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Microstructure and mechanism of in-situ Al,O3,)/Al nano-composites
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Abstract: The Al,O;(,/Al nano-composites were fabricated from Al-K,ZrF¢—Na,B40; system by sonochemistry in situ reaction. The
fabrication mechanisms, including high intensity ultrasonic influence on microstructures and reinforcement particles-aluminum
matrix interface, were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The XRD results show that the component of the as-prepared composites is Al,O; reinforcement. The SEM
analysis results indicate that Al,O; particles are uniformly distributed in the aluminum matrix. The TEM results show that the
morphologies of Al,Os particles present in nearly sphere-shape, the sizes are in the range of 20—100 nm, and the interfaces are net
and no interfacial outgrowth is observed. Analysis with secondary development Image-J software shows that Al,O; recoveries are
firstly improved and then decreased with increasing ultrasonic power. When the power is 0.4 kW, the distribution is the best, and a
maximum number of particles are obtained. The reaction mechanisms were investigated.
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properties. So, they are an ideal reinforcement [7]. But
small particles easily join to form a so-called
“nano-reinforced phase segregation zone”, then lead to
the strengthening effect greatly reduced. While numerous
methods (such as SHS, XD) [8, 9] have been offered for
the fabrication of nano-composites, which involves

1 Introduction

Due to light density, high specific strength and
stiffness, high wear resistance and favorable dimensional
stability, particulate reinforced aluminum matrix

composites (PRAMCs) exhibit excellent comprehensive
properties, and are widely used in aerospace, automotive
manufactory and other fields [1-3]. Properties of this
kind of composites rely largely on the distribution,
morphology and size of reinforcement particles within
aluminum matrix [4]. However, the size of the most
popular and widely used reinforced particles at present is
in a range of 3—30 pm [5]. The results [6] show that the
smaller size of reinforcement enhanced better. But the
small particles not only have very few structural defects,
but also have higher thermal mismatch dislocation
density. Nano-particles have size effect, local field effect,
quantum effect and surface effect, showing large
difference with macro-composite material in the
mechanical, thermal, electromagnetic and optical

adding reactants into molten aluminum, i.e., direct melt
reaction (DMR) process, which is rarely reported.

In the present work, the ALO;,y/Al
nano-composites are fabricated from Al-K,ZrF¢—
Na,B,0; system by in situ reaction. The microstructure,
and the interface behaviors between the reinforcement
particles and aluminum matrix are investigated by SEM
and TEM. The reaction mechanisms are discussed.

2 Experimental

The raw materials were commercial aluminum
ingots (purity>99.8%), inorganic salt K,ZrF¢ and
Na,B,0;,-10H,0 powder (average size 20 pum). Table 1
shows the normal composition of the experimental
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Table 1 Normal composition of experimental K,ZrFs and
Na,B,0;-10H,0 powder
Raw material

Composition
w(Ca)<0.005%
w(Cu)<0.001%

w(Chloride)<0.002%
w(Sulfate)<0.01%
w(Phosphate)<0.002%
Na,B407:10H,0 balance
w(H,0)<0.1%
w(Fe;03)<0.05%
K,ZrF¢ balance

Na,B407-10H,0 powder

K,ZrF¢ powder

inorganic salt K,ZrF4 and Na,B,0710H,0.

Firstly, the experimental inorganic salt K,ZrFs and
Na,B407:10H,O powder were dehydrated at 423 K for
3 h in an electric furnace. Secondly, the aluminum ingots
were heated at 6 °C/min in a graphite crucible (with the
inner diameter of 70 mm, the height of 160 mm and the
single wall of 7.5 mm) which was set in a resistance
furnace. The dried K,ZrF4s and Na,B4O; powders (mole
ratio 3:1) with the mass fraction of 12% to the total melt
were added when the melt was over-heated up to 1123 K.
To avoid salt floatation, a campanulate graphite plunge
was used to induce the salt mixture into the aluminum
melt. Then, the cylindrical amplitude lever, which was
made of titanium, was immersed into the aluminum melt
to about 5 mm in depth. The ultrasonic generation
system was turned on. For each experiment, the
ultrasonic power was 0.2 kW, 0.4 kW, 0.6 kW. After 2
min of ultrasonic treatment, the melt was degassed by
hexachloroethane degasifying agent, deslagged, and then
was poured into a copper module when the melt was
cooled to 993—1003 K.

Differential scanning calorimetry (DSC, STA449C)
was used to estimate the reaction initiation temperature.
X-ray diffraction (Dmax2500PC) using Cu K, radiation
was used to the determine phase component of the
specimens. Scanning electron microcopy (SEM,
JSM—-7001F) was used to analyze the microstructure of
the as-prepared specimens and TEM (JSM 2010) for
morphologies and the interfaces. The particle and the
particle volume fraction (¢) were measured by Image-J
software which was further developed by research group
based on the combination of image analysis method and
enrichment method with a large amount of experimental
data.

3 Results and discussion

3.1 Microstructures
Figure 1 shows the distributions and morphologies
of dispersion phase. As shown in Fig. 1, the in situ

particles are distributed uniformly in the matrix; the
morphology is nearly sphere-shape and the sizes are in
the range of 20—100 nm. The enrichment method, which
dissolves the as-prepared composite in 3%—5%
hydrochloric acid solution to extract and XRD analysis,
was utilized to confirm the composition of nano size
dispersion phase. As shown in Fig. 2, AlLOs
reinforcement phase is obtained in the present work.
Figure 3 shows TEM morphology of the in situ
particles in the aluminum matrix. As shown in Fig. 3(a),
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Fig. 1 SEM image of as-prepared composite (a) and EDS
analysis for white colored particles from Al-K,ZrFs—Na,B,0

system (b)
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Fig. 2 XRD pattern of extracted powder from Al-K,ZrFs—
Na2B4O7 SyStem
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| Al matrix

Fig. 3 TEM image showing crystal morphology (a) and
HRTEM image at interface of (Al,O3),/Al composite (b) from
Al_Kzsz6_NazB4O7 system

the morphology of in situ particle is nearly ball-shape
and the sizes are in the range of 20—100 nm. Figure 3(b)
shows HRTEM image at the interface between in situ
particle and Al matrix. The bright area could be
identified as Al matrix, and the darker area is Al,O; via
the digital micrograph software analysis. Furthermore,
the interface between Al matrix and in situ particle is net
and there is no resultant production observed.

3.2 Effect of K,ZrFg addition
3.2.1 Effect of K,ZrFs addition on initial reaction
temperature

Figure 4 shows the typical DSC plots for the
stoichiometric powder mixture of K,ZrF¢, Na,B,0; and
Al heated at 10 °C/min. As shown in Fig. 4, the thermo-
grams show an endothermic peak corresponding to
melting of aluminum nearby 663.8 °C. Subsequently, a
sharp exothermic peaks appear at 1016.6 °C, 833.3 °C,
respectively, which indicates the heat evolution due to
the chemical reaction. From the DSC plot, the initiation
temperature is found to be 943.3 °C without K,ZrFs
addition, largely higher than that with K,ZrF, addition. It
reveals that the addition of K,ZrFg, to a great extent
affects the reaction thermodynamics, which allows
obtaining Al,O; particle at lower temperature comparing
with reaction initiation temperature of 943.3 °C.
3.2.2 Effect of K,ZrF, addition on reaction process

Figure 5 shows XRD patterns of the dross skimmed
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Fig. 4 DSC analysis for addition of different reactants

from the melt. It reveals that the components of the dross
predominantly consist of ZrB,, AlF;, K,NaAlF, and
o(Al) phases besides Al,O; and ZrO,. ALL,O; and ZrO,
reflections are very weak and the K;AlFg of the spent salt
is completely replaced by K,NaAlFs Thus, possible
reaction can be inferred according to reaction products,
which are described as follows [10]:

3K,ZrFet+13Al=3Al;Zr+4AlF;+6KF 1)
Na2B4O7+2Al3Zr=ZZrB2+2Ale3 (p)+Na20+2Al (2)
4K2ZI'F6+4A1+2N320:4K2NaA1F6+ZZI'O2 (3)

Due to no evidence for Na,O, the overall reaction,
leading to the formation of ZrB, and Al,O; particles,
upon the addition into molten aluminum, of K,ZrF¢ and
Na,B40; mixture could be rewritten as:

9N3.2B4O7+30K221'F6+60A1= 1 221'02+ 1 8ZI'B2+
13A1,05+18K;NaAlF+16AIF;+24KF (4)

It is suggested [11] that KF could react with Al as
described by

6KF+A1:3K2F(g)+A1F3 (5)

The XRD analysis convincingly shows that a
fraction of Al,O; particles are entrapped inside the spent
salt, leading to lower Al,O; particle recoveries in
aluminum matrix in some degree. As shown in Fig. 5,
dross skimmed from the melt contains large amounts of
ZrB, particle, which well explains no ZrB, particle in
aluminum matrix. It is further confirmed that the
reinforcement of as-prepared composite contains only
Al,O; particle, and there is no evidence for the presence
of other phases.

On the other hand, according to reactions (1)—(3),
K,ZrF¢ reacts with Al to yield K—Al fluorides, which can
be seen as KF—AIF; molten salt system, and greatly
affect the reaction process. As a low temperature
electrolysis, KF—AIF; molten salt system is widely used
in electrolytic aluminum industry, to partly replace



CHEN Deng-bin, et al/Trans. Nonferrous Met. Soc. China 22(2012) 36—41 39

a—Al
*—7rB,
=—AlF;
v—K,NaAlF
*—7r0,
*—AlLO;

>4

on
*

20 30
20/(°)
Fig. 5 XRD pattern for dross skimmed from melt

traditional NaF—AIF; molten salt system, because of its
higher alumina solubility [12]. Reference [13] indicated
that alumina solubility in KF—AIF; molten salt system
could be high up to nearly 9% (mass fraction) and
decrease with reduction of KF content. Thus, in our
experimental condition, alumina dissolved in KF—AIF;
molten salt system in early stage, and in subsequent,
precipitated due to decrease of solubility caused by
reduction of KF.

3.3 Influence of high intensity ultrasonic
3.3.1 Influence of high intensity ultrasonic on
microstructure

Figure 6 shows the influence of high intensity
ultrasonic on the microstructures of the in situ Al,O3,/Al
nano-composites by SEM. As shown in Fig. 6, the
particle size is reduced and the number is increased with
the assistance of the high intensity ultrasonic field. When
the ultrasonic power is 0.4 kW, the Al,O; recovery reachs
the maximum value of 90%, which is nearly 2.6 times
relative to that without ultrasonic assistance. This is due
to the cavitations effects and acoustic streaming effects
from the high intensity ultrasonic field, which is
beneficial to prevent from growth of particle and
improve distribution.  Furthermore, the acoustic
streaming effects also give rise to considerable agitation
of the melt which improves significantly the diffusion
between reactants, leading to higher reaction efficiency.
3.3.2 Influence of high intensity ultrasonic on Al,O;

recovery

The AlLO; particle yields via reaction between
K,ZrFg, Na,B4O; mixture powder and molten aluminum
with varying levels of ultrasonic largely depending on
the reaction efficiency of the mixture. Under the same
experimental condition, Al,O; recovery (x) can be
defined by

x=%o 6)
?;

where ¢, is the obtained particle volume fraction of Al,Os;
@; is the intended particle volume fraction of Al,Os;.

Fig. 6 Microstructures of Al,Os,)/ Al nano-composites treated by ultrasonic field with different powers: (a) 0 kW; (b) 0.2 kW; (c) 0.4

kW; (d) 0.6 kW
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Figure 7 shows variation in Al,O; recovery as a
function of ultrasonic power. It can be clearly seen that
Al,O5 recovery is improved with increasing ultrasonic
power. Especially, when the ultrasonic power is 0.4 kW,
the Al,O; recovery reaches the maximum value of 90%,
which is nearly 2.6 times relative to that without
ultrasonic treatment. But, Al,O; recovery decreases
slightly with further increasing ultrasonic power when
the ultrasonic power is more than 0.4 kW.
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Fig. 7 Variation in Al,O; recovery as function of ultrasonic
power

3.4 Mechanism of sonochemistry melt reaction
In the static melt, the spherical particle
sedimentation caused by gravity can be expressed as:

_d*(p.-p)g
, L p—p)g

! 187 (7)

where u, is the free settling velocity of particle; d and ps
are diameter and density for particle, respectively; p and
n are the density and viscosity for composite melt,
respectively.

Regardless of particle size, generally considering
the role of particle volume fraction, the viscosity of static
and low concentration suspension is described by
Einstein polynomial [14]:

T 142.5C+10.5C% +0.00273exp(16.6C) (8)

Mo

where 7 is the viscosity of composite melt; 7, is the
viscosity of matrix melt; C is the particle fraction.

In our experimental conditions, 770:3.6><10_4 Pas,
C=0.03. The viscosity of composite melt is thus
calculated as #=3.9x10"* Pas. Using Eq. (8), the free
settling velocity of particle is calculated as 1=3.28x10""
m/s. Thus, particle sedimentation caused by gravity
could be neglected.

Therefore, according to Ref. [15], the minimum
sound energy density (Enin) required for particles moved

to acoustic pressure node or antinode could be expressed
as:

E :|pp_pl|gﬂ

; 9
min 67‘[G ( )

And approximate solution of the time for particles
reaching equilibrium state can be expressed as:

- 3y1c12 ln| tankx, |

= (10)
(Qnfd,)*EG  |tankx |

where p, and p; are densities of particle and melt,
respectively; G is acoustic contrast factor; A is the sound
wavelength; ¢ is the speed of sound in melt; d, is the
diameter of particle; x, is the distance from particle to
acoustic pressure node for initial state; x; is the distance
from particle to acoustic pressure node for equilibrium
state.

Equation (10) shows that the time required for
particle to reach equilibrium state is inversely
proportional to sound energy density, while sound energy
density increases with ultrasonic power increasing. Thus,
t is inversely proportional to ultrasonic power. In other
words, the greater the ultrasonic power, the shorter the
time required for particle to reach equilibrium state.
Therefore, with the same treatment time in our
experiment, particle reached equilibrium state more
easily at higher ultrasonic power, and more likely to be
removed as impurity, resulting in the Al,O; recovery

decrease.
4 Conclusions

1) The AlLOsp/Al nano-composites  were
successfully fabricated from Al-K,ZrFs—Na,B,0;
system by in situ reaction.

2) The reinforced phase in the as-prepared
composites is Al,O; and there is hardly any evidence for
ZrB,. The morphologies of Al,O; particles present in
nearly sphere-shape and the sizes are in the range of
20—100 nm. The interface between the reinforcement
particles and aluminum matrix is net and no interfacial
outgrowth is observed.

3) Addition of K,ZrFg, to a great extent, affects the
reaction thermodynamics, and allows obtaining Al,O;
particle at lower temperature comparing with that
without K,ZrFg addition.

4) The AL,Os recovery reaches the maximum value
of 90%, which is nearly 2.6 times relative to that without
ultrasonic treatment when the ultrasonic power is
0.4 kW.

5) The formation mechanism of nano-size Al,O;
particle is reaction-solution-precipitation.
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