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ABSTRACT: The authors discovered the self-lubrication behavior of
TiB,/Al composite and pointed out that the materials responsible for
the self-lubrication behavior comes from the oxidation of TiB,.
Atomic/friction force microscopy and first-principles calculations
have been employed to study the self-lubrication microscopic
mechanism of TiB,/Al composite. Atomic force microscopy confirms
the existence of a soft film with nanometer thickness on the TiB,
surface, which was attributed to H;BOj; film. Friction measurements
revealed much smaller friction force on this H;BO; nanofilm than that
on Al matrix. The detailed structure and interactions among H;BO;
molecules and between the H;BO; sheet and substrate were explored
by density functional theory based calculations. The details of
adsorption of H;BOj; sheet on TiB, and TiO, surface were scrutinized
and the potential of the relative movement between H;BO; sheets were scanned and compared with that of graphite. The
generation of H;BO; film, the strong chemical adsorption of H;BO; film on the surface of the composite, the strong hydrogen
bonding in H;BO; film, and small potential in the relative slide between H;BOj; sheets warrant the good self-lubricant properties
of TiB,/Al metal matrix composites.
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B INTRODUCTION

TiB,/Al, low cost metal matrix composites (MMC), have
significant strain rate sensitivity at high strain rates, and exhibit
high flow stress' and good wear resistance.””* The TiB,/Al
MMC has strong interfacial bonding between Al matrix and
TiB, particles, thus showing high stability.”~”" So far, most
TiB,/Al MMCs were fabricated using in situ method 5™
However, during the process of in situ fabrication, due to the
difficulty in controlling particle size and reaction speed as well

as generation of some brittle compounds at the interface (such

as AL,Ti), the properties of the TiB,/Al composite could be In the present work, the microstrl}ctll're of TiB,/ ZOZ%AI
significantly affecte 4™ To avoid the negative effect, TiB,/Al MMC and the mechanism of self-lubrication of the materials

MMC was fabricated by squeeze casting technology (sCT).151¢ are investigated with atomic/friction force microscopy (AFM/

TiB,/Al MMC fabricated with SCT exhibits high wear FFM) and first-principles based calculations. During the wear
resistance and no obvious adhesion or abrasion wear was process of TiB,/2024A1 MMC, the Al matrix supports the TiB,

observed on worn surfaces of TiB,/Al composites.'® Most particles and wears away from the surface of the composites

Atomic force microscopy(AFM) based studies’' found that
under nanoscale contact, the boric acid film with deformed
surface after the sliding of AFM tips shows low friction. This
was ascribed to the reorientation of the boric acid sheets upon
the deformation by the AFM tip.22 However, the micro-
mechanism for the lubrication of TiB,/Al MMC including the
interface structure between TiB,/Al and H;BO; and the
lubrication mechanism of H;BO; on the MMC surface is not
yet clear. Such micromechanism studies may help to optimize
the design of new self-lubricant composite materials.

importantly, friction coefficient of TiB,/Al MMC is very low in
a wide range of volume ratio of TiB, and AL'®' The low
friction coefficient was ascribed to the formation of H;BO; on
the surface of MMC due to the generation of B,O; from
TiB, #1619

Until now, few works have been carried out in the field of
micro tribology of boric acid, although investigations on the
macro tribological behaviors of boric acid have been reported.*

-4 ACS Publications  © 2015 American Chemical Society

due to its relatively lower hardness. The TiB, left on the MMC
surface is oxidized to TiO, and B,0; followed by the formation
of H;BO; with H,O on the surface of the composites.”'® Two
different interfaces could form after the formation of H;BO;.

Received: January 22, 2015
Accepted: May 26, 2015
Published: May 26, 2015

DOI: 10.1021/acsami.5b02906
ACS Appl. Mater. Interfaces 2015, 7, 12688—12694


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02906

ACS Applied Materials & Interfaces

Research Article

Height /nm
n

200 400 600 800 1000 1200 1400 1600 1800
Position /nm

Figure 1. (a) Large-scale SEM image of TiB,/2024A1 MMC. (b) Large-scale AFM height image (contact mode) of the polished TiB,/2024Al MMC
surface. TiB, particles are distributed in the Al matrix homogeneously. Panels ¢ and d are the height images obtain on the TiB, particle surface with
tapping and contact mode, respectively. Cross section profile (e) clearly shows the difference in surface roughness.

One is H;BO;/TiB, and the other one is H;BO;/TiO,.
Whether H;BO; could adsorb on the surface is crucial to the
self-lubrication of the material. In this work we first confirm the
existence of a soft lubricate layer on the TiB, particle surface by
AFM characterization, and the lateral friction measurements
indicate the friction force is reduced for about 24.5 times on the
TiB, particle surface in comparison with that on Al matrix.
Then the structure of H;BO; adsorbed surfaces is studied with
first-principles calculations and the microscopic mechanism of
the self-lubrication is revealed in detail.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Sample Preparation and Characterization. The TiB,/2024Al
MMC (85 vol % of TiB,) was prepared by pressure infiltration
method. The average size of TiB, is 1.6 um. The preheating
temperature of preform is between 600—610 °C with the heating rate
of 10 °C/s under the atmospheric environment and retained at the
high temperature stage for 1h. At 770 °C, the molten 2024Al is
extruded into the preform under a pressure of 70 MPa. Figure la
shows the microscopic SEM image of TiB,/2024Al MMC, from which
it can be seen that the TiB, particles are evenly distributed. The
composition of the samples were analyzed by transmission electron
microscope (TEM) and X-ray photoelectron spectroscopy (XPS),
which were conducted on a JEOL200CX transmission electron
microscope and PHIS700 ESCA system X-ray photoelectron spec-
troscopy, respectively. Both TEM and XPS characterizations
confirmed the oxidation of TiB, and formation of TiO, and B,O;
on the sample surface (Supporting Information Figures SI and $2)."

AFM/FFM measurements were performed with an Agilent 5100
Scanning Probe Microscopy, operating with tapping mode and friction
mode. The AFM probe used for tapping mode measurements is
Tap300Al-G from Budget sensors, a silicon AFM probe coated with
aluminum, and the resonant frequency is 300 kHz. For friction
measurements a ContAl-G probe with aluminum reflection coating
(resonant frequency = 13 kHz, force constant = 0.2 N/m) was used.

Models and Computational Details. Small H;BO; clusters up to
13 H;BO; molecules are constructed to study the strength of
hydrogen bonds in the H;BO; sheet. Density functional theory based
first-principles methods B3LYP*?** with 6-31G(d, p)*> basis were
employed for this characterization. The Gaussian 03 program®’ was
used for those calculations. Two models, H;BO;/TiB, and H;BO,/
TiO,, are designed for the interface between H;BO; and the TiB,/Al
MMC. The (110) surface is chosen as the model for both TiB, and
TiO,.
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The surface adsorption simulations are performed with VASP
package with projector augmented wave (PAW) pesudopotentials.”**’
The exchange-correlation functional utilized was at the generalized
gradient approximation level, known as GGA-PBE.*® A plane-wave
basis set with a cutoff energy of 400 eV was used for electron wave
function. A Monkhost—Pack mesh of 3 X 3 X 1 k-points was used for
sampling the Brillouin zone during ionic relaxation, which is large
enough for the current simulation. Optimization of structures was
converged until the force on each atom is less than 1 X 107 eV.nm ™,
and energies were converged to 1 X 107° eV. In this work, 19.37 A X
20.96 A X 23.03 A is chosen for the supercell of TiB, cell and 20.71 A
X 25.99 A x 23.25 A is chosen for that of TiO,, the large vacuum
space used in the supercells can avoid the interaction between the
surface cells and their images along the z-axes. Three layers of TiO,
and TiB, containing 210 and 216 atoms are used to mimic the surface
of TiO,(110) and TiB,(110), respectively, while H;BO; cluster
adsorbed onto surface is composed of 12 H;BO; molecules.

B RESULTS AND DISCUSSION

Microstructure and Friction Measurements. Scanning
probe microscopy (including STM, AFM, FEM, etc.) provides
very powerful tool for the characterization of surface structures
and physical/chemical properties on the nanoscale.*" ™ In this
work AFM, both tapping and contact mode, in combination
with FFM was used to characterize the surface structure and
probe the mechanism of lubrication. Large scale SEM and AFM
height image reveals that the TiB, particles are distributed
homogeneously in the Al matrix. The TiB, particles exhibit
larger height in comparison with the Al matrix, and the top
surface is flat because of polishing. Scratches are observed on
the particle surface, appearing as depressions in height image
obtained with contact mode. However, on the height image
obtained with tapping mode, no scratches appear, instead, the
surface is covered by a film with nanometer thickness (Figure
1). The roughness measured from the tapping mode image is
apparently larger than that obtained from contact mode as
shown in the section profile of both images (Figure 1d). These
evidence indicate that there exists a soft film on the particle
surface, which can be removed by tip scratching when operated
with contact mode. This hypothesis is also supported by the
phase image (Supporting Information Figure S3), which reveals
quite different contrast on the TiB, particle surface in
comparison with the Al matrix. This soft film is attributed to
H;BO;, which was formed during the preheating and friction
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Figure 2. Height (a and b) and friction image (c and d) obtained on the Al matrix and TiB, particle surface. The cross section profiles of the trace
and retrace channel (e and f) show clearly the difference in lateral friction forces on these different materials.
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Figure 3. H;BO; cluster sheets with hydrogen bonds. Ej, is binding energy per H;BO; (in eV), and Ej, is hydrogen bond energy per H-bond pair (in

ev).

process. The oxidation was confirmed by the TEM and XPS
analysis (Supporting Information Figure S1 and S2).

The lateral friction forces on both TiB, and Al matrix using
friction force microscopy are shown in Figure 2. Friction
measurement on the TiB, particle surface and Al matrix,
respectively, with the same tip and operation parameters, were
performed, and cross section profile from the trace and retrace
of friction channel were obtained (Figure 2). The gap between
the trace and retrace profile allows to compare the friction
forces qualitatively. The friction force in the same image was
not measured and compared for the two components due to
the big difference in height of both components, and the
surface morphology can strongly convolute into the friction
force. The friction force on the TiB, particle surface is reduced
about 24.5 times with respect to that on Al matrix. The AFM
measurements confirmed the existence of a soft film of H;BO,
with nanometer thickness.>* The reduction of friction forces is
attributed to the lubrication properties of the H;BO; film on
the TiB, particle surface.

First-Principles Calculations. The structure of H;BO;
cluster sheets and strength of interaction among H;BO;
molecules in the H;BO; cluster sheets are investigated first.

H;BO; has C; symmetry and a H;BO; molecule can form three
pairs of hydrogen bonds with its surrouding H;BO; molecules.
The OH bond distance is 0.96 A in a H;BO; and it lengthens to
about 0.98 A upon forming hydrogen bond with other H;BO;.
Figure 3 shows the interactions among H;BO; molecules in
H;BO; cluster sheet from two to 13 H;BO; molecules. As
shown in Figure 3, binding energy (E,) and hydrogen bond
energy (E,) are calculated to estimate the strength of H;BO,
nanosheet. Ey is the binding energy per H;BO; molecule (E, =
E,./n, E is the total binding energy of the system, and n is the
number of H;BO;), and Ej, is hydrogen bond energy per pair of
hydrogen bonds (E, = E,,/ Mpairs Mpair 1S the number of hydrogen
bond pairs, for example, a H;BO; dimer has one hydrogen
bond pair). As the size of H;BO; nanosheet increases, E, =
2E,/3. As can be seen from E,, valuess and E,, values in Figure 3,
E,, does not change much with the size of H;BOj; sheet and E;
may converge to a value around 0.700 eV, and following this
estimation E, could reach about 1.000 eV. The strong hydrogen
bonding in H;BO; mesh ensure the stress and strain resistance
of the film.

The adsorption of single H;BO; layer (with 12 H;BO,
molecules) on the (110) TiB, surface is shown in Figure 4a.
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Figure 4. Adsorption of single layer (a) and double layer (b) H;BO,
on (110) TiB, surface.

The mesh shape of the H;BO; sheet on TiB, surface remains
and conspicous deformation of the H;BO; sheet occurs. Such
deformation comes from the chemical bonding between the
H,BO; sheet and the TiB, surface. The B(TiB,)—B(H;BO;)
distance ranges from 1.85 to 3.10 A and the Ti(TiB,)—
B(H;BO;) distance ranges from 2.20 to 2.80 A. The binding
energy between the H3;BOj; sheet and the TiB, surface is
—53.100 eV, that is, —4.425 eV per H;BO; molecule. This
strong adsorption warranties the good wear properties of
H;BO; during sliding of the intersurfaces.

The adsorption of double layers of H;BO; on the (110) TiB,
surface is shown in Figure 4b. The upper layer H;BO; does not
affect the adsorption of the lower layer H;BO; on TiB,. The
average distance between those two H;BO; layers is 3.66 A and
the average distance between the lower layer H;BO; and TiB,
is 2.55 A. The average hydrogen bond distance in both layers of
H;BO; is 1.68 A. The interaction energy between the upper
layer and the rest of the system is —0.69 eV. Such weak
attraction and van der Waals type distance (3.66 A) ensure the
smooth sliding of the upper layer H;BO; with respect the
surface.

Figure Sa shows the adsorption of single H;BO; layer (with
12 H;BO; molecules) on (110) TiO, surface, and conspicuous
doformation of the H;BO; sheet from plane occurs. The
distance from B(H;BO;) to O(TiO,) ranges from 1.49 to 3.32
A and the distance from Ti(TiO,) to B(H;BO;) ranges from
2.59 to 3.50 A. The average distance from H;BO; sheet to
TiO2 surface is 2.05 A. Such strong deformation comes from
the strong chemical adsorption of H;BO; on TiO, surface, and
possibly the limited size of the model which cause some edge
effect, that is, the edge of H;BOj; sheet has strong interaction
with the TiO, surface. Both effects reveal the strong interaction
of H;BO; with TiO,. The adsorption energy of this H;BO;
layer onTiO, is —70.4 eV, which obviously manifest the nature
of strong chemical adsorption. Eventhough, the strong
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Figure S. Adsorption of single layer (a) and double layer (b) H;BO,
on (110) TiO, surface.

hydrogen bonds (with average hydrogen bond distance of
1.91 A) in the H;BO; sheet tightly bind the H;BO; molecules.

The adsorption of the second layer H;BO; on H;BO,/TiO,
elongates the average distance between the singly adsorbed
H;BO; layer and TiO, from 2.05 to 2.76 A. However, the
strong bonding nature of the first (lower) H3BO; layer with
TiO, remains as shown in Figure 5b, and the network of the
lower H3;BOj layer is enhanced by the adsorption of the upper
H,BO; layer with average hydrogen bond distance of 1.76 A.
The average hydrogen bond distance of the upper H;BO; layer
is 1.75 A. The distance between the two H3;BOj layers is 3.41 A,
slightly shorter than that when adsorbed on TiB, (3.66 A). The
adsorption enenrgy of the upper H;BOj; layer is —0.49 eV and
this weak attraction facilitates the sliding among H;BO; layers.

The potential energy during the relative sliding of two
H;BO; sheets is investigated as shown in Figure 6. The
equilibrium distance between two H;BOj; sheets is located to
be 3.70 A. The stress imposed on the H;BO; sheet during
sliding will push the two H;BO; sheets closer than the
equilibrium distance. For the simulation of relative sliding of
H;BO; sheets, the distance between the two H;BO; sheets is
3.05 A. The energy barrier from the energy minimum to energy
maximum of sliding in one direction (oa) is 0.14 eV. The other
direction needs higher energy (0.37 eV) to overcome the
potential energy barrier.

Graphite is a well-know solid lubricant. The potential energy
is investigated in the present work for comparison with that of
H;BO; layers. The equilibrium distance between two grapheme
sheets is 4.25 A at the same level of theory. To simulate the
raltive sliding of two graphene sheets under some stress, the
distance between two graphene sheets is taken as 3.40 A. The
potential energy of relative sliding along one direction (o0a) is
0.34 eV and it is about 0.82 eV along the other direction as
shown in Figure 7. Both potential energies are larger than the
corresponding values of H;BO; sheets. A conservative
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Figure 6. Potential energy of relative movement between two H3BOj; layers. oa, ob, and oc are the three directions as shown in a and b.
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Figure 7. Potential energy of relative movement between two graphene layers. oa, ob, and oc are the three directions as shown in a and b.

observation about the relative sliding of H;BO; sheets is that
the friction of H;BO; sheet is comparable to that of graphite
(or graphene sheets), that is, H;BO; nanosheets have good
lubrication.

In summary, the oxidization of TiB, on the surface of TiB,/
Al MMC forming H;BO; leads to the formation of graphite like
network of H;BO;. The strong hydrogen bonds in the H;BO;
sheet make this network strong enough to be wear resistant,
while the small potential energy along the relative movement
between H;BO; sheets warrants the good lubrication of the
H;BO; film on the TiB,/Al surface. Self-supply of H;BO,
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through tribo-chemical reactions ensure the self-lubrication
cycle.

B CONCLUSION

The microstructure and lubrication mechanism of TiB,/2024Al
MMC surface have been studied with both AFM/FEM and
first-principles calculations. AFM characterizations confirmed
the existence of a soft nanometer film on the surface of TiB,
particles, and FFM reveals significant reduction of lateral
friction forces on the TiB, surface (24.5 times smaller in
comparison with Al matrix). The strength of H;BO; network
and adsorption of H3BO; sheets on the surfaces of TiO, and
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TiB, have been investigated in detail with first-principles
calculations. H;BO; can be stably adsorbed on TiB, and TiO,
surfaces through chemical bond between the first layer of
H;BO; film and those surfaces, ensuring the stability of the film.
The strong hydrogen bonds among H;BO; render the
formation of graphene like network, and this warrants the
wear resistance of H;BO; The relative weak interaction
between H3BOj; layers is responsible for the good self-lubricant
properties of this material on TiB, or TiO,.

B ASSOCIATED CONTENT
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Height and phase image and TEM and XPS of the TiB,/Al
composite. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acsami.5b02906.
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