
A

s
(
r
p
h
f
m
p
©

K

1

l
r
M
a
d
t
c
e
p
i
c
d

f
a
m
l

0
d

Journal of Alloys and Compounds 434–435 (2007) 294–297

Properties of nano-structured pure Al produced by mechanical
grinding and spark plasma sintering

Masahiro Kubota ∗
Department of Mechanical Engineering, College of Industrial Technology, Nihon University, Narashino, Chiba, Japan

Available online 12 October 2006

bstract

Air-atomised pure aluminium powder was mechanically grinded (MG) using a vibrational ball mill, and mechanically grinded powder was
intered by spark plasma sintering (SPS). Solid-state reactions of MG powder after various heat treatments were studied by X-ray diffraction
XRD). The mechanical properties of the SPS materials were evaluated by hardness and compression testing. Characterisations of the solid-state
eactions between the MG powder and process control agent (PCA) after heating at temperatures from 573 to 873 K for 24 h suggested the following
roducts. No solid-state reaction was observed after heating up to 573 K for 24 h. Formation of �-Al2O3 occurred in the 4 h MG powder after
eating at 773 K for 24 h, whereas the mixture of �-Al O and Al C was observed in the 8 h MG powder after heating at 773 K for 24 h. The
2 3 4 3

ull density of the SPS material was obtained with the condition of applied pressure at 49 MPa at 873 K for 1 h. The Vickers hardness of the SPS
aterial produced from no MG process and 64 h MG powders exhibited HV39 and HV159, respectively, and the SPS material based on no MG

rocess and 8 h MG powders showed room temperature compressive proof stresses of 173 and 440 MPa, respectively.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Particle-reinforced aluminium matrix composites with
ightweight are of considerable interests as a class of mate-
ials capable of advanced structural and thermal applications.

echanical alloying (MA) and subsequent hot extrusion of
luminium-based composite materials has been shown to pro-
uce desirable mechanical properties at room and elevated
emperatures [1]. Various particulate-strengthened aluminium
omposites produced via powder metallurgy routes have been
xperimentally developed for applications in structural com-
onents [2,3]. Furthermore, the technique of mechanochem-
cal synthesis (i.e. reaction milling (RM) [4]) has attracted
onsiderable interest due to the unique properties that can be
eveloped.

Spark plasma sintering (SPS) is a novel technique developed
or sintering advanced ceramics and composite materials. The

dvantage of the SPS process is that it allows fabrication of bulk
aterials from powders using relatively short sintering times at

ow temperatures compared to that of hot press (HP) and hot
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sostatic press (HIP) processes. Therefore, coarsening of fine
rains and nano-sized dispersed particles in MA powders can
e avoided.

The SPS techniques are due to pulse electric current flows
irectly in the sintered materials and mould. A very high heating
fficiency is offered for the materials that are very difficult to be
intered by the other processes. It is well known that the Al
owders are hardly sinterable materials because of the oxide
ayer on its surface. This layer should be broken up in order to
chieve high packing density. It can be possible to obtain bulk
aterials of mechanically alloyed Al powders using SPS.
In the present work, effects of mechanical griding and heat

reatments on solid-state reaction and mechanical properties of
echanically ground pure aluminium powder were investigated

y X-ray diffraction and mechanical tests. Additionally, SPS
rocess is applied to produce fully densification of bulk materi-
ls, and characteristics of the SPS materials, such as mechanical
roperties and solid-state reaction, were clarified.
. Experimental procedures

Air-atomised pure Al powders with average diameters of 100 �m were
echanically ground (MG). Stainless steel balls of 7 mm in diameter together
ith 10 g of the pure Al powder and stearic acid (C17H35COOH) as a process
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microhardness of the pure Al powder after 4, 8 and 32 h of
MG increased gradually between the heat treatment tempera-
tures of RT and 573 K. Although heating temperatures at 873 K
is approaching to the melting point of the pure Al, no significant
ig. 1. Change in Vickers microhardness of pure Al powder with mechanical
rinding time.

ontrol agent 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 MG process
as performed at room temperature using an SPEX8000 mixer/mill. The MG
rocessing time was varied from 4 to 64 h. The MG powders were heat treated
t temperatures from 573 to 873 K for 24 h. XRD analysis was performed on
oth the MG powders and SPS materials using a Cu K� radiation source and
perating at 40 mA and 60 kV. The average Vickers hardness of the MG powders
as determined from 15 particles per sample with a microhardness tester using

n applied load of 98 mN. The MG powders were consolidated by SPS. Seven
rams of MG powder was placed into a graphite die of 20 mm in diameter and
eated under vacuum with an applied pressure of 49 MPa at 873 K for 1 h. The
ickers hardness of the SPS materials was measured using an applied load of
.8 N.

. Results and discussion

Fig. 1 presents the change in Vickers microhardness of the
ure Al powders as a function of different MG processing times.
he hardness of the pure Al powder before MG was approxi-
ately HV44. The hardness of the pure Al powder increased

ramatically to over HV130 after 4 h of MG, but a slight decrease

as observed down to a value of HV120 after 8 and 32 h of MG.

t is interesting to note that the pure Al powder exhibits a broad
ardness plateau at HV125 after 64 h of MG, suggesting satu-
ation of strain introduced by MG. Significant broadening and

ig. 2. Change in Vickers microhardness of pure Al MG powders on heating at
arious temperatures for 24 h.

F
h
3

pounds 434–435 (2007) 294–297 295

eduction in the X-ray diffraction peaks occurred after 4 h of
G, suggesting the formation of fine crystalline grains and/or a

igh density of defects in the matrix [5].
Fig. 2 shows the change in the Vickers microhardness of the

G powders after 4, 8 and 32 h of MG and heating at temper-
tures from 573 to 873 K for 24 h, respectively. The Vickers
ig. 3. X-ray diffraction patterns of various pure Al MG powders after isochronal
eating at various temperatures for 24 h: (a) MG 4 h, (b) MG 8 h and (c) MG
2 h.
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ig. 4. Comparison of hardness between various MG powders and SPS materi-
ls.

ecrease in the Vickers microhardness was observed after 8 and
2 h of MG after heating at 873 K for 24 h.

X-ray diffraction patterns of the MG powders after (a) 4 h,
b) 8 h and (c) 32 h of MG and heating at temperatures from 573
o 873 K for 24 h are presented in Fig. 3. In the 4 h of MG pow-
er, no solid-state reaction occurred after heating up to 673 K.
owever, partial reactions between pure Al and stearic acid

C17H35COOH) occurred after heating at 773 K. New diffrac-
ion peaks were observed near 2θ = 46◦ and 67◦, which were
dentified as �-Al2O3 [6]. The intensity of the �-Al2O3 peaks
ncreased after heating at 873 K, suggesting the promotion of a
olid-state reaction during heating. As for the 8 h of MG powder,
o solid-state reaction occurred after heating up to 573 K. How-
ver, partial reactions between pure Al and stearic acid occurred
fter heating at 673 K. New diffraction peaks were observed
ear 2θ = 32◦ and 55◦, which were identified as Al4C3 [7],
nd �-Al2O3 [6] was observed after heating at 673 and 773 K,
espectively. The intensity of the �-Al2O3 peaks decreased after

eating at 773 and 873 K compared to that of in 4 h of MG pow-
er, suggesting the suppression of a solid-state reaction during
eating. When the MG time increased up to 32 h, solid-state
eaction occurred after heating up to 673 K, and the formation of

ig. 5. X-ray diffraction patterns of SPS materials in pure Al powders with
ifferent MG time.
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ig. 6. Change in Vickers hardness of various SPS materials with different
eating time at 873 K.

l4C3 [7] occurred after heating at 673 K. However, the forma-
ion of �-Al2O3 [6] occurred after heating at 873 K. These results
uggest that solid-state reaction in MG powders is promoted by
ower heat treatment temperatures as the MG processing time
ncreases. In addition, solid-state reaction products of Al4C3 [7]
s promoted by increasing MG processing time, but solid-state
eaction products of the �-Al2O3 is suppressed by increasing

G processing time. The hardness of the MGed pure Al after
eating maintained the almost same hardness level as the MG
tage due to the formation of �-Al2O3 and Al4C3.

Fig. 4 compares the Vickers microhardness of the MG pow-
ers and bulk materials produced by the SPS process. The
ardness values of the SPS materials produced from 8, 32 and
4 h MG powders were higher than that of the MG powders.
hese results indicate that the SPS process was beneficial for

he consolidation of the bulk materials, and the selected condi-
ions for the SPS process in the current research were optimal
or the MG powders used.

X-ray diffraction patterns of the SPS materials are presented
n Fig. 5. The formation of �-Al2O3 [6] and Al4C3 [7] occurred

fter heating at 873 K for 3.6 ks as the SPS consolidation process.
hese results suggest that solid-state reaction in MG powders is
romoted by consolidation process that exhibit good mechanical
roperties.

ig. 7. Compressive proof strength at room temperature of MG 0 h and MG 8 h
PS materials compared with tensile strength of as-extruded MG 24 h P/M.
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Fig. 6 shows changes in Vickers hardness of the various SPS
aterials as function of different heating time at 873 K. No sig-

ificant decrease in the Vickers hardness was observed after the
arious SPS materials heating at 873 K for over 500 h due to
ormation of �-Al2O3 and Al4C3.

The value of the 0.2% compressive proof stress for the SPS
aterials is shown in Fig. 7. The compressive proof stress of the
h MG SPS material (440 MPa) was approximately 2.5 times
igher than that of no-MG SPS material (173 MPa). Further-
ore, the values were only 20% lower than that of conventional

igh strength 7075-T6 alloy (505 MPa).

. Summary

The formation of �-Al2O3 and/or Al4C3 occurred by solid-

tate reaction between the pure Al and stearic acid in the heat
eated MG powders. When MG time is relatively shorter, �-
l2O3 is formed. On the other hand, when MG time is relatively

onger, �-Al2O3 is suppressed, and Al4C3 is formed. A higher

[

[
[
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eat treatment temperature was needed to promote solid-state
eaction for the MG powders when MG time was shorter. In
ontrast, for a given composition, solid-state reaction occurred
t relatively lower heating temperatures when the MG time
as increased. The SPS material based on 8 h MG Al powder

xhibited room temperature compressive proof stresses of 440
Pa.
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