 12. Cross section of a scratch.

Fig. 13. η value of the grinding crack profile.

Fig. 14. SEM morphology of the worn surface.

T. Gao et al. Tribology International 131 (2019) 51–63

62

https://doi.org/10.1016/j.triboint.2018.10.025
https://doi.org/10.1016/j.triboint.2018.10.025
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref1
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref1
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref1
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref2
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref2
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref3
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref3
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref4
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref4
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref4
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref4
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref5
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref5
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref5


2017;122:55–65.
[6] Alberts M, Kalaitzidou K, Melkote S. An investigation of graphite nanoplatelets as

lubricant in grinding. Int J Mach Tool Manufact 2009;49(12):966–70.
[7] Hadad MJ, Tawakoli T, Sadeghi MH, Sadeghi B. Temperature and energy partition

in minimum quantity lubrication-MQL grinding process. Int J Mach Tool Manufact
2012;54:10–7.

[8] Zhang DK, Li CH, Zhang YB, Jia DZ, Zhang XW. Experimental research on the en-
ergy ratio coefficient and specific grinding energy in nanoparticle jet MQL grinding.
Int J Adv Manuf Technol 2015;78(5–8):1275–88.

[9] Li BK, Li CH, Zhang YB, Wang YG, Jia DZ, Yang M, Zhang NQ, Wu QD, Han ZG, Sun
K. Heat transfer performance of MQL grinding with different nanofluids for Ni-
based alloys using vegetable oil. J Clean Prod 2017;154:1–11.

[10] Li CH. Theory and key technology of nanofluid minimum quantity grinding. 1th ed.
Beijing: Science Press; 2018. p. 206–9.

[11] Silva LRD, Bianchi EC, Fusse RY, Catai RE, França TV. Analysis of surface integrity
for minimum quantity lubricant-MQL in grinding. Int J Mach Tool Manufact
2007;47(2):412–8.

[12] Wang YG, Li CH, Zhang YB, Li BK, Yang M. Experimental evaluation of the lu-
brication properties of the wheel/workpiece interface in MQL grinding with dif-
ferent nanofluids. Tribol Int 2016;99:198–210.

[13] Zhang XP, Li CH, Zhang YB, Jia DZ, Li BK. Performances of Al2O3/SiC hybrid na-
nofluids in minimum-quantity lubrication grinding. Int J Adv Manuf Technol
2016;86(9–12):1–15.

[14] Hu CZ, Bai ML, Lv JZ, Wang P, Li XJ. Molecular dynamics simulation on the friction
properties of nanofluids confined by idealized surfaces. Tribol Int 2014;78:152–9.

[15] Li CH, Zhang DK, Jia DZ, Hou YL. Experimental evaluation on tribological prop-
erties of nano-particle jet MQL grinding. Int J Surf Sci Eng 2015;9(2/3):159.

[16] Alves SM, Barros BS, Trajano MF, Ribeiro KSB, Moura E. Tribological behavior of
vegetable oil-based lubricants with nanoparticles of oxides in boundary lubrication
conditions. Tribol Int 2013;65:28–36.

[17] Ge XY, Xia YQ, Cao ZF. Tribological properties and insulation effect of nanometer
TiO2 and nanometer SiO2 as additives in grease. Tribol Int 2015;92:454–61.

[18] Qu MN, Yao YL, He JM, Ma XR, Liu SS. Tribological performance of functionalized
ionic liquid and Cu microparticles as lubricating additives in sunflower seed oil.
Tribol Int 2016;104:166–74.

[19] Zhang YB, Li CH, Jia DZ, Zhang DK, Zhang XW. Experimental evaluation of the
lubrication performance of MoS2/CNT nanofluid for minimal quantity lubrication
in Ni-based alloy grinding. Int J Mach Tool Manufact 2015;99:19–33.

[20] Malkin S, Guo C. Thermal analysis of grinding. CIRP Ann 2007;56(2):760–82.
[21] Lucke WE. Health & safety of metalworking fluids. Fluid formulation: a view into

the future. Lubr Eng 1996;52(8):596–604.
[22] Rahim EA, Sasahara H. A study of the effect of palm oil as MQL lubricant on high

speed drilling of titanium alloys. Tribol Int 2011;44(3):309–17.
[23] Lawal SA, Choudhury IA, Nukman Y. Application of vegetable oil-based me-

talworking fluids in machining ferrous metals-a review. Int J Mach Tool Manufact
2012;52(1):1–12.

[24] Guo SM, Li CH, Zhang YB, Wang YG, Li BK. Experimental evaluation of the lu-
brication performance of mixtures of castor oil with other vegetable oils in MQL
grinding of nickel-based alloy. J Clean Prod 2016;140:1060–76.

[25] Wang YG, Li CH, Zhang YB, Yang M, Li BK. Experimental evaluation of the lu-
brication properties of the wheel/workpiece interface in minimum quantity lu-
brication (MQL) grinding using different types of vegetable oils. J Clean Prod
2016;127:487–99.

[26] Choi C, Jung M, Choi Y, Lee J, Oh J. Tribological properties of lubricating oil-based
nanofluids with metal/carbon nanoparticles. J Nanosci Nanotechnol
2011;11(1):368–71.

[27] Hwang Y, Park HS, Lee JK, Jung WH. Thermal conductivity and lubrication char-
acteristics of nanofluids. Curr Appl Phys 2006;6(1):e67–71.

[28] Wen DS, Lin GP, Vafaei S, Zhang K. Review of nanofluids for heat transfer appli-
cations. Particuology 2009;7(2):141–50.

[29] Zhang MJ, Tan Y, Zhou FJ, Mao C, Xie ZZ, Li CH. Analysis of flow field in cutting
zone for spiral orderly distributed fiber tool. Int J Adv Manuf Technol
2017;92(9–12):4345–54.

[30] Miao Q, Ding WF, Fu DK, Chen ZZ, Fu YC. Influence of graphite addition on bonding
properties of abrasive layer of metal-bonded CBN wheel. Int Journal Adv Manuf
Technol 2017;93(5–8):1–10.

[31] Shen B, Shih AJ. Minimum quantity lubrication (MQL) grinding using vitrified CBN
wheels. Trans NAMRI/SME 2009;37:129–36.

[32] Wang YG, Li CH, Zhang YB, Li BK, Yang M. Comparative evaluation of the lu-
bricating properties of vegetable-oil-based nanofluids between frictional test and
grinding experiment. J Manuf Process 2017;26:94–104.

[33] Xie HQ, Yu W, Li Y, Chen LF. Discussion on the thermal conductivity enhancement
of nanofluids. Nanoscale Res Lett 2011;6(1):1–12.

[34] Hu ZS, Dong JX, Chen GX. Study on antiwear and reducing friction additive of
nanometer ferric oxide. Tribol Int 1998;31(7):355–60.

[35] Yamamoto T, Noda S, Kato M. A simple and fast method to disperse long single-
walled carbon nanotubes introducing few defects. Carbon 2011;49(10):3179–83.

[36] Duan WH, Wang Q, ollinsa FC. Dispersion of carbon nanotubes with SDS surfac-
tants: a study from a binding energy perspective. Chem Sci 2011;7(2):1407–13.

[37] Moore VC, Strano MS, Haroz EH, Hauge RH, Smalley RE. Individually suspended
single-walled carbon nanotubes in various surfactants. Nano Lett
2003;3(10):1379–82.

[38] Rastogi R, Kaushal R, Tripathi SK, Sharma AL, Kaur I. Comparative study of carbon
nanotube dispersion using surfactants. J Colloid Interface Sci 2008;328(2):421–8.

[39] Estellé P, Halelfadl S, Maré T. Lignin as dispersant for water-based carbon nano-
tubes nanofluids: impact on viscosity and thermal conductivity. Int Commun Heat
Mass 2014;57:8–12.

[40] Mao C, Zou HF, Zhou X, Huang Y, Gan HY. Analysis of suspension stability for
nanofluid applied in minimum quantity lubricant grinding. Int J Adv Manuf
Technol 2014;71(9–12):2073–81.

[41] Guo JX, Barbera GC, Schall DJ, Zou Q, Jacob SB. Tribological properties of ZnO and
WS2 nanofluids using different surfactants. Wear 2017;382–383:8–14.

[42] Behera BC, Chetan Setti D, Ghosh S, Rao PV. Spreadability studies of metal working
fluids on tool surface and its impact on minimum amount cooling and lubrication
turning. J Mater Process Technol 2017;244:1–16.

[43] Zhang YB, Li CH, Jia DZ, Li BK, Wang YG, Yang M, Hou YL, Zhang XW.
Experimental study on the effect of nanoparticle concentration on the lubricating
property of nanofluids for MQL grinding of Ni-based alloy. J Mater Process Technol
2016;232:100–15.

[44] Xuan YM, Li Q. Investigation on convective heat transfer and flow features of na-
nofluids. J Heat Trans-T Asme 2003;125(1):151–5.

[45] Zheng Z, Hu JH. Physical and chemical principles of surfactants. Guangzhou: South
China University of Technology Press; 1995.

[46] Zheng Z. Colloid science introduction. Beijing: Higher Education Press; 1989.
[47] Zhao GX. Physico-chemistry of surfactants. Beijing: Peking University Press; 1991.
[48] Attwood D, Florence AT. Surfactant systems: their chemistry, pharmacy and

biology. New York. Chapman and Hall 1983:72–117.
[49] Holland PM, Rubingh DN. Mixed surfactant systems-an overview. Washington: Am

Chem Soc Symposium series, vol.501. 1992.
[50] Clint JH. Micellization of mixed nonionic surface active agents. J Chem Soc Faraday

1975;71(6):1327–34.
[51] Rubinhg DN. Solution chemistry of surfactants. Plenum Press; 1979.
[52] Zhang YB, Li CH, Jia DZ, Zhang DK, Zhang XW. Experimental evaluation of MoS2

nanoparticles in jet MQL grinding with different types of vegetable oil as base oil. J
Clean Prod 2015;87(1):930–40.

[53] Wang ZX. Hydrophile lipophilic balance (HLB) of surfactants and its application in
pesticide formulation research. Fine Chem 1986;2:10–25.

[54] And SL, Somasundaran P. Tunable synergism/antagonism in a mixed nonionic/
anionic surfactant layer at the solid/liquid interface. Langmuir 2008;24(8):3874–9.

[55] Alargova RG, Kochijashky II, Sierra ML, Kwetkat K, Zana R. Mixed Micellization of
Dimeric (Gemini) Surfactants and conventional surfactants : II. CMC and micelle
aggregation numbers for various mixtures. J Colloid Interface Sci 2001;235(1):119.

[56] Yu HL, Xu Y, Shi PJ, Wang HM, Wei M, Zhao KK, Xu BS. Microstructure, mechanical
properties and tribological behavior of tribofilm generated from natural serpentine
mineral powders as lubricant additive. Wear 2013;297(1):802–10.

T. Gao et al. Tribology International 131 (2019) 51–63

63

http://refhub.elsevier.com/S0301-679X(18)30506-1/sref5
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref6
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref6
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref7
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref7
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref7
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref8
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref8
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref8
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref9
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref9
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref9
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref10
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref10
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref11
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref11
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref11
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref12
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref12
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref12
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref13
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref13
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref13
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref14
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref14
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref15
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref15
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref16
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref16
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref16
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref17
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref17
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref18
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref18
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref18
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref19
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref19
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref19
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref20
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref21
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref21
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref22
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref22
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref23
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref23
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref23
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref24
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref24
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref24
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref25
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref25
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref25
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref25
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref26
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref26
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref26
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref27
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref27
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref28
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref28
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref29
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref29
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref29
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref30
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref30
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref30
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref31
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref31
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref32
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref32
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref32
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref33
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref33
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref34
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref34
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref35
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref35
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref36
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref36
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref37
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref37
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref37
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref38
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref38
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref39
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref39
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref39
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref40
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref40
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref40
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref41
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref41
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref42
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref42
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref42
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref43
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref43
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref43
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref43
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref44
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref44
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref45
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref45
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref46
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref47
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref48
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref48
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref49
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref49
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref50
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref50
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref51
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref52
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref52
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref52
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref53
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref53
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref54
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref54
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref55
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref55
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref55
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref56
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref56
http://refhub.elsevier.com/S0301-679X(18)30506-1/sref56

	Dispersing mechanism and tribological performance of vegetable oil-based CNT nanofluids with different surfactants
	Introduction
	Dispersion mechanism analysis and comparison of surfactants
	Space barriers of CNT–PPO and CNT–CNT interfaces
	Reversed micellization
	Nature of the hydrocarbon chain
	London force
	Synergism

	Experimental
	Experimental setup and conditions

	Materials
	Results and discussion
	Stability persistence
	Effects of surfactants on the viscosity of CNT nanofluids
	Effects of surfactants on the friction-reduction performance of CNT nanofluids
	Effects of surfactants on the antiwear performance of CNT nanofluids
	Roughness
	Maximum scratch depth
	Material removal rate
	SEM morphology


	Conclusions
	Acknowledgments
	Supplementary data
	References




