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ABSTRACT: We demonstrate in this paper a novel finding of submicron-lubricant exemplified by crystallized magnetite
(F&0,) submicrometer spheres. Optimized tribological perfor-
mance of lubricant particles occurs when the particles are submi-
crometer sized and spherical. The tribology of lubricant particles
is thus verified to be size and shape dependent. Owing to the
unique heating and quenching process involved in pulsed laser
irradiation, Fe;0,; submicrometer spheres are acquired through
phase transformation and reshaping. The formation process of
the regular Fe,O, spheres in deionized water was investigated by
choosing different laser fluences and irradiation times. The shape
and phase transformation mechanisms are elucidated as well.
Tribological properties of the obtained FeO, submicrometer
spheres have been explored, inspired by their spherical shape and
smooth surfaces. Crystallized magnetite submicrometer spheres ~
under optimized conditions show a reduction in friction and wear

by up to 40%and 20%,respectively. Control experiments revealed

that nanoparticles, non-spherical submicrometer particles and micrometer particles could not reach such good tribology
performance, indicating the potential of adopting crystallized Fe;0, submicrometer spheres in the application of mechan-
ical energy saving.
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1. INTRODUCTION

The ability to generate micro/nanocrystals with well-
controlled sizes, shapes, and compositions is central to ad-
vance applications ranging from catalysis to electronics, pho-
tonics, sensing, as well as energy generation, storage, and
conversion.’® Developing nanostructures with designed
morphologies for investigation of tribology has recently been
of importance as one third of the total mechanical energy
used in this world goes waste to counteract the friction
force.5® Nanoparticles including ZnO®® and Al,Oy’ have

shown good potential as additives for lubricant to improve
its tribology property. Intriguingly, earth abundant F&,0; and
F&;0, are more attractive for such applications when consid-
ering their high hardness (1030and ~450 Hv, respectively).
Attempts have been thus reported by using iron oxides as
additives in base oil in the form of micro/namopartic:les.g
Numerous methods have been developed for the synthesis of
high-quality iron oxide nanoparticles, such as precursor-
templated methods,'® hydrothermal methods,'* and chemical
precipitation.’> However, the morphologies of nanoparticles
prepared by the above methods are usually non-spherical **°
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In addition, research related to the particles based lubricant
has always focused on seeking ideal material species,®™®
while few on the investigation of size-dependent tribology
properties, which is of importance not only fundamentally
but for practical application.

In view of the primary principles of lubrication, spherical
particles with high hardness are highly appreciated to change
sliding into rolling friction more effectively and reduce the
wear more significantly. No efforts, however, to the best of
our knowledge, have been reported on spherical iron oxides
particles for lubrication. As a matter of fact, synthesis of iron
oxide particles with spherical shape has been well document-
ed in literatures, however, the acquired particles are domi-
nated by hierarchical structures, i.e. the spherical particles
are constructed by secondary subunits.'® As aforementioned
above, these particles are not ideal as well for lubricating
when considering their surface roughness and low hardness.
Unfortunately, synthesis of inorganic highly crystalline
spheres with smooth surfaces has rarely been reported, pos-
sibly because of their very high melting points and aniso-
tropic crystal structures.

Laser ablation has recently been adopted to synthesize parti-
cles both in vapor or liquid medium, which is known as
pulsed laser ablation (PLA). The combination of laser abla-
tion and vapor transport deposition provide good control
over the temperature, pressure and gas to grow nanostruc-
tures, especially for one-dimensional nanowires or nano-
tubes.’®™® Laser ablation in liquid media was firstly imple-
mented to fabricate colloidal solutions of nanoparticles,
known as laser ablation in liquid (LAL).2% ?Henglein et al. %
first applied a pulsed laser to ablate pure metal targets in
various solvents to grow colloidal solutions containing metal
nanoparticles (NPs). Since then, LAL has been deeply devel-
oped as an important method to prepare metal, semiconduc-
tor, and even polymer NPs.?*% For instance, Zeng et al.?*%
reported composition-controlled synthesis of ZnO-Zn com-
posite nanoparticles by laser ablation of a zinc metal target
in pure water and aqueous solution of sodium dodecyl sul-
fate and studied their optical properties; Yang et al.***Chave
synthesized Si quantum dots and SiC quantum rings using
LAL and an anomalous quantum confinement effect was
observed; Jayawardena et al.® showed that ZnO nanocrystals
and nanorods can be fabricated by hybrid hydrothermal and
UV laser heating growth process.

Most recently, metal and semiconductor submicrometer
spheres have been prepared by a selective pulsed laser heat-
ing process with proper laser wavelength and energy,*
which effectively inhibits the anisotropic crystal growth and
favors for acquiring inorganic crystalline spheres. Inspired by
this, in this manuscript, we introduce crystalline F&O, sub-
micrometer spheres for lubrication by simple pulsed laser
irradiation of preformed «-Fe&O; cubic particles. A laser-
stimulated surface tension energy release (LSTER) and
chemical phase transition process involved in the laser irra-
diation process assures the formation of spherical F&O, par-
ticles. What is more important, the lubrication of iron oxide
NPs, cubic submicrometer particles and microparticles was
further investigated, verifying a novel phenomenon of “sub-

micron-lubricant”, i.e. crystalline submicrometer spheres
exhibiting superior tribology performance.

2. EXPERIMENTAL SECTION

2.1 Synthesis of hematite (Fe,O3) cubic particles. F&,0;
cubic particles were prepared by a hydrothermal process. In a
typical reaction, 0.729g CTAB, 0.622g FeCk 6H,0 and 0.4g
PEG-6000 was dissolved into 60 ml deionized water. The
whole mixture was stirred to form a homogeneous solution
and then transferred into a Teflon-lined stainless steel auto-
clave. Then it was sealed and maintained at 120 C for 12h.
After the reaction, the precipitated powders were collected
by centrifuging and washed several times with deionized
water and ethanol. Finally, the samples were dried at 50 ‘C
for 12h.

2.2 Synthesis of magnetite submicrometer spheres.
The as-prepared F&0; cubic particles were dispersed into
deionized water at a mass concentration of 0.5wt% to form a
colloidal solution. A KrF excimer laser (10 Hz, 25 ns, Coher-
ent, CompexPro 205) was used as the light source for pulsed
laser irradiation. The pulsed laser beam was guided by a re-
flection mirror and focused by a quartz lens on colloidal so-
lution. The solution was then irradiated with a focused laser
beam with different laser fluences (400 700, 100Q 1300 mJ
pulse_1 cm?), which were determined by a laser FieldMaxII
Meter (Coherent). Laser irradiation of raw FeQs particles
was performed for different times. After laser irradiation, all
prepared colloidal suspensions were centrifuged at 8000rpm
and finally dried at 50 “C for further characterization.

2.3 Structure and tribology characterizations. The
sample morphology was characterized with a scanning elec-
tron microscope (SEM, FEI Quanta 250FEG). The phase and
crystal structures of the particles were investigated with X-
ray diffraction (XRD, Cu Ka radiation, Bruker D8 ADVANCE)
and X-Ray photoelectron spectroscopy (XPS, ThermoFisher,
ESCALAB 250). The tribological properties of the prepared
particles were measured in terms of friction coefficients and
wear scar diameters with a tribology tester (MMU-10G, Si-
nomach-Jinan). F&O, submicrometer spheres dispersed into
oil with different mass concentration of 0, 0.03 0.07, 0.13
and 0.2wt%, respectively, were tested. Control experiments
were performed by measuring the tribological properties of
as-prepared o-Fe&0; cubic particles, magnetite nanoparticles,
hierarchical magnetite spherical particles with 0.03~0.2wt%.
Detailed experimental conditions of the four-ball wear test
were set as follows: rotation speed at 1450r/min, load of 147
N, temperature at 75 ‘C and time of 30 min. The friction co-
efficient was recorded in situ and the test data were acquired
automatically with a computer. The size of the wear scar
diameter was observed with a metallographic microscope
and then the average size of wear scar diameter was ob-
tained.

3. RESULTS AND DISCUSSIONS



Figure 1. SEM images of (a) nanoparticles prepared by hy-
drothermal method and (b) submicrometer spheres after
irradiation with a 248 nm KrF excimer laser for 60 min under
fluence of 1300 mJ pulse™ cm™.

3.1 Morphology and phase analysis of Fe;0, submicrom-
eter particles. Figure 1(a)shows a typical SEM image of as-
prepared particles synthesized by a hydrothermal method,
from which it can be seen that the particles are cubic with
edge length of about 600nm. After UV laser irradiation for 55
min with fluence of 1300m] pulse™ cm?in deionized water,
these cubes transform to submicrometer spheres as shown in
Figure 1(b). One can note that the size of the spherical parti-
cles after laser irradiation is similar to or a little bigger than
that of the corresponding raw cubic particles. This is totally
different from the case of traditional LAL that a solid or
pressed target is laser ablated in liquid, which usually pro-
duces much smaller particles with size of a few nanometers.'
The composition and phase purity of the particles with dif-
ferent morphologies were further examined by XRD, as
shown in Figure 2(a) The XRD pattern of the as-prepared
cubic samples can be well ascribed to the rhombohedral a-
Fe0O; (PDF: 24-0072). However, after laser irradiation, the
XRD pattern of the submicrometer spheres exhibits different
diffraction characteristics. By comparing the XRD peaks with
the standard powder diffraction cards, the submicrometer
spheres can be identified as the y-F&Qs; (PDF: 24-0083% or
Fe,O, (PDF: 89-4319.

XPS measurement was employed to check the phase
change upon laser irradiation due to its sensitivity to surface
chemical changes. Figure 2(b) shows the wide scanning spec-
trum and the photoelectron peaks at binding energies of
about 710.8 530.8 eV and 285.0eV, which is attributed to
Fe2p, O1s and C1s, respectively.'® Figure 2(c)shows the XPS
signals of the Fe2ppeak, with two peaks of Fe2p ,at 710.8eV
and Fe2py), at 724.0eV with the full width at half-maximum
(FWHM) of 4.1 and 5.1V, respectively. The absence of the
satellite peak situated at about 719 eV, which is a major
characteristics of F€" in y-F0;, clearly excludes the for-
mation of y-Fe0s after laser irradiation.®® The O core level
spectrum together with their spectral deconvolution curves
in Figure 2(d) consists of a main peak originating from the
oxygen in Fe0, (at 530.0 eV) and a shoulder centered at
531.4eV, which is ascribed to surface traps.36 Moreover, the
total Fe/Oratio was estimated to be 0.74 by curve resolution
analysis, which is well consistent with the stoichiometric
ratio of F&O,. The XPS and XRD analysis reveal that the raw
cubic particles are rhombohedral a-F&0Os;, and spinel FeO,
submicrometer spheres are obtained after pulsed laser irradi-
ation. Therefore, the physical reshaping and phase transition

from a-Fe03 cubes to F&;O, spheres are induced by a simple
laser irradiation process in water. Compared with the con-
ventional chemical routes, this method is very fast, moder-
ate, and safe, and does not use any surfactants.?® * To dis-
close more details about the morphology evolution, irradia-
tion time-dependent and laser energy-dependent experi-
ments were further conducted.

3.2 Effect of laser fluence and irradiation time on parti-
cle shape Figure 3 shows SEM images of the prepared Fe,O,
particles. When the laser fluence is as low as 0.4 ] pulse”’cm?,
the par- ticles do not show clear morphological changes, but
only few small spherical particles are formed, as shown in
Figure 3(a) This is because the laser cannot produce enough
energy to melt the particle surfaces. When the laser fluence
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Figure 2. (a) XRD spectra of (i) as-prepared cubic particles
by the hydrothermal method, (ii) submicrometer spheres
after irradiation with a 248nm KrF excimer laser for 60 min.
(b~d) XPS spectra of submicrometer spheres (b) wide scan,
(c) Feyp spectra, and (d) O;sspectra.

Figure 3. SEM images of the product after irradiating F&03;
cubic particles by a laser with different fluences for 55min,
(a) 400m]J pulse™em? (b) 700mJ pulse’cm-?, (c) 1000 mJ
pulse’cm™ and (d) 1300m]J pulsecm™.

is increased to 0.7] pulsecm?, all particles exhibit morphol-
ogies different from those of the original ones. A number of
small particles transform to spheres (Figure 3b). When the
laser fluence is further increased, the melting of the particle
surfaces and then merging of different particles are clearly
exhibited, as shown in Figure 3(c). 0-F&0;3 particles change
gradually from cube morphology to regular spherical parti-
cles when the laser energy density is further increased to 1300
mJ pulsecm? ( Figure 3d). This indicates that lasers with
proper higher fluence are necessary for submicrometer
sphere formation. Moreover, during the particle shape trans-
formation and coalescence processes, the volume of the par-
ticle(s) remains constant but the surface areas decrease in
comparison with the original particle(s). Therefore, the high
surface energy (Es) of particles is released as EST is propor-
tional to the surface area.

Figure 4 further reveals the morphology evolution of a-F&0;
particles with irradiation time for the same laser fluence (1.3
J pulse®cm?). As the applied laser energy density is high
enough to melt the particles, some cubic particles begin to
lose their straight edges after 10 min laser irradiation, as
shown in Figure 4(a) Quasi-spherical particles emerge after
25 min irradiation, as shown in Figure 4(b). Meanwhile, par-
ticle merging is also observed, i.e. several particles begin con-
jugating into bigger ones. While further prolonging laser
irradiation, spherical F&O,particles are formed, as shown in
Figs. 4(c) and (d). Both particle rounding and coalescence
reduce their surface area and, accordingly, the release of the
surface energy.

3.3 Mechanisms of morphology evolution and phase
transformation. The results above indicate that the reshap-
ing and phase transformation of particles can be delicately
controlled by laser fluence and irradiation time. Both are
conducted during pulsed laser irradiation, which experiences
typical extreme non-equilibrium conditions in nature like
high temperature (10* K), high pressure (1 Gpa), and high
kinetic energy (1 eV).*” The particle morphology change is

Figure 4. SEM images of the product after irradiating F&03;
cubic particles with a laser fluence of 1300m]J pulse™cm™ for
different times: (a) 10 min; (b) 25 min; (c) 40 min; and (d) 55
min.

due to the high temperature of the particle surface caused by
laser irradiation. The key feature of micro/nanoparticles is
the high surface area per mass (of order 50-300 M/g) and one
of the consequences of this intrinsic characteristics is the
high surface energy concentrated in the surface layers of the
particles.® The surface energy is proportional to the surface
area and can be released by minimizing the surface area.
Therefore, the spherical structure has the smallest surface
area among all surfaces enclosing a given volume and, ac-
cordingly, smallest Eg for spherical particles. Therefore, the
pulsed laser irradiation induced heating causes a thermal
instability (melting) of the o-F&0; cube particle surfaces,
cube particles change into spheres gradually with Eg release,
as schematically shown in Figure 5. At the same time, since a
laser with pulse duration of 25 ns was used, rapid quenching



happened in water after pulsed heating. This is helpful to
inhibit the reorientation of surface atoms on a spherical par-
ticle, and, finally the particles retained the overall spherical
morphology. Moreover, if the surface atoms are activated by
laser irradiation above the inter-particle surface potential
barrier, contacting particles begin to merge (Figure 3¢ 4b) as
the surface area of one unified particle is smaller than that of
two original individual particles, as shown in Figure 5(b). The
particle shape change can thus be well described with the
above proposed laser stimulated surface energy release
growth mechanism. This method is different from the tradi-
tional pulsed laser ablation in liquid, in which particle for-
mation is due to the condensation of laser ablated plasma
plumes. ©

The above results including SEM, XRD and XPS analysis
indicate that the a-Fe203 particle reshaping was mainly due
to the high temperature and high cooling rate involved in
pulsed laser irradiation. Meanwhile, electrons can also be
generated in water under such extreme non-equilibrium
conditions.”® The Fe,O, particles get these electrons and then
release oxygen ions simultaneously, as shown in Figure 5(c).
Some of the Fe*" ions in the lattice were thus reduced to
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Figure 5. Schematic demonstration of the pulsed laser induced reshaping (b) and reduction (c) mechanism.

Fe?" ions to maintain electroneutrality. Two oxygen ions may
recombine to form an O, monomer with electron released.
These released electrons bound by other F&O; particles final-
ly transformed all F&Os particles into Fe;0,. This process can

be simply described by the two chemical reactions (1) and (2).

Therefore, the transformation between these two iron oxides
is thought to be determined by the diffusion of Fe** and Fe*"
ions within the oxygen sublattice and electron transfer be-

tween different valences of Fe ions.3%*
3Fe0; + 26 —» 2Fg0, + OF 1)
O +0° —»0, + 46 2)

3.4 Fe;0, submicrometer spheres with enhanced tribol-
ogy performance. Inspired by their spherical shape and

smooth surfaces, the tribology properties of F&O, submi-
crometer spheres (shown in Figure 1b) were measured by
adding them in commercial lubricant oils in terms of friction
coefficients and diameters of wear scar, while taking cubic
submicrometer particles (Figure 1a), nanoparticles (Figure
S139 and microparticles (Figure S23 as control samples. Fig-
ure 6 shows the variation of friction coefficients with time
when the commercial pristine lubricating oil (Curve marked
with Owt%) and lubricating oil with a-F&0Os cube particles
(Fig. 68 or F&O, submicrometer spheres (Fig. 6b) as addi-
tives are measured with a four-ball tribology tester. It can be
seen that the friction coefficients increase obviously when
Fe0; cubic submicrometer particles (0.03 ~ 0.2 wt%) are
added into commercial lubricating oil. The reason is that
F&0; particles with cubic morphology depositing onto the
thrust-rings increase the sliding friction. However, when a



certain amount of F&O, submicrometer spheres are added
into lubricating oils, the friction coefficients apparently de-
crease. The friction-reduction properties show a clear de-
pendence on the concentration of F&O,spherical particles, as
shown in Figures 6(a). The friction coefficients decrease when
the concentration is smaller than 0.15 wt%. However, the
friction coefficients begin to increase when the Fe;O, concen-
tration is larger than 0.2 wt%. Therefore, when the amounts
of submicrometer spheres reach an optimal concentration,
obvious friction-reduction effect is acquired.
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Figure 6. Friction coefficient curve measured with a four-
ball tester when particles of different mass concentration
were added into the tested oil, respectively, (a) as-prepared
Fe03 cubes and (b) submicrometer spherical Fe;O, particles
The friction coefficient measured with pure commercial lu-
bricating oil (curve marked with Owt%) is also shown for
comparison.

For FeO, spherical particles, when the sphere concentration
is 0.07 wt%, the average friction coefficient decreases by
about 38% which is much more significant than other re-
ported reduction data (<20%).*?

Figure 7. Wear scar images after the four ball test. (a) Lubri-
cated with pure oil and (b) lubricated with oil involving 0.07
wt% Fe;04 submicrometer spheres.

Anti-wear ability is another important characteristic index
for lubricant property. Therefore, the wear scar diameter
(WSD) was also measured during tribological tests. A metal-
lographic microscope was used to investigate the anti-wear
property of different lubricating oils. Figure 7 compares two
typical wear scar images of the testing balls in lubricant oil
and oil with 0.07wt% F&O,submicrometer spheres, showing
a clear decrease of the WSD. Table 1 compares the average
wear scar diameters on the testing balls lubricated by lubri-
cant oil dispersions of submicrometer cubic particles and
spheres with different mass concentrations. Due to the in-
trinsic high hardness, both of the particles exhibit anti-wear
properties under optimized concentrations, which is similar
to that of Al,O; nanoparticles.”>* The lubricant oil disper-
sion with 0.07wt% Fe,O, spheres performs the most effective,
i.e. with WSD reduced by 22% Similar to the friction-
reduction effect, higher concentration of F&O, submicrome-
ter spheres or cubic particles (e.g. 0.2 wt%) will deteriorate
the anti-wear performance. The maximum decrease of the
average friction coefficient and WSD is about 38% and 22%,
respectively, when an optimized concentration of F&O, sub-
micrometer spheres reaches 0.07wt%.



Further control experiments reveal that nanoparticles and
microparticles could not reach such good tribology perfor-
mance from submicrometer spheres. The friction coefficients
decreased when FeO, NPs were added into lubricating oil
and the average friction coefficient is smallest when the con-
centration is 0.1 wt%. But the average friction coefficient
decreases by only about 10% (Figure S1b), which is much
smaller than for the FgO, submicrometer spheres (38%) re-
ported in the paper. Moreover, the best WSD reduction (10%)
is also smaller than that of submicrometer spheres (22%), as
seen in Table S1 In comparison with the submicrometer
Fe0,4 spheres, all friction coefficients (Figure S2b and WSD
(see Table S2) increased when Fe0O, microparticles were
added into commercial lubricating oil.

The exact mechanism of nanoparticle action as lubricant
for enhancing tribological performance is still not very
clear.2****Basically, inorganic particles are expected to serve
as spacer and form a lubrication film when dispersing them
in lubricant oils.*® With the oil is flowing during friction, the
nanoparticles can stay between the rubbing surfaces. The
existence of nanoparticles on the thrust-ring surface acting as
spacer to reduce the friction between the thrust-rings has
been identified with SEM and energy-dispersive X-ray spec-
trum.*®* When the shape of the FeO, particles is spherical,
the friction between thrust-rings will change from sliding
friction to rolling friction using the spheres as molecular
bearings.**® As a result, the friction coefficients reduce
prominently, as shown in Figure 6(b). But the F&,0; particles
with cube shapes have no such effect and play a negative role
on friction reduction, leading to the friction coefficient in-
crease. Therefore, the friction performance of lubricating oil
with different F&O, submicrometer sphere concentrations
can be primarily understood. When the concentration of
Fe0, spheres is low, a small amount of spherical particles
starts to play the role of rolling friction instead of sliding
friction, which explains well the decrease of the friction coef-
ficients when the additive concentration increases. However,
if the concentration of spheres is too high, the redundant
spheres will aggregate and chemically condense, which se-
verely enhances friction. Therefore, there is an optimal con-
centration of submicrometer spheres for lubrication, e.g.0.07
wt% for Fg0, spheres in our study.

The enhanced anti-wear performance of lubricating oil can
be explained with the self-repairing mechanism for lubricant
oils containing inorganic particles.***” Fe,0; or Fe0, parti-
cles deposited onto the worn steel surface under compressive
stress during the friction process could form a protective film
and act as spacers between two friction counterparts. It pre-
vents the metal-to-metal direct contact and fills the wearing
scars. In this case, the high hardness of iron oxide is an in-
trinsic characteristic of the anti-wear application. But the
anti-wear ability is also affected by the particle concentration,
and, when the Fg&O, microsphere additive concentration
reached 0.07 wt%, a better anti-wear performance of lubri-
cant oil in terms of WSD was obtained.

4. CONCLUSIONS

In summary, a novel submicron-sized lubricant based on
crystalline iron oxide spheres is demonstrated in this paper
revealing that optimized tribology performance can be ac-
quired when lubricant particles are spherical and submi-
crometer sized. The magnetite submicrometer spheres have
been synthesized by laser irradiation hematite cubic



Table 1. Wear scar diameter on the testing balls lubricated with different lubricating oil involving F&0j3 cubic (C) particles or

Fe;04 submicrometer spheres (S) with different mass concentrations.

Fe203/ Fes0,4

0 0.03C 0.07C

concentration / wt%

0.13C0.2C 0.03s 0.07S 0.13s 0.2S

Averagewith errofpm 555+4 5355

Reduction/% -- 4

504+4 606+3623+3 532+2 43445 538+2 583+4

-9 -12 4 22 16 -5

particles in water via edge rounding and/or coalescence
together with a phase transition. Upon laser irradiation, the
Fe0s particle surface was thermally activated (melting) and
the high surface energy concentrated in the surface layer
will be released when cube particles change into spheres
gradually as a result of surface area minimization, during
which electrons in water reduce partially F€"* to F€" ions
under a transient high temperature process by laser irradia-
tion, leading to a phase transition from o-F&0; to F&0,.
Inspired by their high hardness and smooth surface of the
magnetite submicrometer spheres, their tribology perfor-
mance was explored. This showed that the FgO, oxide
submicrometer spheres, different from F&O; cubic parti-
cles, can more effectively reduce the friction coefficients
and wear scar diameters under an optimized concentration
when dispersing them in lubricating oil, which is a typical
morphology-dependent tribological application. Control
tribology studies on nanoparticles and micrometer particles
revealed that the lubricant property can be optimized when
the particles sizes are submicrometer scaled. It is also
worth noting that the method applying laser irradiation in
liquid medium might be conveniently extended to design
other oxide spheres, compensating for the shortcomings of
traditional chemical methods in preparing these nano-
materials. We thus expect that our study will be of signifi-
cance to advance studies on submicrometer sphere based
mechanical energy saving applications.
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