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Abstract

In this study, A1B, powders were synthesized by using a combined method of mechanical alloying (MA) and annealing of elemental aluminum
(Al) and boron (B) powders. Milling was performed in a planetary ball-mill (Fritsch™ Pulverisette 7 Premium Line) up to 15 h under argon (Ar)
atmosphere. Annealing process was carried out in a tube furnace at 650 °C for 6 h under Ar atmosphere. The effects of MA durations on the
annealing process and AlB, formation were investigated. The conversion of Al and B powders to AIB, starts after only MA for 3 h or after MA
for 1h and subsequent annealing. A slight formation of AlB;, occurs at 242 °C for as-blended powders and it shifts to about 272 °C for MA’d
powders. Al-B powder blends MA’d for 9 h and annealed have AIB, particles in size between 35 and 75 nm in the presence of Al,;Fe,, FesB and

Fe,B contaminations.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The ternary alloy system Al-Ti-B has a great importance
in aluminum industry as a grain refining agent for aluminum
casting systems.!~® In recent years, several competitive cast
aluminum metal matrix composites (MMC) belonging to this
system have been fabricated.'"'> When a mixture of boron
and/or titanium and bearing salts are added into an Al-melt, TiB
particles which behave as reinforcements in the Al-base matrix
can be precipitated.!>!* Similar to Ti, other transition metal
impurities such as V, Cr and Zr can be readily precipitated and
removed by C, since these transition borides are more stable than
those of aluminum.'~!? Thus, A1-B master alloys are used in the
in situ fabrication of Al-matrix.!>2 An example is the in situ
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fabrication of Al-AlB; metal composites using an Al-B master
alloy.?!= The standard production of Al-B alloys requires the
addition of KBFj salt into molten aluminum directly and is thus
economical and practical.!®-20 Boron of the halide salt is reduced
by aluminum and is dispersed into aluminum melt in the forms
of aluminum borides AlB; and AlB1,. On the basis of the Al-B
binary phase diagram shown in Fig. 1, AlB1, is a compound
which forms at 975 °C as aresult of the peritectic reaction. When
AlB1; is cooled, it reacts with liquid aluminum to form AlB,
(Liquid Al + a-AlB 5 — AlB»).?027 Itis evident from Fig. 1 that
AlB; exists as a high temperature phase (>975 °C) at boron
contents less than 44.5 wt.%. The presence of AlBj; at tem-
peratures lower than 975 °C (peritectic temperature) is clearly
indicated in Fig. 1 that AlB; is stable at boron contents greater
than 44.5 wt.% as a properitectic constituent. However, AlB|»
is generally identified and seen in Al-B master alloys that have
been obtained via reactions of molten salt at temperatures lower
than the peritectic temperature. %22 The existence of AIB 1, was
indicated in Al-Ti-B master alloys that have been produced via
arc melting process of aluminum and boron at 800 °C.8-14
Despite a number of studies on the A1B; formation by molten
aluminum methods, there is no reported literature on the AlB,
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Fig. 1. Al-B binary phase diagram showing the AIB, line compound.?-%’

synthesis by high energy ball milling (mechanical activation)
techniques. In this respect, the present study will be the first
to report on the AlB; powder synthesis. In the present study,
AlBj powders were produced from Al-B elemental powders via
mechanical activated annealing at 650 °C for 6 h. The effects of
mechanical alloying duration on annealing process and forma-
tion of AlB, were evaluated.

2. Experimental procedure

Elemental aluminum (Al) powders (Alfa Aesar™, 99.5%
purity, 12 um average particle size), boron powders (commer-
cial name: amorphous boron powders, Alfa Aesar™, 1 um
average particle size) were mixed to constitute the composi-
tions of master alloy as Al-44.5wt.% B. In each run, powder
batches of 4 g were weighed in a Precisa’™ XB320 M sensitive
balance. In order not to cause any possible aluminum carbide
formations during mechanical alloying, no process control agent
(PCA) was added to each batch as to minimize cold welding
between powder particles and thereby to inhibit agglomera-
tion. Mechanical alloying (MA) experiments were carried out
using a Frisch™ Pulverisette P7 Premium Line with a rota-
tion speed of 1000 rpm in a hardened steel vial (45 ml) with
hardened steel balls (¢ 6 mm). Milling vials were evacuated
to about 1072 Pa and then sealed in a Plaslabs™ glove box
under Ar gas (Linde™, 99.999% purity) to prevent surface
oxidation and contamination of powder mixtures. Milling was
performed using a ball-to-powder weight ratio (BPR) 10:1 in
order to obtain large contact surfaces and fine pulverization.
MA durations were varied from 1h to 15h. MA'd powders
were unloaded again under Ar atmosphere in the glove-box.
MA’d powders were annealed in a Thermo Scientific™ tube
furnace for 6h at 650 °C with a heating and cooling rate of
10 °C/min. under Ar gas flow rate of 2000 ml/min. As-blended
(ab) and MA’d powder blends were heated in a TA™ Instru-
ments Q600 differential scanning calorimeter (DSC) cell until
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Fig. 2. XRD pattern of as-received boron powders.

625 °C under flowing Ar gas at a heating rate of 10°C/min.
X-ray diffraction (XRD) investigations of the MA’d powders
and MA’d/annealed powder samples were carried out using
a Bruker™ D8 Advanced Series Powder Diffractometer with
Cu Ka (1.54060 A) radiation in the 26 range of 10—100° with
a step size of 0.02° at a rate of 1°/min. The International
Center for Diffraction Data® (ICDD) powder diffraction files
were utilized in the identification of crystalline phases. The
average crystallite size and lattice strain of the MA’d pow-
ders were determined using a Bruker™-AXS TOPAS V3.0
software.?® Furthermore, because of the exothermic peak at
242°C observed in the DSC thermogram of the as-blended
powder mixture, as-blended and MA’d powders were heated
to 350°C for 30 min. under flowing Ar gas in a tube fur-
nace. These samples were rapidly cooled in Ar atmosphere to
room temperature. Morphological characterizations of 9 h MA’d
and annealed powders were conducted using a Jeol™-JEM-
2000EX transmission electron microscope (TEM) operated at
160kV.

3. Results and discussion

XRD investigations were carried out on boron powders, as-
blended and MA’d Al-B powders. Fig. 2 is the XRD pattern
taken from as-received boron powders, showing the presence
of peaks belonging to (104), (021), (113),(202) and (015)
reflections. Fig. 2 clearly indicates that boron powders used in
this investigation are partially crystalline contrary to their com-
mercial name ‘amorphous boron’. Fig. 3(a) shows the XRD
patterns of as-blended Al-B powders and those MA’d for 1, 3,
6,9, 12 and 15 h. Fig. 3(b) is a blow-up portion of Fig. 3(a), pre-
senting the XRD patterns of as-blended Al-B powders and this
MA’d for 3 h in the 26 interval between 15 and 25°. Character-
istic peaks of Al which has a face-centered cubic Bravais lattice
(a=0.405nm) are identified in the XRD patterns of as-blended
and MA’d powders.>® Reflections arising from boron which
has a primitive rhombohedral Bravais lattice (a=b=1.095 nm,
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Fig. 3. (a) XRD patterns of the Al-B powder mixtures MA’d for different dura-
tions and (b) blow-up portion of the XRD patterns of as-blended Al-B powders
and this MA’d for 3 h.

¢=2.390nm) are also observed in the XRD patterns of as-
blended powders and those MA’'d for 1 and 3h (Fig. 3a and
3b).30 The disappearance of B peaks after MA for 6h can be
attributed to amorphization induced by MA process. A small
reflection peak around 26 =34° emerges after MA for 3h and
its intensity increases with increasing milling time up to 12h
and it broadens after 15h. The observed reflection peaks at
260=34.4° in powders MA'd for 3—-15h belong to the (100)
reflection of the AIB, phase which has a primitive hexag-
onal Bravais lattice (a=b=0.301 nm, ¢=0.325 nm).31 Thus,
due to the reactions between Al and B, a slight formation
of the AIB; phase takes place during milling process after
3h.

Furthermore, Fig. 3(a) indicates the broadening of Al peaks
with prolonging milling durations. Continuous deformation of
powders during milling results in crystallite refinement and
increase in lattice strain. Table 1 represents the average crys-
tallite size and lattice strain of Al particles in Al-B powder
mixtures MA'd until 6h. The average crystallite size of Al

Table 1
The average crystallite size and lattice strain of as-blended Al-B powder mix-
tures and those MA’d for different durations.

BPR Milling Duration Crystallite size (nm) Lattice strain
10/1 0 238 0.00

1 60 0.03840

3 33.1 0.04674

6 14.8 0.05370

decreases from 238 nm to about 14.8 nm. In contrast to crystal-
lite size, lattice strain increases up to 0.0537 with extended MA
durations.

Since MA is a non-equilibrium high energy milling pro-
cess, powders fabricated by this technique can undergo several
microstructural and/or phase transformations during heating. In
order to study possible microstructural changes and thermal sta-
bility of the Al-B powders, differential scanning calorimetry
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Fig.4. (a) DSC thermogram of the as-blended Al-B powder and (b) XRD pattern
of the as-blended Al-B powder annealed at 350 °C.
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g.5. DSC thermograms of as-blended and MA’d Al-B powder mixtures.

(DSC) analyses were carried out up to 625 °C. First of all, as-
blended Al-B powders were chosen for the thermal analysis, as
seen in Fig. 4(a). DSC thermogram of as-blended Al-B powder
indicates a clear and sharp exothermic peak at 242 °C. In order
to determine a new phase resulting from the exothermic peak,
a XRD investigation was carried out on the as-blended Al-B
powder (Fig. 4b) which was annealed at 350 °C (above the peak
temperature in Fig. 4a) for 30 min. Presence of the Al and B
phases and the incubation of the AlB |, phase which has a prim-
itive tetragonal Bravais lattice (a=b=1.015nm, ¢=1.429 nm)
are clearly seen in Fig. 4(b).>? Secondly, DSC analyses were
conducted on all MA’d powders, as shown in Fig. 5. Simi-
lar to the DSC thermogram of as-blended powder, all MA'd
powders have only small exothermic peaks. However, the tem-
peratures of the exothermic peaks shift from 242 °C to about
272°C (peak temperature) for all MA durations. On the basis
of Figs. 4(a) and (b), and 5, all MA’d powder samples were
annealed at 350 °C. XRD patterns of these samples reveal only
Al, B and AlBj, phases and the AlB, phase was not observed.
For this reason, a higher annealing temperature of 650 °C was
chosen.

Fig. 6 shows the XRD patterns of Al-B powders MA’d
for different durations (up to 15h) and annealed at 650 °C for
6h. As seen in Fig. 6, as-blended and annealed powders have
AlB; phase in the presence of Al. All powders MA’d at dura-
tions between 1h and 15h comprise the AlB, phase and a
very small amount of Al. The peaks of AlB; at about 45° and
62° broaden as MA duration increases from 1 to 15h indi-
cating the formation of AIB, in smaller crystallite sizes. In
addition, Alj3Fe4 phase which has a base-centered orthorhom-
bic Bravais lattice (¢=0.775nm, b=0.404 nm, ¢ =2.377 nm)33
and Fe3B which has a primitive orthorhombic Bravais lattice
(a=0.673nm, b=0.433 nm, ¢ =0.547 nm)** are identified in all
annealed samples. It is quite certain that AljsFes4 and FeszB
phases result from the Fe contamination by the milling media.

On the basis of the XRD patterns shown in Fig. 6, the main reac-
tions occurred during annealing which resulted in the formation
of the AlB, phase are in accordance with the phase transforma-
tions observed during DSC experiments. Since powder blends
have the stoichiometric amounts of Al and B powders to form
AlB», it is unexpected to obtain the AlB1, phase. However, an
annealing temperature of 350 °C is not enough to grow stable
AlB; phase, as obviously seen in Fig. 4(a) and (b). Anneal-
ing at 650°C for 6 h provides AlB|, transformation to AlBj,
since the annealing temperature of 650 °C is very close to the
melting point of Al. Although there was no indication for the
formation of Alj3Fes and Fe3B phases in the DSC thermo-
grams of the MA'd powders (Fig. 5), annealing for 6 h causes
them to emerge in the XRD spectra (Fig. 6). Therefore, the
reactions which take place during annealing led to the forma-
tion of the AIB, main stable phase and also Alj3Fe4 and Fe3B
intermetallics.

Fig. 7(a), (b) and (c) shows the TEM micrographs
(bright-field-BF, dark-field-DF and selected area diffraction
pattern-SADP, respectively) taken from an agglomerate of the
Al-B powders MA’d for 9h and annealed at 650 °C for 6h,
revealing the presence of AlB; particles ranging in size between
35 and 75 nm. Fig. 8(a), (b) and (c) illustrates the TEM micro-
graphs (BF, DF and SADP, respectively) taken from a different
region in the Al-B powders MA’'d for 9h and annealed at
650°C for 6h, showing spherical/spheroidal Fe;B particles
ranging in size between 10 and 50 nm. Although XRD patterns
of the MA’d and annealed powders shown in Fig. 6 indicate
the presence of Fe3B, TEM characterizations revealed Fe;B as
a new phase resulting from contamination. In overall, AlB,
powder was synthesized from Al-B powder blends using a
combined technique of mechanical alloying and annealing. In
order to obtain pure AIB; powders in the absence of Alj3Fes
and Fe3B phases, physical and/or chemical seperation tech-
niques should be utilized which are beyond the scope of this
investigation.
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Fig. 6. XRD patterns of Al-B powder mixtures MA’d and annealed at 650 °C
for 6 h.
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Fig. 7. TEM micrographs taken from an agglomerate of Al-B powders MA’d Fig. 8. TEM micrographs taken from Al-B powders MA’d for 9 h and annealed
for 9 h and annealed at 650 °C for 6 h: (a) Bright-field image, (b) dark-field at 650 °Cfor 6 h: (a) Bright-field image, (b) dark-field image and (c) selected area
image, and (c) selected area diffraction pattern revealing the presence of AlB, diffraction pattern revealing the presence of spherical/spheroidal Fe,B particles
particles ranging in size between 35 and 75 nm. Objective aperture is on (10 1) ranging in size between 10 and 50 nm. Objective aperture ison (1 2 1) and camera
and camera length is 100 cm. length is 100 cm.
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4. Conclusions

Considering the results obtained in the present study, the
following conclusions can be stated:

1. XRD investigations in the as-blended and MA’d Al-B pow-
ders reveal that Al and B peaks are present after MA for 15h
in the presence of AlB, which emerges after MA for 3 h.

2. Extending the MA duration results in decrease in the crys-
tallite sizes of Al and also AIB, powders obtained after
annealing.

3. On the basis of DSC experiments conducted up to 625 °C,
as-blended and MA’d powders show exothermic peaks at
the temperatures between 242 and 272 °C since they have
a highly deformed structure after MA process. The exother-
mic peaks arise from the reaction between Al and B to form
the AlB, phase.

4. XRD patterns reveal that stable A1B; phase and Alj3Fe4 and
Fe3B intermetallics due to contamination are present in each
sample after annealing at 650 °C for 6 h.

5. TEM characterizations prove the presence of AlB; particles
ranging in size between 35 and 75 nm. Also, Fe,B particles
ranging in size between 10 and 50 nm were observed which
could not be detected in XRD analyses.
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