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a b s t r a c t

Air-atomised pure aluminium powder with additions of 12.5 at%, 37.5 at% and 62.5 at% of B4C was
mechanically alloyed (MAed) by using a vibrational ball mill, and MAed powders were consolidated
into bulk materials by a spark plasma sintering (SPS) process. Solid-state reactions of the MAed pow-
ders during heat treatments were examined by X-ray diffraction (XRD), and mechanical properties of the
eywords:
etal matrix composites
echanical alloying

hase transitions

MAed powder obtained under various heat treatment conditions and those of the SPS materials were
evaluated by hardness tests. The solid-state reactions occurred among pure aluminium, B4C and stearic
acid, added as a process control agent (PCA), after heating at 673 K to 873 K for 24 h to form AlB10, Al3BC
and �-Al2O3. The products obtained by solid-state reactions have affected the Vickers microhardness
of the heat-treated MAed powders. The near full density was obtained for the SPS materials under the

ressu
hest
-ray diffraction
park plasma sintering

conditions of an applied p
powder exhibited the hig

. Introduction

Particle-reinforced aluminium matrix composites with
ightweight are of a considerable interest as a class of mate-
ials capable of advanced structural and functional applications
1]. In order to produce composite powders and/or to synthesise a
ariety of stable and metastable nanocrystalline powders prior to
article-reinforced bulk composite materials, mechanical alloying
MA) is one of effective techniques that eliminate reinforcement
egregation typically occurring in the ingot metallurgy process
2,3]. In addition, the MA processing technique can also be used
o obtain nanoparticles in aluminium alloys in the presence of

process control agent (PCA) which enables a balance between
racture and welding to be established enabling refinement of
he powder particle size [4]. Furthermore, the PCA can also react
ith the aluminium during milling or subsequent heat treatments

eading to the formation of second phases such as �-Al2O3 and/or
l4C3 [5].

The technique of mechano-chemical synthesis (i.e. reaction
illing (RM) [6]) has attracted considerable interest as one of the

romising routes for the synthesis of composite materials. Chem-

cal reaction can be induced by either during the MA process or
ubsequently heat treatments of the MAed powders. In this pro-
ess, metal powders in the presence of reactive solids or gases are
illed to synthesise thermally stable compounds, such as metal

∗ Tel.: +81 47 474 2316; fax: +81 47 474 2349.
E-mail address: kubota.masahiro@nihon-u.ac.jp.
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re of 49 MPa at 873 K for 1 h. The Al–12.5B4C SPS material from 16 h MAed
hardness value of 210 HV in the as-fabricated state.

© 2010 Elsevier B.V. All rights reserved.

oxides, nitrides and carbides, depending upon a combination of
metal powders and reactive elements. Those stable compounds are
generally formed as in situ reaction.

The Spark plasma sintering (SPS) method is a novel technique
that a pulsed DC current is used concurrently with a uniaxial pres-
sure to in principal sinter the MAed powders. The major advantage
of the SPS process is that it allows fabrication of bulk materials
from the MAed powders using relatively short sintering times at
nominally low temperatures compared to that of hot press and hot
isostatic press processes. Therefore, coarsening of both fine grains
and nano-sized particles in the MAed powders can be avoided. In
addition, another advantage of SPS is that the plasma generated
between particles to facilitate the sintering process also aids in the
elimination of surface impurities, leading to enhanced sintering and
consolidation [7]. It is well known that the aluminium powders are
hardly sinterable materials because of the oxide layer on its surface.
This layer should be broken up in order to achieve high packing den-
sity. It can be thus possible to obtain bulk materials of the MAed
aluminium powders using SPS [5].

Boron carbide is an important non-metallic hard material with
high hardness and low density. Due to such the superior proper-
ties, B4C recognises a great potential for structural and functional
applications. In particular, B4C can be used for neutron absorber.
From this point of view, aluminium alloy containing B4C has been

paid attention to use as a basket material of the cask because of
its lightweight, excellent thermal conductivity and superior neu-
tron absorbing abilities. A typical method for producing this type
of composite materials is based on ingot metallurgy process that
involves melting and casting techniques. Recently, a new type of

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kubota.masahiro@nihon-u.ac.jp
dx.doi.org/10.1016/j.jallcom.2010.03.224
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he cask has been developed for high performance and reliable
ransportable storage using powder metallurgy process. However,
olid-state reactions between aluminium and B4C are still unknown
t high temperatures for relatively long time exposures.

The aim of the present work was thus to investigate effects of
A times and heat treatment temperatures on solid-state reactions

nd mechanical properties of MAed powders and SPS materials
abricated from MAed powders.

. Experimental procedures

The starting material was air-atomised 99.9% pure aluminium and 99.5% pure
4C powders with an average diameter of 100 �m and 45 �m, respectively. Stainless
teel balls of 7 mm diameter together with 10 g of the Al–B4C (Al100−x(B4C)x where
= 12.5, 37.5 or 62.5 (at%)) powder mixture and stearic acid (CH3(CH2)16COOH),
dded as a PCA, were sealed in a hardened steel vial using a glove box filled with
rgon. The ball to powder mass ratio was approximately 7:1. The MA process was
erformed at room temperature using an SPEX8000 mixer mill. The MA processing
ime was varied from 2 h to 32 h. The MAed powders were heat treated at temper-
tures ranging from 573 K to 873 K for 24 h under air atmosphere. X-ray diffraction
XRD) analysis was performed on both the MAed powders and SPS materials using
CuK� radiation source and operating at 40 kV and 60 mA. The average Vickers
icrohardness of the MAed powders was determined from 15 particles per sam-

le with a microhardness tester using an applied load of 98 mN. The MAed powders
ere consolidated into bulk materials by an SPS apparatus. Seven grams of the MAed
owder was placed in a graphite die of 20 mm in diameter and heated under vacuum
ith an applied pressure of 49 MPa at 873 K for 1 h. The Vickers hardness of the SPS
aterials was measured with a hardness tester using an applied load of 9.8 N.

. Results and discussion

Fig. 1 presents the changes in the Vickers microhardness of the
l–B4C composite powders produced by MA as a function of dif-

erent MA times, where pure Al powder is included for reference.
he hardness of the pure Al powder before MA was approximately
4 HV. The hardness of all of the different compositions in the
l–B4C powders increased dramatically to over 145 HV after 4 h
f MA, but a slight increase was observed to a value of 160 HV for
he Al–12.5B4C powders and a moderate increase was obtained to
value of 270 HV and 375 HV for the Al–37.5B4C and Al–62.5B4C
owders after 32 h of MA, respectively. It can be thought that these
ardness results are attributable to not only large strain introduced
y MA, but also uniform dispersion of fine scale B4C particles. The
ardness of the pure Al powder, however, displayed a reduction of
value of 120 HV after 8 h of MA. It is interesting to note that the

ure Al powder exhibits a broad hardness plateau at 105 HV after
6 h of MA, suggesting saturation of strain introduced by MA.

Fig. 2 shows the changes in the Vickers microhardness of the MA
owders after 4 h of MA and subsequent heating at temperatures
anging from 573 K to 873 K for 24 h. The Vickers microhardness

ig. 1. Changes in the Vickers microhardness of the Al–B4C composite powders
ogether with pure Al powder as a function of mechanical alloying time.
Fig. 2. Changes in the Vickers microhardness of the Al–B4C composite powders after
4 h of MA as a function of heat treatment temperature. All samples were heat treated
for 24 h.

of the Al–12.5B4C and Al–37.5B4C powders increased gradually
between the heat treatment temperatures at 573 K and 773 K. How-
ever, the Vickers microhardness of those powders decreased when
the heating temperature was raised to 873 K. In contrast, the Vick-
ers microhardness of the Al–62.5B4C powder increased sharply
with increasing the heat treatment temperatures up to 873 K. The
hardness was to reach a value of 750 HV. When increasing the MA
time to 32 h, the hardness level for all of the compositions was
increased. No significant decrease in the Vickers microhardness
was observed for all of the compositions of MAed powders after
32 h of MA as a result of heat treatment at 873 K for 24 h, assuming
that stable intermetallic compounds may be formed as products
of solid-state reactions during heating. The hardness level of the
Al–62.5B4C powder was significantly greater than that of other
compositions.

XRD patterns obtained for the (a) Al–12.5B4C and (b) Al–62.5B4C
powders after 4 h of MA and subsequent heating at temperatures
ranging from 573 K to 873 K for 24 h are presented in Fig. 3. No
solid-state reaction between aluminium and B4C with the pres-
ence of PCA in all of the different compositions during MA was
detected. Intensity of the diffraction peaks corresponding to B4C
gradually weakened with increasing the MA time, whereas it was
stronger with increasing the amounts of B4C. In the Al–12.5B4C
powder (Fig. 3(a)), partial reactions occurred to form AlB10 phase
after heating at 573 K. The intensity of the diffraction peaks from
AlB10 increased after heating at 773 K and 873 K, suggesting the
promotion of solid-state reaction with rising heating tempera-
tures. Further solid-state reaction was observed to form both
Al3BC and �-Al2O3 together with remaining AlB10 after heating
at 773 K and 873 K. When the MA time increased to 32 h for the
Al–12.5B4C powder, no solid-state reaction occurred after heat-
ing up to 673 K. However, partial reactions occurred to form AlB10
and Al3BC together with unknown phases after heating at 773 K. It
should be noted that after increasing the MA time, the suppression
of a solid-state reaction during heating was apparently observed
for the Al–12.5B4C powder. When the amount of B4C increased
to 62.5% in 4 h of MA (Fig. 3(b)), B4C was not completely decom-
posed after heating at 873 K, suggesting that both the heating time
and/or the MA time might be not enough to generate and pro-
mote solid-state reactions. When increasing the MA time to 32 h for
the Al–62.5B4C powder, solid-state reaction occurred after heating

up to 773 K, and the formation of only AlB10 and Al3BC without
aluminium matrix occurred after heating at 873 K. These results
suggest that lower heating temperatures promote solid-state reac-
tion in the MA powders when the MA processing time increases
as well as increasing the amount of B4C. The reason is that a large
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Fig. 4. Comparison of the Vickers hardness between the MAed powders and SPS
materials for the Al–12.5B4C material.

solid-state reaction were a mixture of AlB10, Al3BC and �-Al2O3,
ig. 3. XRD patterns of the 4 h MAed (a) Al–12.5B4C and (b) Al–62.5B4C powders
efore and after heating at various temperatures for 24 h.

mount of strain is induced to the MAed powders as increasing the
A time. A degree of thermodynamically instability of the MAed

owders thus becomes larger. As a result, solid-state reactions can
e promoted at lower heating temperatures. In addition, surface
reas for solid-state reactions simply increase with increasing the
mount of B4C particles. It should be noted that these results are
lso corresponding to the hardness of the heat-treated MAed pow-
ers. Thermodynamic calculations are needed for a further detailed
xplanation regarding the solid-state reactions.

Fig. 4 compares the Vickers microhardness of the MAed powders
nd Vickers hardness of the corresponding bulk materials produced
y the SPS process for the Al–12.5B4C material. The hardness values
f the SPS materials produced from all of the different times of the
Aed powders except for 32 h of the MAed powder were higher

han that of the MAed powders. These results imply that the SPS
rocess was generally beneficial for the consolidation of the MAed
l–12.5B4 powders, and the selected conditions for the SPS process

n the present research were optimal for the MAed powders used.
owever, in the case of the higher amounts of B4C, such as 37.5% and
2.5% added to the aluminium powder, the hardness values of the
ulk materials fabricated by SPS were lower than that of the MAed
owders. These results indicate that a further detailed study of the
intering conditions, such as sintering temperatures and holding
ime including sintering pressure, needs to be done.

An XRD pattern of the SPS materials produced from 4 h of the

Aed powders in the different compositions is presented in Fig. 5.

n the case of the bulk Al–12.5B4C material, B4C was fully decom-
osed to form both �-Al2O3 and Al3BC after sintering at 873 K for
.6 ks. However, in the case of the bulk Al–37.5B4C and Al–62.5B4C
Fig. 5. XRD pattern of the SPS materials fabricated from 4 h of MAed powders.

materials, B4C was partially decomposed to form �-Al2O3 and Al3BC
after consolidation at 873 K for 1 h. When the MA time increased
to 32 h, constituent phases to form by the solid-state reaction were
the same. It is interesting to note that, comparing to the phases
formed by the solid-state reaction in the heat-treated MAed pow-
ders, AlB10 was not detected for the bulk SPS materials. Although
a detailed mechanism of the formed phases is still unknown, these
results suggest that the reaction process in the MAed powders and
the bulk SPS materials can be different routes.

4. Summary

The bulk Al–B4C composite materials were produced from the
MAed powders by SPS. Solid-state reactions of the MAed powders
before and after heating were examined by XRD, and mechanical
properties of the MAed powders and SPS materials were evalu-
ated by hardness measurements. The following conclusions are
obtained:

The solid-state reactions in the Al–B4C powders occurred
between the MAed powders and stearic acid after heating tem-
peratures ranging from 673 K to 873 K for 24 h. The products of the
depending upon amounts of B4C, the MA time and heating tem-
peratures. The MA time and heating temperatures for the MAed
powders affect the products by the solid-state reactions. The lower
heat treatment temperatures promoted the solid-state reaction in
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A powders when the MA time increases as well as increasing
he amount of B4C. The products obtained by the solid-state reac-
ions have affected the Vickers microhardness of both the as-MAed

owders and the heat-treated powders. The near full density was
ttained for the SPS materials consolidated from the various MAed
l–B4C powders under an applied pressure of 49 MPa at 873 K for
h. The Al–12.5B4C SPS material from 16 h MAed powder exhibited

he highest hardness value of 210 HV at room temperature.
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