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A B S T R A C T   

Among different materials able to reduce wear and friction in tribological couplings, there are lubricant nano-
fluids obtained by dispersing suitable nanoparticles into a host fluid. Carbon-based nanomaterials are known to 
be effective additives, but their efficiency can be further improved by combination with magnetic compounds. 
Unfortunately, the preparation of such bifunctional materials often require complex syntheses or need post- 
synthesis functionalization processes, thus increasing costs and reducing reliability. Herein, a simple and cost- 
effective one-step synthesis method, based on laser ablation in solution, is used to produce magnetic respon-
sive nanoparticles surrounded by a carbon matrix to be exploited as lubricating additives. The lubricating 
colloidal solutions are thus easily obtained without the use of surfactants nor multi-step processes, which can 
contaminate the final product or increase production costs. They exhibit a very good stability and reduce the 
wear coefficient of almost 50% in presence of an applied magnetic field in respect to the base fluid alone. The 
importance of the presence of the carbon matrix surrounding the magnetic core to develop a positive tribological 
behaviour has been proved.   

1. Introduction 

Nanofluids are engineered fluids containing nanosized additives, as 
metals, ceramics, nitrides, carbon nanostructures, which enhance the 
properties of a base fluid, i.e. water, ethylene glycol, propylene glycol, 
thermal oil, and confer it new functional properties such as thermal 
conductivity [1,2], optical [3,4], magnetic [5] and tribological proper-
ties [6,7]. In magnetic nanofluids, the dispersed additives are consti-
tuted by magnetic nanoparticles [8,9], and the colloidal suspensions 
show tunable magnetic and fluid properties which can be controlled by 
the application of an external magnetic field [10,11]. A wide range of 
carrier fluids is available and some magnetic nanofluids are commer-
cially offered to satisfy different applications, for example in heat 
transfer systems [12]. 

Ferrites, mostly used for producing soft or hard magnets for domestic 
or industrial applications, are among materials suitable to modify the 
properties of a host fluid. They have generated an increasing interest in 
modifying both metals [13], ceramics [14], polymers [15,16] and fluids 
properties [17], thus obtaining composites and nanofluids with 
enhanced properties. Ferrites are metal-oxide ceramics made of a 
mixture of Fe2O3 and either small proportions of one or more additional 

metallic elements. These materials provide several benefits and cannot 
be easily replaced by other materials, as they are inexpensive, chemi-
cally stable, no toxic and environmental friendly and have enhanced 
magnetic, electric and thermal properties [18–20]. Ferrite nanoparticles 
are part of a large group of magnetic nanoparticles (MNPs), and have 
recently gained a considerable attention in various application fields, 
ranging from biomedical to industrial. The properties of ferrites are 
affected by several factors, including the synthesis technology, the 
chemical composition, the microstructure and the distribution of cations 
in the tetrahedral and octahedral sites into the lattice. Outstanding 
properties of ferrites, like mechanical strength, high hardness and wear 
resistance [21], make them very versatile. In combination with other 
properties such as dimensional stability and temperature and 
corrosion-resistance, ferrites are promising also for wear resistance ap-
plications. Among them, strontium ferrite (SrFe12O19) is a M-type hex-
aferrite (SrO:6Fe2O3) having higher saturation magnetization, 
coercivity and Curie temperature. So far, strontium ferrite has been used 
for high-density magnetic recording media and microwave devices [22], 
due to its large magnetocrystalline anisotropy [23]. It represents a good 
candidate for tribological applications [24], considering its chemical 
inertness and outstanding corrosion resistance, thanks to which it does 
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not take part in tribo-oxidative processes and does not undergo degra-
dation due to wear phenomena. These peculiarities represent the reason 
why this material has been selected for the synthesis of nanoparticles by 
laser ablation and the subsequent preparation of nanofluids with 
anti-wear properties. Limiting wear means minimizing material loss, the 
degradation of sliding surfaces and the extension of functionality. The 
friction reduction and anti-wear mechanisms of lubricating nano-
additives are generally acknowledged as tribofilm formation, mending 
or polishing effect during friction processes [25,26]. 

The application of a magnetic field adds a further degree of freedom 
to control the behaviour of magnetic nanoparticles and of the related 
nanofluids [27]. Among various additives, the magnetic nanoparticles 
dispersed in lubricating liquids (magnetic fluid) are attracting great 
attention due to several advantages over other nanoparticles [28,29]. 
The recovery of nanoparticles after use together with the enhancement 
of their overall safety, recyclability and sustainability are critical issues 
that need to be overcome. The specific behaviour under applied mag-
netic field is affected by the concentration, shape and size of the 
dispersed nanoparticles, as well as on the magnetic field features 
themselves [6]. One major challenge to the proper functioning of ad-
ditives dispersed in lubricants is the difficult penetration of nanofluid 
into the friction pair due to the close contact at the interface, for instance 
during cutting of difficult-to-process materials such as titanium alloys 
[30]. To improve the efficiency of NPs transport from nanofluids and 
therefore the working efficiency, magnetic field-assisted technology was 
introduced into the machining process to achieve changes in cutting 
mode. Zhang et al. [31] and Guo et al. [32] applied an external magnetic 
field to the contact area between the tool and the workpiece and 
investigated the action of a Fe3O4 containing nanofluid with different 
magnetic field parameters, obtaining encouraging results. Despite 
several studies about nanoparticles in the tribological field, the stability 
of the nanodispersions against sedimentation is still a critical point, 
since nanoparticles tend to agglomerate with each other. Therefore, 
dispersants need to be used to increase the stability time of nanoparticles 
into host fluids. Good results can be obtained modifying the nano-
particles’ surface by reacting with a surfactant, thus obtaining nano-
particles that are coated or functionalized [33]. For this purpose, the 
laser ablation synthesis in solution (LASiS) method has been taken into 
consideration in this work, to create stable and long-lasting suspensions. 

To authors’ knowledge, no in-depth studies of the tribological 
properties of nanoferrite containing fluids are available in the literature. 
In this work, both friction and wear behaviours of nanoferrite-modified 
fluids have been investigated, under the action of an external applied 
magnetic field. Multiphase nanoparticles for tribological applications 
are usually obtained via multi-step syntheses, where an inorganic core is 
usually coated with organic molecules or carbon-based materials to 
confer multi-properties and/or enhanced stability, thus avoiding ag-
gregation and sedimentation, when used as dispersed additives in a 
fluid. The control of these nanomaterials is commonly achieved with 
chemical bottom-up approaches and post-synthesis treatments at high 
pressure or temperature, and/or in a controlled atmosphere [34]. In the 
last two decades a top-down synthesis technique like LASiS [35], has 
become interesting due to its green approach that allows the syntheses of 
different types of nanoparticles in a wide range of solvents [36]. This 
technique exploits the high local temperature and pressure generated by 
a pulsed laser beam focused on a bulk material immersed in a liquid. The 
ablation of the target material generates nanoparticles that are directly 
dispersed in the liquid phase, creating a stable colloidal dispersion. The 
produced nanoparticles do not require any stabilizing agent, like sur-
factants or capping molecules, because of their native surface charge. 

In this work, the laser ablation methodology has been exploited as a 
one-step synthesis technique to easily produce bifunctional magnetic 
responsive nanoparticles to be dispersed into a host fluid for tribological 
applications. The tribological behaviour of produced suspensions has 
been evaluated also in presence of a variably oriented magnetic field in 
order to investigate the possibility of driving the anti-wear action of the 

dispersed nanoparticles. 

2. Materials and methods 

2.1. Nanofluid preparation 

Strontium ferrite nanoparticles coated with a carbon matrix were 
obtained via LASiS. A strontium ferrite (SrFe12O19) target purchased 
from Supermagnete (FE-S-05–05) was placed at the bottom of a vial and 
covered with 2 cm of toluene (Sigma Aldrich). A nanosecond pulsed laser 
beam (doubled Nd:YAG laser at 532 nm, 6 ns, 20 Hz) was focused on the 
surface of the target and the fluence was adjusted to 2 J/cm2. During the 
ablation, the target was moved to avoid formation of craters that 
negatively affect the laser fluence. A purification step was applied to the 
colloidal solution, consisting of three complete attractions of the 
colloidal solution with magnets (Supermagnete, S-10–20-N) and redis-
persion in 2 mL of EtOH the first two times and in 2 mL of HCl (0.05 M) 
the third time. The last step was used to dissolve hydroxides present in 
solution. Then the magnetic nanoparticles were collected by magnetic 
attraction applying a magnet (Supermagnete, S-5–25-N) for 30 min and 
then dispersed in bidistilled water with an ultrasonic bath. Nano-
particles without the carbon coating were obtained by laser ablation of 
the same target in bidistilled water. In this case, only the acid treatment 
was used to dissolve hydroxides. The obtained nanoparticles will be 
referred as T-SFIO (Toluene – Strontium Ferrite Iron Oxide) for the laser- 
ablated nanoparticles in toluene and A-SFIO (Aqueous – Strontium 
Ferrite Iron Oxide) for those ablated in water. Nanofluids were prepared 
in order to contain 0.1%wt nanoadditives. 

2.2. Nanofluid characterization 

Extinction spectra were recorded with a Cary 5000 spectrometer 
(Agilent Technologies). UV–vis extinction spectroscopy was used to get 
indirect information on size, size distribution, state of aggregation, and 
NP concentration. A FEI TECNAI G2 transmission electron microscope 
(TEM) was used for morphological characterization, whereas hydrody-
namic diameter and surface potential of the nanoparticles were evalu-
ated by DLS and ζ-Potential (Malvern instrument Zetasizer Nano operating 
at 633 nm and 173◦). XRD measurements were performed with a Philips 
X′Pert goniometer working in Bragg-Brentano geometry and recorded 
using a graphite monochromator. Elemental analysis was obtained with 
a Zeiss Sigma HD SEM microscope equipped with Schottky FEG source 
and an EDX from Oxford Instruments (x-act PentaFET Precision). Raman 
scattering was recorded with a Renishaw InVia micro-Raman focusing a 
514 nm laser on dried sample with a 50x objective. Before use, the 
colloidal solutions were sonicated for several minutes. A contact profiler 
(Bruker, Dektat XT) was used to analyse the substrate damaged by the 
movement of an alumina ball. 

2.3. Wear tests and worn surface analysis 

The tribological analysis was carried out at room temperature, with a 
Bruker UMT-2 tribotester, set for pure sliding contact geometry, 
equipped with a load cell up to 10 N and operating in ball-on-flat 
configuration. The non-conformal contact between a spherical Al2O3 
counterbody and a Si(100) wafer substrate, was investigated, with and 
without the presence of a variably oriented 50 mT applied magnetic 
field, i.e. axial direction with respect to the sliding plane. The Al2O3 
balls, produced according to ASTM F 2094 standard with a certified 
hardness of 1500 HV, were supplied by RGPBALLS S.r.l. The reason for 
selecting Al2O3 balls as counterparts was dual: on one side, aluminum 
oxide is remarkably harder than silicon, thus providing considerable 
wear on the Si surface, remaining almost unaltered. On the other side, 
possible contamination from counterbody would not generate confusion 
in the interpretation of results obtained in post-mortem characteriza-
tion. The mean roughness prior to wear tests for Al2O3 balls was Ra=
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0.005 µm, while Si wafer had mirror-like finishing. Tribological exper-
iments lasted for 120 min and a frequency of 1 Hz was set, via linear 
reciprocating motion mode, developing boundary lubrication condi-
tions. The normal load was hold constant in order to obtain 750 MPa of 
initial Hertzian contact pressure [37]. The picture of the equipment and 
the schematic representation of the setup are visible in Fig. 1(a) and (b). 

Experiments were performed also in presence of an axial ring magnet 
placed onto the Si substrate, so that field lines crossed the contact zone 
and were variably oriented, i.e. entering or exiting in respect to the 
sliding plane. Pure water was used as reference fluid. The magnet was 
fixed on the substrates, while the counterbody could move inside it, 
progressively developing the wear track for following characterizations. 
A quantity equal to 5 mL of lubricating fluid was used in each trial, 
sufficient to completely cover the contact patch, avoiding starvation 
during test execution. The fluid was completely renewed for each 
repetition of the experiment. Each test was repeated three times to 
ensure repeatability and reliability of the results. The topology of wear 
tracks was examined by FE-SEM (Sigma, Zeiss) coupled with X-EDS 
spectroscopy (Oxford Instruments). On each sample, wear scars di-
mensions and depths were measured with a contact stylus profiler 
(Dektak XT, Bruker). The volumetric wear loss was also estimated ac-
cording to ASTM G133–05 [38], using the geometrical relations given in 
the standard. A descriptive statistical approach was applied to the results 
of the tribological tests carried out, repeated several times to verify the 
reproducibility of the results obtained. 

3. Results and discussion 

3.1. Laser ablation synthesis 

Magnetic nanoparticles used to prepare the tribological nanofluids 
were easily obtained by LASiS of a target of magnetic material immersed 
in an organic solvent. In the present case a strontium ferrite bulk target 
was ablated in toluene with ns pulses of a duplicated Nd:YAG laser. The 
synthesis protocol produced spherical magnetic nanoparticles (T-SFIO), 
which appeared to be surrounded by a carbon matrix phase. A sample 
called A-SFIO, used for comparison, was produced by LASiS of the 
strontium ferrite target immersed in pure water. The dimensional 
characterization shows that both types of nanoparticles are spherical 
and that A-SFIO nanoparticles have a lognormal distribution centred at 
80 nm [39], whereas for T-SFIO the distribution is centred at 10 nm. The 
smaller dimension of T-SFIO nanoparticles can be attributed to the 
presence of the carbon matrix around them that limits their growth. 

TEM image of T-SFIO and A-SFIO nanoparticles are reported in Fig. 2 
(a-b), respectively. It can be observed that the T-SFIO nanoparticles 
appear embedded within a carbon matrix, while in A-SFIO no traces of 

any matrix surrounding nanoparticles can be detected, and nano-
particles appeared aggregated in micrometric clusters. 

Extinction spectra of the colloidal solutions was characterized with a 
spectrophotometer in the range 200–1350 nm, as visible in Fig. 2(c). 
The comparison between the spectra of T-SFIO and A-SFIO samples 
shows a contribution below 600 nm for the T-SFIO nanoparticles, as-
cribable to the presence of the carbon matrix. Dynamic Light Scattering 
(DLS) of the T-SFIO sample shows that the nanoparticles have an 
average dynamical dimension of 250 nm, but a high degree of poly-
dispersity makes this value not reliable and that is due to the variable 
distribution of the carbon matrix around the nanoparticles. ζ-potential 
analysis confirms that the nanostructures are stable in water, thanks to 
their native negative charge, producing a negative potential of − 31 mV. 
Similar results have been observed for the DLS of a solution of A-SFIO 
[39]. 

Low intensity and noisy signals have been observed by XRD 
diffraction of T-SFIO and A-SFIO samples, because nanoparticles 
exhibited poor crystallinity. Therefore, the identification of the mag-
netic phases was not possible. For this reason, Raman analysis, with a 
514 nm laser excitation, was instead preferred for the characterization 
of the produced samples. Following a parallel study of the A-SFIO [39], 
which allowed identifying the presence of magnetite and Sr-ferrite in 
these nanoparticles, similar Raman spectra for the T-SFIO were ob-
tained. The presence of both phases likely originated from the fact that 
the ablation process was performed in air, and therefore the oxidation of 
iron to magnetite occurred. However, a reliable quantitative evaluation 
of the two phases was difficult from the collected Raman spectra. Raman 
spectra above 1000 cm− 1 were exploited for the detection of the carbon 
matrix formed in T-SFIO, as highlighted in Fig. 3, where two intense 
characteristic bands of the carbon material, namely the G band at 
1590 cm− 1 and the D band at 1330 cm− 1 can be observed. The spectrum 
also shows a low intensity band at 2690 cm− 1, which is usually associ-
ated with the 2D band characteristic of more ordered carbon phases, like 
graphite. These results are consistent with the optical spectrum of 
T-SFIO reported in Fig. 2(c) and allow concluding that the observed 
matrix surrounding the magnetic nanoparticles effectively corresponds 
to a graphitic-like phase. 

A more quantitative analysis of the relative presence of Sr-ferrite and 
magnetite in T-SFIO and A-SFIO could be obtained from X-EDS mea-
surements. The Fe/Sr atomic ratio was found to be (26.8 ± 1.9) for A- 
SFIO and (18.2 ± 4.3) for T-SFIO. Considering the presence of the two 
magnetic phases, Sr-ferrite can be estimated to be present, according to 
their formula, for 17% and 32% in A-SFIO and T-SFIO respectively. The 
larger presence of Sr-ferrite in the T-SFIO sample was expected because 
the carbon matrix, present on these nanoparticles, hinders further 
oxidation of Fe. Since Sr-ferrite has been proved to possess superior 

Fig. 1. (a) Picture of the equipment used and (b) scheme of the used configuration for tribological tests.  
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tribological properties, a better behaviour was expected for T-SFIO 
nanofluid during wear tests. 

3.2. Tribological characterization 

In order to evaluate the tribological behaviour of the nanoparticles 
enclosed in the carbon matrix, the T-SFIO and, for comparison, A-SFIO 
have been tested in the same operating conditions. The variations of the 
friction coefficient (CoF) with sliding time for different samples and 
conditions had a similar general trend, i.e. the CoF remained at a rela-
tively stable level after a short run-in time. The values of stable-state 
friction coefficient are reported in Table 1. 

Both bare (A-SFIO) and carbon coated (T-SFIO) magnetic nano-
particles possess a minor improvement of tribological properties with 
respect to water, used as a reference, without the presence of a magnetic 
field. This probably derives from the low probability of the presence of 
the nanoparticles within the contact region. However, in presence of a 

magnetic field, which force the particles to remain in the tribological 
contact region, a strong difference was observed between the A-SFIO 
and T-SFIO. For T-SFIO, an improvement can be detected, although 
small, whereas a notable increase of the friction coefficient (+34%) is 
recorded for A-SFIO sample. The poor lubrication effect of A-SFIO can be 
understood considering that the magnetized nanoparticles can aggre-
gate within the contact zone, and act as an abrasive, getting stuck in the 
track during the sliding process. Similar results were achieved also by 
Liu et al. [40], according to whom an applied magnetic field increased 
the CoF of magnetite-loaded nanogels. The aggregation of the T-SFIO 
nanoparticles is, on the other hand, contrasted by the carbon matrix, 
which also behaves as a local lubricant. Wear scar profiles (see below) 
gave more evidence to these results. 

The Archard’s wear model [41] was used herein to evaluate the 
anti-wear properties of lubricious nanofluids, since it generally corre-
lates the wear volume with the hardness of the softest sliding body, the 
applied normal load and the total sliding distance, according to the 
following formula (Eq. 1): 

K =
ΔV • H
FN • s

(1)  

where K is the dimensionless generalized wear coefficient, and it is 
therefore a measure of the severity of wear, ΔV is the worn volume (m3), 
s is the sliding distance (m), FN is the normal contact force (N), and H is 
the hardness (Pa) of the surface material that is worn away. Geometrical 
features of wear scars, obtained with A-SFIO and T-SFIO, also in pres-
ence of a magnetic field, are compared in Fig. 4, also considering the 
behaviour of pure water. 

In Fig. 4, one observes that T-SFIO can effectively preserve the Si 
surface from wear phenomena and surface damage in presence of the 
magnetic field. On the contrary, A-SFIO nanoparticles, in presence of the 
applied magnetic field, behave as wear accelerating agent. These data 
confirm the above results for the CoF. In absence of the magnetic field, 
both nanofluids perform similarly to pure water. The behaviour of the A- 
SFIO nanoparticles agrees with the observations of several authors, who 
found that in the absence of a magnetic field the wear scar profiles of a 
magnetic nanofluid is very similar to its base fluid. Instead, in its pres-
ence numerous particles enter the contact area and abrasive wear occurs 
due to their aggregation in linear chains, forced by the action of the 
magnetic field [42–44]. The different behaviour of the T-SFIO nano-
particles can be understood, as above, for the presence of the sur-
rounding carbon matrix. 

Numerical results are reported in Table 2. For A-SFIO nanoparticles 
in the presence of the magnetic field, an increase of 2.6 times of the wear 
coefficient with respect to the reference fluid is observed, whereas for T- 
SFIO, a decrease of 1.8 times of the wear coefficient was found in the 

Fig. 2. a) TEM image of T-SFIO; b) TEM image of A-SFIO (from ref. 30); c) Exctinction spectra of A-SFIO (black line) and T-SFIO (red line).  

Fig. 3. Raman spectrum of the T-SFIO sample from 1100 to 3200 cm− 1.  

Table 1 
Friction coefficients of A-SFIO and T-SFIO without and in presence of a magnetic 
field and, for comparison, the friction coefficient of water.  

Sample CoF Sample CoF 

H2O 0.23 ± 0.02   
A-SFIO 0.22 ± 0.03 T-SFIO 0.22 ± 0.03 
A-SFIO BUP 0.31 ± 0.06 T-SFIO BUP 0.22 ± 0.04 
A-SFIO BDOWN 0.30 ± 0.01 T-SFIO BDOWN 0.21 ± 0.03  
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same operating conditions. The poor lubricating activity of A-SFIO 
nanoparticles arises from the abrasive action of the aggregates acting as 
a third body within the contact area, thus interacting antagonistically at 
the tribological contacts and abrasively removing material from the 
coupled surfaces [45]. Since the maximum intensity of the applied 
magnetic field is located at the centre of the developing wear scar, it 

keeps the nanoparticles concentrated in that region for the entire 
duration of the test, thus intensifying their effect. In Fig. 5, SEM images 
of the wear scar regions on Si substrates with pure water and magnetic 
nanofluids are shown. The magnetic field, with the maximum intensity 
located at the centre of the developing wear scar, concentrates the 
magnetic nanoparticles in that region, keeping them in position for the 
entire duration of the test and, therefore, intensifying their effect. 

In all cases, the tribological coupling appear to work in severe wear 
mode and the wear regime is assumed to be surface-initiated fatigue, 
generating cracks and micropitting [46–48]. Generally, in contact fa-
tigue, plastic deformation layers and cracks form as the local stress 
overcomes the elastic limit of the contact materials. Sliding concurs to 
the initiation and propagation of cracks, which mostly initiate from the 
surface. This phenomenon is generated by repeated over-rolling and 
consequently by cyclic contact stresses acting on the sliding surfaces. 
Due to the elastic deformation, material removal can be caused by fa-
tigue phenomena: the process starts after a relatively low deformation at 
contacts between abrasive particles and the substrate. Thus, in abrasive 
wear, one of the mechanisms of material removal is related surface 

Fig. 4. Comparison of wear scars profiles on Si surfaces treated with (a) A-SFIO and (b) T-SFIO nanofluids.  

Table 2 
Characterization of the wear scars comparing track depths, worn volumes and 
wear coefficients.  

Sample Magnetic 
field 

Track depth Z 
(µm) 

Worn volume V 
(µm3) 

Wear 
coefficient K 

Water NO 1.62 ± 0.03 834267 1.99⋅10− 4 

T-SFIO NO 1.51 ± 0.02 794267 1.9⋅10− 4 

T-SFIO YES (up) 1.18 ± 0.04 454800 1.09⋅10− 4 

T-SFIO YES (down) 1.20 ± 0.01 538800 1.29⋅10− 4 

A-SFIO NO 1.47 ± 0.03 848587 2.0⋅10− 4 

A-SFIO YES (up) 3.16 ± 0.22 2183333 5.21⋅10− 4 

A-SFIO YES (down) 2.91 ± 0.07 1938000 4.63⋅10− 4  

Fig. 5. SEM images of the wear tracks for the tests conducted with (a) pure water; (b1) A-SFIO in presence of a magnetic field (configuration ‘up’); (b2) magnification 
of (b1); (c1) T-SFIO in presence of a magnetic field (configuration ‘up’), (c2) magnification of (c1). 
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fatigue wear [49]. In Fig. 5(a) and (b1), it clearly appears that surface 
cracks are responsible of wear damage of the sliding surfaces, where also 
numerous signs of micropitting can be detected. This phenomenon is 
detrimental for the good functioning of devices, gears and sliding sur-
faces, because it involves premature failure. Comparing Fig. 5(a) and 
(c1), it can be noticed that, although some superficial cracks are still 
present, the number of pits is significantly reduced for the tests with 
T-SFIO. 

Differently from A-SFIO sample, T-SFIO nanoparticles exhibit an 
improved tribological behaviour, owing to their carbon coating, which 
favours the lubricating action and protects the underlying silicon surface 
from fatigue and micropitting. Moreover, the carbon shell not only 
provides an available lubricious phase that decreases friction phenom-
ena, but also prevents the further aggregation of magnetic nanoparticles, 
as observed in the other case. The synergistic effect between carbon shell 
and magnetic nanoparticles has been already observed and described 
[50]. In absence of the magnetic field, it is likely that the nanoparticles 
are expelled from the sliding area by the movement of the counterbody 
and hence they can no longer operate within the tribological pair. 
Therefore, the same beneficial behaviour cannot be observed without 
the application of the magnetic field. According to some interpretations 
of the friction mechanism [51,52], it can be assumed that during the 
sliding process the T-SFIO nanoparticles buffer to avoid the direct con-
tact between the silicon substrate and the counterpart. At the same time, 
the lubricating carbon phase also fills the surface gap and decreases the 
contact pressure [53,54]. The nanoadditives are continuously supplied, 
as T-SFIO nanoparticles are progressively deformed or invalidated 
within the sliding contact zone, thanks to the action of the applied 
magnetic field, resulting in a self-lubrication effect. This is confirmed by 
the observation that several aggregates of A-SFIO nanoparticles, visible 
in Fig. 5(b1) and 4(b2), are stuck in the track, even after the final 
washing treatment, whereas the T-SFIO nanoparticles are almost absent, 
as visible in Fig. 5(c1) and 4(c2). Further confirmation is obtained by 
X-EDS measurements inside the tracks in the last case, which evidenced 
only the presence of carbon and neither iron nor strontium, demon-
strating that magnetic nanoparticles did not deposit at the tribological 
interface. The surface of all the counter bodies were also investigated, to 
confirm that there was no wear on the Al2O3 balls. Only a few light 
scratches were found on the spheres, and the loss of material was not 
detected even with a precision balance. No traces of Al were found inside 
the wear traces, analysed via X-EDS. Consequently, the transfer of ma-
terial from the alumina balls could be excluded. 

Final roughness at the bottom of the wear scar is also a useful index 
of the benefits derived by the use of the lubricating nanofluid. The 
roughness was measured by stylus profilometry after the tribological 
tests. The results are reported in Fig. 6 and Table 3. 

A-SFIO nanoparticles, forming quite large aggregates, act as abrasive 
third body, increasing the wear phenomena, and inducing a greater 
mean surface roughness, with a maximum enhancement of 75%. 
Conversely, T-SFIO nanoparticles exhibit a beneficial decrease of the 
final surface roughness with a maximum reduction of 50%, thus con-
firming the above considerations about the protective action of the 
carbon shell when the magnetic field is applied and the lubricious phase 
is therefore confined within the contact area. 

4. Conclusions 

A simple and cost-effective one-step laser ablation synthesis of a Sr- 
ferrite target in toluene, at ambient conditions, was exploited to produce 
magnetic responsive nanoparticles surrounded by a lubricious carbon 
matrix to be used as additives into a host fluid for anti-wear purposes. 
The magnetic core was found to be composed by Sr-ferrite and magne-
tite. The magnetic properties of the nanoparticles were exploited to 
confine them within the contact area of a tribological coupling by the 
application of a magnetic field also thus avoiding the leakage of the 
nanofluid from the contact area and its pollution in the environment. 
The carbon matrix surrounding the magnetic core conferred to the 
nanoparticles interesting anti-wear properties, which could be observed 
especially in the wear coefficient and in the final roughness of the pro-
duced wear scars. Halving of the wear coefficient and 50% reduction of 
the worn surface roughness prove that the carbon coated nanoparticles, 
produced in toluene, are promising additives for tribological applica-
tions. Therefore, the LASiS methodology endorses to be a simple 
approach for easily producing nanoparticles and the selection of 
appropriate synthetic conditions (laser pulses, target materials, sol-
vents) opens new possibilities for obtaining nanostructures with multi-
faceted properties. 
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Fig. 6. Roughness Ra measured at the bottom of the wear scars after tribo-
logical tests. 

Table 3 
Roughness (Ra) mean values for each measured wear scar.  

Sample Ra (μm) Var 

H2O 0.056 ± 0.002 - 
A-SFIO 0.064 ± 0.003 + 14.3% 
A-SFIO BUP 0.098 ± 0.011 + 75.0% 
A-SFIO BDOWN 0.091 ± 0.004 + 62.5% 
T-SFIO 0.047 ± 0.004 -16.1% 
T-SFIO BUP 0.028 ± 0.001 -50.0% 
T-SFIO BDOWN 0.036 ± 0.001 -35.7%  
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