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Synthesis of Al-SrB¢ composite via powder metallurgy processing
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Abstract: The potential of powder metallurgy processing for the manufacture of Al-SrBs composites was explored. Al,Sr particles
fractured extensively during the ball milling of Al-15Sr/Al-4B powder mixtures. There was no interaction between the Al,Sr and
AlB, compounds across the section of the aluminium grains in the as-milled state. SrB¢ formed, when the ball milled powder blends
were subsequently annealed at sufficiently high temperatures. Ball milling for 1 h was sufficient for SrBg to become the major
constituent in powder blends annealed at 700 °C while it took 2 h of ball milling for powder blends annealed at 600 °C. Higher
annealing temperatures and longer ball milling time encouraged the formation of the SrBs compound while the latter made a great
impact on the microstructural features of the Al-SrBg composite. The SrBg compound particles were much smaller and more
uniformly distributed across the aluminium matrix grains in powder grains ball milled for 2 h before the annealing treatments at

600 °C and 700 °C.
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1 Introduction

Hexaborides of rare earth and alkaline earth metals
are extremely hard, refractory solids with high chemical
stabilities [1—3]. Strontium hexaboride (SrBg) is also a
high melting point and stable alkali-earth metal boride
that offers a low electronic work function, diverse
magnetic-orders, and high neutron absorbability [4—6].
Such properties make SrBg attractive for use in energy
sources using the radioisotopes, high temperature
insulation and nuclear reactor control rods. SrBg
nanoparticles dispersed in transparent acrylic sheets in
aircraft windows prevent the transmittance of infrared
wavelengths while still allow the transmittance of visible
light to take advantage of the IR-absorbing capacity of
SrBg [7]. Single-crystal SrBg nanowires were produced
by pyrolysis of diborane (B) over SrO powders [8] to

explore their potential as thermoelectric materials [9—11].

Another potential use of SrBg is the melt treatment of
aluminium foundry alloys. LI et al [12] found that SrBg
can shorten the working time of modification when
studying the combined effect of A1-3Ti—B and Al-10Sr
master alloy on Al-Si—9Mg alloy. SrB¢ forms inevitably
during the processing of aluminium foundry alloys when
grain refinement and modification practices are

employed [13,14].

There have been several studies in recent years that
have addressed the synthesis of SrBg¢ in powder form.
SrBg can be formed directly from the elements by
heating the well mixed powders of Sr and B [15]. The
conditions appropriate for synthesizing SrBgs were
optimized recently in powder formed by the reaction of
SrCO; with B4,C and carbon [16]. The present work
intends to produce SrBg particles inside aluminium
grains, i.e. Al-SrBys composites, to facilitate its use in
molten aluminium processing. The potential of powder
metallurgy processing for the manufacture of Al-SrBg
composites was explored.

2 Experimental

Commercial Al-15Sr and Al-4B master alloy rods
were pulverized to powder with a special file used
specifically to prepare X-ray diffraction powder samples.
1.3 g Al-15Sr master alloy powder was mixed with 3.7 g
Al-4B master alloy powder for each processing
experiment. This mixing ratio is approximately equal to
the stoichiometry of the SrBg compound. Al-15Sr/
Al-4B powder mixture thus obtained was dry ball-milled
for 5 to 120 min in a Spex 8000 laboratory mill using
hardened steel vial and steel balls. The ball- milled
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powder blends were subsequently heated in a tube
furnace at 600 °C and 700 °C for 1 h. The ball milled and
heat treated powder blends were analyzed with X-ray
diffraction (XRD), and metallographic techniques. The
XRD analysis was conducted with Cu K, radiation at a
scan rate of 0.5 (°)/min in order to improve the counting
frequency. Samples for metallographic analysis were
mounted with a room temperature setting resin and were
prepared using conventional practices. The section of the
powder grains thus obtained were examined with an
optical microscope.

3 Results and discussion

The microstructure of the Al—-15Sr master alloy
consists of coarse blocky particles dispersed across the
aluminium matrix (Fig. 1(a)). These particles are
identified by XRD to be Al,Sr compound particles
(Fig. 1(b)). The particles of the Al-4B master alloy, on
the other hand, are in the form of relatively smaller
platelets (Fig. 2(a)), identified by XRD to be AlB,
compound particles (Fig. 2(b)). These master alloy rods
are pulverized to powder with a special filing operation.
The Al,Sr particles inside the Al-15Sr alloy have already
fragmented during pulverization as evidenced by the
much smaller particles inside the powder grains thus
obtained (Fig. 3(a)). The AlB, particles of the AlI-4B
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Fig. 1 Microstructure (a) and XRD pattern (b) of Al-15Sr
master alloy rods

master alloy, on the other hand, are largely retained with
features similar to those of the parent master alloy

(Fig. 3(b)).
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Fig. 2 Microstructure (a) and XRD pattern (b) of AI-4B master
alloys

Fig. 3 Microstructures of Al-15Sr (a) and Al-4B (b) master
alloy powder grains
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The next step in the processing cycle is a ball
milling operation. The intermixing of the Al-15Sr and
Al—4B grains is very limited after 5 min of ball milling
(Fig. 4(a)). Microstructural features of Al—15Sr/Al-4B
powder blends sampled in the course of ball milling are
typical of high-energy ball milling. Deformation, fracture
and welding of powder particles trapped between
colliding balls are evident. A layered structure typical of
the initial stages of powder blends submitted to high
energy milling has formed after ball milling for 30 min
(Fig. 4(b)). The individual powder grains as well as the
layers become increasingly refined with increasing ball
milling time (Fig. 4(c)). This layered structure has
developed further, i.e., the layers have become finer,
upon further milling before it was finally replaced, after
2 h of ball milling, by a more or less homogeneous
aluminium matrix with a very fine dispersion of AlB,
particles (Fig. 4(d)). Al4Sr particles, on the other hand,
have fractured extensively during ball milling and could
hardly be resolved in the majority of the powder grains.
Some solutionizing of Sr in the aluminium matrix is also
believed to have taken place. There is no evidence for
any interaction between the Al,Sr and AlB, compounds
across the section of the aluminium grains in the
as-milled state.

The XRD patterns of the powder blends are
consistent with these microstructural features. The
powder blend ball milled for 5 min reveals the reflections
of the Al,Sr and AlB, compounds in addition to those of
the aluminium matrix (Fig. 5(a)). The deformation

introduced by milling and the decrease in size of the
Al,Sr particles by fragmentation and solutionizing in the
aluminium matrix have led to the broadening of Al,Sr
reflections. The samples ball milled for 30 min reveal
predominantly Al reflections while reflections of the two
compounds are markedly reduced owing to the
incorporation, i.e., mechanical alloying, of these
compouds into the aluminium grains (Figs. 5(b)—(d)).
The XRD patterns of the Al-15Sr/Al-4B powder blend
ball milled for 2 h finally exhibits broad Al,Sr reflections
in addition to those of the aluminium matrix and rather
weak AlB, lines (Fig. 5(d)). It is inferred from the XRD
patterns of the ball milled powder blends that the Al,Sr
phase has been refined extensively and no SrBg
precipitation has taken place during the milling process.
A number of structural changes are identifed when
the ball milled powder blends are subsequently annealed
(Fig. 6). Those annealed at 600 °C evidence the gradual
disappearence of the AlB,; particles and the formation of
a very fine dispersion of light gray particles across the
solid solution matrix grains (Figs. 6(a)—(c)). The XRD
pattern of powder blends ball milled for only 5 min and
then submitted to 1 h annealing treatment at 600 °C,
below the melting point of the aluminium matrix, reveals
weak reflections of the SrBs compound, implying that
the Sr of the Al,Sr and B of the AlB, react to form the
SrB¢ compound already at 600 °C (Fig. 7(a)). There are
additional weak reflections that can be assigned to Sr—B
oxides, namely SrB¢O;¢ and SrB,0,. The XRD pattern of
the powder blend ball milled for 1 h before the annealing

Fig. 4 Microstructures of Al-15Sr/Al-4B powder blends ball milled for 5 min (a), 30 min (b), 60 min (c) and 120 min (d)
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Fig. 5 XRD patterns of Al-15S1/Al-4B powder blends ball
milled for 5 min (a), 30 min (b), 60 min (c) and 120 min (d)
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treatment at 600 °C implies a modest increase in the
volume fraction of SrBg at the expense of Sr—B oxides
(Fig. 7(b)). SrBg is clearly the predominant constituent in
the powder blend ball milled for 2 h and then annealed at
600 °C (Fig. 7(c)), suggesting that the mechanical
alloying introduced by ball milling facilitates the
formation of SrBg during the subsequent annealing
treatment. The very fine gray particles dispersed across
the aluminium matrix grains in Fig. 6(c) are evidently
SrBg particles.

Both the metallographic investigations (Figs. 6(d)—
(f)) and the XRD analysis (Figs. 7(d)—(f)) of the ball
milled powder blends annealed at 700 °C, i.e., above the
melting point of aluminium, suggest that the reaction
sequence involved is more or less the same as that
identified for the annealing treatment at 600 °C.
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Fig. 6 Microstructures of Al-15Sr/Al-4B powder blend samples ball milled for 5 min (a), 60 min (b) and 120 (c¢) min and
subsequently annealed at 600 °C for 1 h, and ball milled for 5 min (d), 60 min (¢) and 120 min (f) and subsequently annealed at
700 °C for 1 h
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Fig. 7 XRD patterns of Al-15S1/Al-4B powder blend samples
ball milled for 5 min (a), 60 min (b) and 120 min (c) and
subsequently annealed at 600 °C for 1 h, and ball milled for
5 min (d), 60 min (e) and 120 min (f) and subsequently
annealed at 700 °C for 1 h

However, SrB¢O,( identified to be only a minor
phase in all powder blend samples annealed at 600 °C,
appears to be the predominant phase in the powder blend
ball milled for 5 min and subsequently annecaled at
700 °C (Fig. 7(d)). The reflections of the SrB¢O,y are
entirely replaced with those of the SrBs compound in
powder blends ball milled for at least 1 h and then
annealed at 700 °C (Figs. 7(e) and (f)). It is thus fair to
conclude that SrB¢O,o and SrB,0,4 encountered in
annealed powder blends, are intermediate transition
phases. This is consistent with the work of ZHENG et
al [16] who identified strontium—boron oxides, namely
SrB4O; and Sr;B,0g, to be the transition phases before
SrBg finally forms during the synthesis of SrBs powder
by the reaction of SrCO; with B,C and carbon at
temperatures as high as 1000 °C. This is a much higher
temperature than that takes to synthesize SrBs via
powder metallurgy processing of Al-15Sr/Al-4B
powder blends in the present work. It is evident from the
metallographic analysis of powder sections that the oxide
skin of the individual powder grains is a major obstacle

for the fusion of the powder grains. Hence, the
microstructural  transformations described in the
foregoing all take place inside the individual powder
grains.

It is evident from Figs. 6 and 7 that Al-SrBg
composites can be readily synthesized by thermal
treatment of the ball milled Al-St/Al-B powder blends.
The composite samples thus obtained in the present work
contain approximately 6% SrBg. Ball milling for 1 h is
sufficient for SrBs to become the major constituent in
powder blends annealed at 700 °C while it takes 2 h of
ball milling for powder blends annealed at 600 °C.
This implies that the formation of the SrB¢s compound is
accelerated when the annealing treatment is carried out at
700 °C and higher annealing temperatures and longer
ball milling times encourage the formation of the SrBg
compound. The marked difference between the
microstructural features in Figs. 6(e) and (f) in spite of
the similarity of the XRD patterns in Figs. 7(e) and (f)
suggests that ball milling makes a great impact on the
microstructural features of the Al-SrBy composite. The
SrB¢ compound particles are much smaller and more
uniformly distributed across the aluminium matrix grains
in powder grains ball milled for 2 h before the annealing
treatments at 600 °C and 700 °C. The nucleation sites of
the SrB¢ phase are multiplied with increasing milling
time leading to the refinement of the microstructure.

4 Conclusions

1) Dry ball milling of Al-15Sr and Al-4B master
alloy powders in a high energy ball milling unit and
subsequent annealing of the ball milled powder blends
thus obtained have produced Al-SrBs composite.

2) SrBg was the major constituent in powder blends
annealed at 700 °C after ball milling for 1 h while it took
2 h of ball milling for powder blends annealed at 600 °C.

3) Higher annealing temperatures and longer ball
milling times encouraged the formation of the SrBg
compound while the latter made a great impact on the
microstructural features of the Al-SrB¢ composite.

4) The SrBs compound particles were much smaller
and more uniformly distributed across the aluminium
matrix grains in powder grains ball milled for 2 h before
the annealing treatments at 600 °C and 700 °C.
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B E. X KIRESER AI-SrB6 E& kL. X} Al-15St/A1-4B R AW KU TBREE, ZEEREELFE
o ALSr UKL 78 S B . BREEASER SRR IR W] ALSt 5 AIBy ZIRIANKAE RV . IEBREE K4
IR KOG TE RS StBee A5 7E 700 °C HHATIR K, JRA M ARTTEKEE 1 h v[ i StBe ok F2AH, M TE 600
°C HHATIE K, TRAMANTZEREE 2 h A REM SrBe A E A . 45 il KL R HE A BR B8 N ) 3 m) LA
{1t StBe AHIMTE L, {HJF3 %) Al-SrBe B A M EHI RO AL 22 K. 28 600 °C F1 700 °C 1B K Ab B
ZHT, StBe MUKIEEAN N, EARIEAAR At B3 5]

K§EiA: Al-StB6 ZEMEL StBes EREE; Ry RKiG4ik
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