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Abstract: Lubricants and fluids are critical for metal-mechanic manufacturing operations as they
reduce the friction and wear of tooling and components, and serve as coolants to dissipate the
heat generated in these operations. The proper application of these materials improves machine
operative life and tooling, and decreases cost, energy, and time consumption for maintenance, damage,
repairs, or the need to exchange pieces/components within the machinery. Natural or vegetable-based
lubricants have emerged as a substitute for mineral oils, which harm the environment due to their
low biodegradability and have negative effects on human health (e.g., causing skin/respiratory
diseases). Thus, finding biocompatible and efficient lubricants has become a technology objective
for researchers and industry. This study evaluates soybean-, corn-, and sunflower-based lubricants
reinforced with silver (Ag) nanostructures by a pulsed laser ablation process. Thermal and tribological
evaluations were performed with varying Ag contents, and temperature-dependent behavior was
observed. Thermal conductivity improvements were observed for all nanofluids as the temperature
and Ag concentration increased (between 15% and 24%). A maximum improvement of 24% at
50 ◦C and 10 min exposure time of the pulsed laser ablation process for soybean oil was observed.
The tribological evaluations showed improvements in the load-carrying capacity of the vegetable
oils, i.e., an increase from 6% to 24% compared to conventional materials. The coefficient of friction
performance also showed enhancements with Ag concentrations between 4% and 15%.
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1. Introduction

In metal-mechanic processes, using the appropriate type of fluids and lubricants, together with the
proper working materials, could reduce the friction and wear of machinery and tooling components.
This also increases machine efficiency in terms of workpiece surface finish and tolerances, thus
improving machines’ operative life and eventually reducing the vibrations and required cutting
force [1–5]. According to Oakridge National Laboratory (USA), wear and friction contribute to about
25% of worldwide total energy loss [6].

Approximately 85% of lubricants used worldwide are petroleum based [7]. The ecological issues
related to the extensive usage of these oils and the geopolitical strategies regarding crude oil exploitation
are the main drivers for the development of novel alternatives from eco-friendly raw materials [8–10].
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To prevent adverse effects on industrial operators and the environment, intensive research concerning
improved cooling and lubrication performance is recommended.

Fluids and lubricants have an impact on heat dissipation and metal-mechanic process parameters
such as cutting speed, feed rate, and depth of cut [11]; they also provide a proper working component
interface, i.e., help in washing away chips and debris from machined surfaces. Natural lubricants,
such as soybean, sunflower, and corn oils, act as antifriction components, which facilitate these
manufacturing processes while reducing the risks associated with machinery damage or failures.

According to Celik et al. [10], “green” processing should be one of the most common methods
applied to obtain the optimum output of machine components. During machining, the coolant and
lubricant performance must be favorable to improve quality and productivity. Elevated temperatures,
high pressures, and other processing factors cause a more rapid deterioration of fluids and lubricants,
leading to problems caused by their frequent replacement, and thus, increasing industrial production
costs. Furthermore, the usage of these materials has various disadvantages, such as environmental
impact, increased material costs, and health hazards, i.e., respiratory and skin diseases due to their
toxic or nonbiodegradable characteristics [10,12–16].

Recently, vegetable fluids are getting more attention as novel potential alternatives to
petroleum-based lubricants or coolants due to their inherent properties and performance, such
as being renewable, biodegradable, and nontoxic. It has been observed that vegetable fluids minimize
carbon monoxide emission levels, which is one of the main reasons for their increased application in
the industrial field. Vegetable fluids possess excellent biodegradability with excellent applicability to
tribological problems. Although natural or vegetable fluids have excellent properties and applicability,
they also have certain drawbacks that affect their performance. However, vegetable fluids have shown
limited industrial applicability due to their low temperature performance [17–19], poor thermal or
oxidation stability [19–25], and the occurrence of other tribochemical degrading processes [26–28]
under specific working conditions of pressure, stress, temperature, and environment. A critical
problem with vegetable fluids is their limited oxidative stability, which adversely impacts their shelf
life and performance [29–31]. For instance, a low oxidative stability results in a faster oxidizing rate;
consequently, the fluid polymerizes and becomes thick [32]. The oxidative instability of vegetable
lubricants is attributed to the structural “double bond” in the fatty acid part of the β-CH group of the
alcoholic (glycerin) components [31]. Furthermore, vegetable fluids chemically interact with metallic
working surfaces at high temperatures, forming a high strength fluid film or layer, resulting in reduced
friction and wear. These strong intermolecular interactions are resistant to temperature alterations,
which results in high viscosity [33].

Pulsed laser ablation in liquid (PLAL) is a “green” method to synthesize nanostructures starting
from bulk targets by laser irradiation. While the main mechanism of nanostructure or nanoparticle
production is quite complex, the physical procedure is a simple matter of exposing a bulk target
immersed in a solvent to a pulsed laser [34]. The ablation characteristics, such as pulse width
and irradiation time, laser wavelength, ablation fluence (energy per unit area), as well as solvent
characteristics, such as viscosity, dipole moment, and refractive index, determine the morphology
and characteristics of the produced nanostructures [35,36]. The prime advantage of this technique is
the procurement of surfactant free, well-dispersed nanostructures in the surrounding liquid without
any toxic chemical reactants or waste [37]. The energy from the pulsed laser source is concentrated
onto the target surface immersed in the liquid medium. Photon absorption, heating, and thermal
evaporation are the main mechanisms for nanosecond-pulsed lasers in the process. As is well known,
a plasma is generated where the laser energy is focused, which contains evaporated atoms, molecules,
and radicals from the target. This plasma is contained by the surrounding fluid medium which causes
the formation of a cavitation bubble. The extremely high temperature and pressure of the cavitation
bubble cause its expansion and then collapse, regularly triggering the release of nanostructures into the
surrounding medium [34]. In addition to the laser characteristics, such as wavelength, pulse energy,
pulse duration, and repetition rate, the diverse characteristics of the liquid medium, such as, viscosity,
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heat capacity, refractive index, dielectric constant, among others, are also important in determining the
size and morphology of the produced nanostructures.

PLAL was successfully applied to obtain surfactant-free, stable nanofluids of metals, magnetic
materials, semiconductors, and ceramics. Based on our previous research, we can successfully
synthesize nanofluids of metals, metal oxides, ceramics, and semiconductors. Furthermore, thin films,
which were deposited from their respective nanofluid suspensions using spin-coating and dip-coating
methods, were produced from these semiconductor nanofluids [38–41].

As for sunflower, soybean, and corn oils, past studies have described how heat is dissipated and
how their tribological performance can be improved. Therefore, this experimental study shows the
effects on Ag-nanostructures by a pulsed laser ablation technique dispersed within vegetable lubricants
to improve their tribological and heat-transfer characteristics, i.e., wear resistance, coefficient of friction
(COF), load-carrying capacity, and thermal conductivity.

2. Materials and Methods

In the present study, three vegetable oils, i.e., sunflower (Sigma Aldrich, Toluca, México - CAS
number: 8001-21-6), soybean (Sigma Aldrich, Toluca, México - CAS number: 8001-22-7), and corn
(Sigma Aldrich, Toluca, México - CAS number: 8001-30-7) were used to obtain nanofluids reinforced
with silver (Ag) (Table 1). Nanostructures of Ag were prepared within soybean, corn, and sunflower
oil by the PLAL technique. A metallic target (50 mm in diameter and 6.35 mm in thickness) of high
purity silver (99.99%) was purchased from Beijing Metals, China. For this synthesis process, a pulsed
Nd:YAG laser source with a wavelength, frequency, and pulse duration of 532 nm, 10 Hz, and 10 ns,
respectively, was applied.

Table 1. Material Properties.

Materials Properties

Vegetable
Fluids

Density @
20 ◦C (g/cm3)

Viscosity @
24 ◦C (m Pa s)

Viscosity @
40 ◦C (m Pa s)

Viscosity @
100 ◦C (m Pa s)

Refractive
Index

Soybean Oil 0.9604 54.3 32.93 6.79 1.47
Corn Oil 0.9100 52.3 30.8 6.57 1.40

Sunflower Oil 0.9197 68.0 40.05 8.65 1.70

2.1. Nanofluids Preparation

To prepare the Ag-nanofluids, 55 mL of vegetable oil was taken in a glass beaker and the Ag target
was immersed in it. A convex lens with a 50 cm focal length was used to concentrate the laser energy
on the target. The immersed target within the lubricant was kept 30 cm from the lens. Laser pulse
energy/area gives the fluence. An energy meter was used to measure the laser energy (300 mJ/pulse).
The normal laser spot size was 10 cm. A lens with a 50 cm focal length was used in this study. The target
was set at 30 cm apart from the lens. The actual laser spot size on the Ag target was 4 mm in diameter.
The laser energy per area (fluence) was calculated as 2.4 J/cm2. This laser fluence was used to prepare
the nanostructures in various vegetable oils. After aligning the laser using the operation mode, and Q
switch mode to obtain 10 nanosecond pulses with high energy, the pulsed laser enhanced mode was
used for the ablation process using nanosecond pulses. The laser ablation was performed for 5 and
10 min to obtain two different concentrations of nanofluids. After every minute, a new spot on the
target was ablated to avoid the effects of continuous irradiation at the same spot. Stable Ag-nanofluids
were obtained in the lubricants. Ag-nanostructures were synthesized in isopropyl alcohol (IPA) for the
same ablation time. The Ag nanostructures were evaluated for their morphology by scanning electron
microcopy (SEM), average size by dynamic light scattering (DLS), concentration by an inductively
coupled plasma–optical emission spectroscopy (ICP-OES), and elemental composition and chemical
states by X-ray photoelectron spectroscopy (XPS).
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2.2. Morphology by SEM

A morphological analysis of the silver nanostructures was performed by a Hitachi SU8020-scanning
electron microscope. Samples were prepared by drying a few drops of the nanofluid on silicon substrates
and analyzed in secondary electron mode for an applied acceleration voltage of 1 kV. Figure 1a,b
depicts the Ag-nanostructures at two different magnifications, i.e., 20,000× and 40,000×; in general,
this process yields a spherical nanostructure morphology. Additionally, it was observed that some of
the nanostructures aggregated to form chain-like nanostructures in the nanofluids. These were formed
as an effect of pulsed laser ablation in the fluid in the absence of additives or surfactants.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 12 

A morphological analysis of the silver nanostructures was performed by a Hitachi SU8020-
scanning electron microscope. Samples were prepared by drying a few drops of the nanofluid on 
silicon substrates and analyzed in secondary electron mode for an applied acceleration voltage of 1 
kV. Figure 1a,b depicts the Ag-nanostructures at two different magnifications, i.e., 20,000⨉ and 
40,000⨉; in general, this process yields a spherical nanostructure morphology. Additionally, it was 
observed that some of the nanostructures aggregated to form chain-like nanostructures in the 
nanofluids. These were formed as an effect of pulsed laser ablation in the fluid in the absence of 
additives or surfactants. 

 
Figure 1. Ag nanostructure morphology by SEM at two different magnifications (a) 20,000⨉ and (b) 
40,000⨉. (c) Vials with different Ag-based nanofluids at various laser ablation times (5 and 10 min) 
and (d) X-ray photoelectron spectrum of the Ag-nanostructures. 

The composition and chemical states of the nanostructures obtained by laser ablation was 
analyzed by the XPS technique. Thermo Scientific K-Alpha equipment for the XPS analysis was used. 
Figure 1d shows the high-resolution X-ray photoelectron spectrum of the Ag-nanostructures. The 
figure shows spin orbit split for Ag 3d photoelectron spectrum. The major intensity peak of Ag3d5/2 
and lower intensity peak of Ag3d3/2 were at peak binding energies of 368.01 and 374.02 eV, 
respectively. These binding energy values agree with those of metallic silver [42]. The separation of 
the peaks was evaluated at 6.01 eV, which was also in agreement with the results reported in the 
literature [43,44]. A high-resolution spectral analysis confirmed that the nanostructures were in their 
elemental state. 

2.3. Thermal Conductivity Characterization 

The thermal conductivity of vegetable nanofluids at various concentrations and temperatures 
was measured by a transient hot-wire technique. The KD2 Pro equipment was calibrated using 
glycerol, and thermal conductivity results were verified to three decimal points. A thermal water 
bath was used for temperature-dependent evaluations. The specimens (40 mL glass vials) were 
thermally equilibrated for 10 min before each set of measurements. Thermal conductivities were 
compared with each of the control fluids at different temperatures. At least eight readings were 
measured for each set of experiments; the average values with standard deviation as error bars were 
reported and are discussed in this research. 

Figure 1. Ag nanostructure morphology by SEM at two different magnifications (a) 20,000× and (b)
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The composition and chemical states of the nanostructures obtained by laser ablation was analyzed
by the XPS technique. Thermo Scientific K-Alpha equipment for the XPS analysis was used. Figure 1d
shows the high-resolution X-ray photoelectron spectrum of the Ag-nanostructures. The figure shows
spin orbit split for Ag 3d photoelectron spectrum. The major intensity peak of Ag3d5/2 and lower
intensity peak of Ag3d3/2 were at peak binding energies of 368.01 and 374.02 eV, respectively. These
binding energy values agree with those of metallic silver [42]. The separation of the peaks was
evaluated at 6.01 eV, which was also in agreement with the results reported in the literature [43,44].
A high-resolution spectral analysis confirmed that the nanostructures were in their elemental state.

2.3. Thermal Conductivity Characterization

The thermal conductivity of vegetable nanofluids at various concentrations and temperatures was
measured by a transient hot-wire technique. The KD2 Pro equipment was calibrated using glycerol,
and thermal conductivity results were verified to three decimal points. A thermal water bath was used
for temperature-dependent evaluations. The specimens (40 mL glass vials) were thermally equilibrated
for 10 min before each set of measurements. Thermal conductivities were compared with each of
the control fluids at different temperatures. At least eight readings were measured for each set of
experiments; the average values with standard deviation as error bars were reported and are discussed
in this research.
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2.4. Tribological Experimentation

Tribological characterization was evaluated with a four-ball tribotester configuration to obtain the
load-carrying capacity under extreme pressures. In this tribotest, the nanofluids were subjected to a
linearly increasing load from 0 to 7200 N, with a rotational speed of 500 rpms for 18 s (Table 2), where
12.7 mm diameter spheres of AISI 52,100 steel with 60 HRC were used [45]. The Institute for Sustainable
Technologies - National Research Institute(ITEePib) Polish technique was selected due to the sensitivity
to extreme pressure lubricants [1,46–49], as well as being less time consuming. In this study, when the
frictional torque reached 10 N m, nanofluid seizure occurred and the nanofluid-“protective” film was
destroyed; the load at this point corresponded to the seizure load (Poz). If seizure did not occur by the
end of the measurement, Poz was 7200 N. The limiting pressure of seizure or poz, was calculated using
Equation (1) as follows [45]:

poz = 0.52
Poz

WSD2 (1)

where poz is limiting pressure of seizure, Poz is seizure load, and WSD is wear scar diameter.

Table 2. Four-ball tribotest evaluation parameters.

Parameters ITEePib Polish Method

Time 18 s
Temperature (◦C) 24 ± 1
Velocity (RPM) 500

Applied Force (N) 0–7200 (linear increment)

An Alicona IF-EdgeMaster optical 3D surface microscope was used to measure the average
wear scar diameter of the three lower spheres, obtaining the average in millimeter to calculate the
load-carrying capacity (poz) of the nanofluid; the greater the poz, the better the tribological characteristics
of the lubricant.

3. Results

3.1. ICP-OES/Elemental Composition Analysis

The elemental composition was quantified using an ICP-OES (Thermo Scientific iCAP
6500—ICP-OES CID). It was observed that as the ablation time doubled, the concentration had
no significant increase in nanostructure filler fraction; this might be due to the post irradiation effect of
the nanofluids [50]. Thus, the particle size will be reduced further as the laser ablation time increases.
It was observed that the concentrations of the nanostructures for 5 and 10 min pulsed laser irradiation
in IPA were 5.54 mg/L and 6.55 mg/L, respectively.

3.2. DLS Analysis/Average Size Determination by DLS

The average size of silver nanostructures was determined by the DLS method by Zetasizer Nano
ZS. The DLS readings of the obtained nanofluids by laser ablation for 5 min were as follows: sunflower
oil 122 nm, corn oil 255 nm, soybean oil 172 nm, and IPA 67 nm. The DLS curves corresponding to the
given values along with the polydispersity index (PDI) are shown in Figure 2. It can be observed that
the size of nanostructures in IPA appeared to be smaller, whereas those in vegetable oils are bigger.
This may be due to the density of the oil. In comparison to the vegetable oils, IPA has low density.
Thus, during the nanostructure production by laser ablation, a plasma plume is formed in which the
corresponding ions of the elements/compounds are present [36]. As the ablation process proceeds, the
plasma plume expands and the nanostructures are liberated into the corresponding liquid medium.
As the density varies, the time taken for plasma plume expansion also increases, which results in the
production of larger particles or the agglomeration of smaller particles. These results will be influenced



Appl. Sci. 2020, 10, 1779 6 of 12

by the temperature too, i.e., mainly by the boiling point of the vegetable oils. The refractive indexes of
the vegetable oils used for DLS measurements are tabulated in Table 1.
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4. Results and Discussion

4.1. Thermal Performance

Figure 3 shows the thermal conductivity performance in the temperature-dependent evaluations
for the investigated vegetable nanofluids. It was observed that conventional vegetable oils were not
significantly affected by the temperature dependence evaluation (i.e., less than 2% increase at 50 ◦C,
compared to room temperature).



Appl. Sci. 2020, 10, 1779 7 of 12

Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 12 

 
Figure 3. Thermal conductivity enhancement of vegetable nanofluids at 5 and 10 min laser ablation 
times. (a) Sunflower oil, (b) Corn oil and (c) soybean oil. 

For sunflower oil, improvements of 15% and 18% were observed at 50 °C for 5 and 10 min of 
laser ablation, respectively. Similarly, soybean oil showed an improvement of 21% and 24% at 5 and 
10 min of laser ablation, respectively. The effects on corn oil were also satisfactory, showing a 15% 
and 21% increase at 5 and 10 min of laser ablation, respectively (Figure 3).  

The thermal conductivity of nanofluids increases with increasing temperature and laser ablation 
process time. This indicates the influence of Ag nanostructures on thermal conductivity [51–53], and 
demonstrates the influence of Brownian motion in the thermal transport behavior [54,55]. 

4.2. Tribological Performance 

Figure 4 shows a comparison of the poz of various vegetable nanosystems. Sunflower oil showed 
an increase in the load-carrying capacity of 14% and 24% with 5 and 10 min of laser ablation, 
respectively. Similarly, soybean oil exhibited an improvement of 16% and 23% with 5 and 10 min of 
laser ablation, respectively. The Ag-laser ablation process on corn oil also showed improvement in 
load-carrying capacity by 6% and 10% with 5 and 10 min of laser ablation, respectively.  

Figure 3. Thermal conductivity enhancement of vegetable nanofluids at 5 and 10 min laser ablation
times. (a) Sunflower oil, (b) Corn oil and (c) soybean oil.

For sunflower oil, improvements of 15% and 18% were observed at 50 ◦C for 5 and 10 min of laser
ablation, respectively. Similarly, soybean oil showed an improvement of 21% and 24% at 5 and 10 min
of laser ablation, respectively. The effects on corn oil were also satisfactory, showing a 15% and 21%
increase at 5 and 10 min of laser ablation, respectively (Figure 3).

The thermal conductivity of nanofluids increases with increasing temperature and laser ablation
process time. This indicates the influence of Ag nanostructures on thermal conductivity [51–53], and
demonstrates the influence of Brownian motion in the thermal transport behavior [54,55].

4.2. Tribological Performance

Figure 4 shows a comparison of the poz of various vegetable nanosystems. Sunflower oil showed
an increase in the load-carrying capacity of 14% and 24% with 5 and 10 min of laser ablation, respectively.
Similarly, soybean oil exhibited an improvement of 16% and 23% with 5 and 10 min of laser ablation,
respectively. The Ag-laser ablation process on corn oil also showed improvement in load-carrying
capacity by 6% and 10% with 5 and 10 min of laser ablation, respectively.

Diverse studies have presented the roles of nanomaterials in fluids and lubricants [56,57] in
which similar behavior is observed. The frictional power losses are reduced due to the nanostructure
mechanism that converts the sliding to rolling friction and the formation of tribofilms on the contact
surfaces. The tribological improvement of Ag nanostructures could be due to a tribosintering effect on
the surfaces, and the spacer effect could be due to their small size and interlayer interactions within
vegetable oils.
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The effects on COF during tribotesting under scuffing conditions by Ag nanostructures dispersed
by pulsed laser ablation within vegetable oils are shown in Table 3.

Table 3. COF performance at 5 and 10 min of Ag nanostructures by laser ablation.

Pure
Ag

5 min 10 min

COF-µ
Soybean Oil 0.0385 ± 0.0009 0.0365 ± 0.0004 0.0345 ± 0.0004

Corn Oil 0.0485 ± 0.0006 0.0467 ± 0.0004 0.0445 ± 0.0003
Sunflower Oil 0.0437 ± 0.0005 0.0402 ± 0.0003 0.0372 ± 0.0003

5. Conclusions

In the present study, a tribological and thermal transport evaluation of environmentally friendly,
pulsed laser ablated, Ag-based vegetable nanofluids was performed. Soybean, sunflower, and corn
oils were used as liquid media to trigger bulk silver by laser irradiation. The incorporation of silver
nanostructures within these natural lubricants showed overall positive results.

It was observed that the irradiation time had significant effects on the nanofluids, and showed
improvements in their tribological and heat-transfer characteristics. For instance, the limiting pressure
of seizure improved compared to conventional lubricant, ranging from a 6% to 14% increase at 5 min
irradiation, and up to a 24% increase at 10 min irradiation. This was attributed to the nanostructures
displaying a rolling friction behavior, forming tribo-films, and tribosintering on the contact surfaces.
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On the other hand, in general, all nanofluids showed a temperature-dependent behavior in thermal
transport evaluations, also showing an interlayer interaction of silver with natural oils. Thermal
conductivity improved in the range of 15% for 5 min ablation and up to 24% at 10 min ablation.

The results showed the potential of this laser ablation technique and the application of natural
oils as coolants or for metal-forming processes. Increased environmental awareness is the main
driving force for the development novel technologies. Therefore, biodegradable fluids for use in
environmentally sensitive areas have great potential to succeed in industrial applications.
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