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Growth of needle-like nanocrystals on the surface of oxidized Al and
their effect in strengthening the Al-matrix composite
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A new concept has been proposed for the creation of dispersed-strengthened composite materials (CM) due to
the growth of oxide nanostructures (NS) on the surface of metal particles during the interaction of the surface oxide
layer with a reaction oxide deposited on the oxidized surface of the metal particles. The concept is demonstrated
using whisker-like nanocrystals (NWs) grown on the surface of oxidized Al particles. The new method ensures
uniform distribution of NS on the surface of metal particles and, as a result, their uniform distribution in CM,
which significantly simplifies the CM production technology. The concept covers metals with high oxygen affinity:

Al, Mg, Ti, Ni, Zr.
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Dispersed hardening is one of the main mechanisms for
improving the mechanical properties of metals [1]. The
highest strength characteristics of metal matrix composite
materials (CM) can be obtained by using dispersed particles
in the form of nanosheets or nanotubes [1]. However,
nanoparticles, because of their high surface energy, are
prone to agglomeration, which results in a decrease of the
mechanical characteristics of CM. This paper considers a
new concept of — formation of nanoparticles directly on the
surface of Al particles for solving this problem. In particular,
the formation of needlenanocrystals (NNCs) on the surface
of Al particles due to the interaction of lithium nitrate with
an aluminum oxide layer is studied.

Al powder of the grade ASD 1 with a particle size of
5—30um, LiNO; - 3H,0O (chemically pure) and Ar (ultra
high purity) were used in this study. The Al powder was
oxidized in air at 600°C for 3 h; the weight gain was 18.7%.
Analysis of the powders on a scanning electron microscope
JSM-7600F (JEOL, Japan) showed that the thickness of the
oxide layer is approximately 300 nm. The oxidized Al was
mixed with an aqueous solution of lithium nitrate (5 mass%
relative to the mass of Al). The resulting powder was heated
in Ar to a temperature from 700 to 1200°C and was held
at this temperature for 60 min.

Scanning electron microscopy (SEM) showed that
needlestructures (NS) up to 1um long and up to 100 nm
thick were formed at 900°C; their number significantly
increased, and the length increased to about 3,um at 1000°C
(Fig. 1,a); the surface concentration of NS is about
15um~2; NS are not observed at a temperature below 900
and above 1100°C. The inset shows the distribution of NS
in length and diameter.

X-ray images of the samples are shown in Fig. 1,b.
Peaks corresponding to y-Al,O3 (ICDD 01-074-4629) are
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observed after oxidation of Al. The peaks corresponding to
0-phase of Al,O3; (ICDD 01-080-0955) and LiAlO, (ICDD
01-075-0905) appear at 1000°C. 6-Al,O; was formed
during crystallization of p-Al,Os;. The proportion of this
phase is 5.7 mass%, the proportion of lithium aluminate is
0.9 mass%.

The chemical state of the surface of the sample
with needlestructure was studied by X-ray photoelectron
spectroscopy (XPS) using a VersaProbelll spectrometer
(ULVAC-PHI Inc.). The spectrum of Al2p contains two
components with binding energies (E,) 74.0 and 75.8 ¢V,
which correspond to Al in LiAlOx and Al,Os [2]. The
spectrum of O1s includes two components with E, = 531.2
and 532.6 eV, characteristic of oxygen in Li,O and Al,O3 ,
respectively [2]. The spectrum of Lils has one component
with Ep = 54.5 eV, which corresponds to the bond Li—O in
LiAlOx [2]. The results of the XPS-analysis are presented
in the table. The XPS data showed the following content of
elements in the sample (at.%): Li — 20.75, Al — 27.47,
O — 5056, N — 1.22; the phase composition of the
sample surface corresponds to the phase content (mol.%):
LiAlO, — 85.2, Al,O3 — 123, AIN — 2.5.

Figure 2 shows the results of transmission electron
microscopy (TEM). Two types of needlestructures are
observed: amorphous (diameter 2—40nm) and crystalline
(diameter 40—100nm). The distances between the projec-
tions of atomic planes are 0.29—0.31 nm on high-resolution
TEM images (Fig. 2,¢) showed. Such interplane distances
are observed in Li,O-Al,O3, y-Al,03 and 6*-Al,O3. The
electron diffraction pattern (Fig. 2,b) acquired from the
needlestructure contains point reflexes corresponding to the
interplane distances 0.275, 0.245 and 0.222 nm, which are
also observed in the listed phases.
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Figure 1. ¢« —SEM image of an Al sample with needlestructures after high-temperature annealing for 60 min at 1000°C. The inset
shows the distribution of NS in length and diameter. b — the X-ray images of Al samples: initial sample (7), oxidized sample (2), after

high-temperature annealing (3), as well as Al/LiAlO, composite (4).
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Figure 2. ¢ —the TEM-image of needle structures; b — the electron diffraction from the same region; ¢ — high-resolution TEM-image

of one needlestructure.

The bond energies E, and fractions v of the component in the
X-ray photoelectron spectra of a sample with a needlestructure

LiAIO,
Line Chemical bond
Ep, eV v, %
Ols 531.2 85.11 Li—Ox—Al
532.6 14.89 Al—Ox
74.0 80.63 Li—Al1-0Ox
Al2p 758 1937 Al-O,
Lils 54.5 100.00 Li—Ox

These results indicate that needlestructures are the
needlenanocrystals of aluminum oxide and/or lithium alu-

minate. There is no - crystallographic orientation between
the needlenanocrystals and the particle on which they grew.
It should be noted that the diameter of the needlenanocrys-
tals remains constant along their length, while spherical
nanoparticles of catalysts at their vertices are not observed,
which are characteristic of the growth of needlenanocrystals
based on the vapor—liquid—crystal mechanism [3-8]. The
aluminum is in a liquid state and is retained by an oxide
shell at 900—1000°C. It can be assumed that the growth of
needlenanocrystals is associated with the constant supply of
aluminum and its suboxides (formed by the interaction of
the aluminum melt with the inner surface of the oxide shell)
by diffusion through the defects of the oxide layer under the
impact of positive pressure inside the particles caused by the
difference of the coefficients of thermal expansion of liquid
aluminum and the oxide shell.
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Figure 3. Ultimate tensile strength (UTS) of Al samples: initial sample (/), oxidized sample (2) and sample with needlenanocrystals (3).
The deformation curves of the specified samples at 25°C are shown in the insert.

Composite material was obtained from a material con-
taining needle nanocrystals by spark plasma sintering using
Labox 650 SPS unit system (Sinter Land Inc., Japan):
sintering temperature 630°C, vacuum, compression pressure
35kN, sintering time 10 min. The Vickers hardness was de-
termined using DuraScan 70 hardness tester (EMCO-TEST,
Germany), tensile strength was determined using Shimadzu
AG-Xplus 20 kN testing machine (Shimadzu Corp., Japan).
Fig. 3 shows tensile strength of the samples of the initial
Al (1), oxidized Al (2) and Al with needle nanocrystals (3).
The deformation curves of these samples at 25°C are
shown in the insert. The strength of a sample with 0.9
mass% of LiAlO, increased by 67% at 25°C, and the
hardness increased by 64% (from 28 to 50HV;). A
significant increase in strength and hardness can be expected
with an increase of the amount of needle nanocrystals [1,9].

Thus, a method for obtaining Al,O3; and LiAlO, needle
nanocrystals with diameters from 30 to 120 nm and lengths
up to 3um on the surface of Al particles was developed.
The uniform distribution of needle nanocrystals on the
surface of Al particles ensures their uniform distribution
in the composite material matrix, which simplifies the
technology of production of composite materials, since it
eliminates the stage of ball grinding of powder mixtures.
A new concept was proposed for the creation of dispersed-
hardened metals through the growth of oxide nanostructures
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on the surface of metal particles. The concept covers a broad
range of metals with a fairly high affinity for oxygen.
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