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Abstract: The microstructures of shape memory powders of Cu-Al-Ni prepared from pure powders of Cu, Al and Ni using the
mechanical alloying(MA) technique were studied by means of hardness measurement, metallograph observation, XRD and SEM.
The hardness reaches the peak as the increase in hardness due to plastic deformation and the decrease in hardness due to kinetic
annealing reach a balance. The process of MA leads to the formation of a laminated structure, and the layer becomes thinner with an
increase in milling time. The pre-alloyed shape memory powder can be formed by milling at 300 r/min for 50 h using a planetary ball

mill.
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1 Introduction

The mechanical alloying(MA) technique has been
used to produce dispersion-strengthened alloys[1—4]
since the discovery of this technique by BENJAMINJS5].
In this process, powders are cold welded together and
then fractured repeatedly during the high energy collision
between balls as well as between the balls and the wall of
the jar. The repeated welding and fracture finally lead to
the formation of alloys depending on the different
elements to be mechanically alloyed. Different material
systems have been investigated.

Among the Cu-based shape memory alloys,
Cu-Al-Ni alloy has higher thermal stability than
Cu-Zn-Al alloy[6—7]. Nevertheless, Cu-Al-Ni alloys
produced by conventional casting are quite brittle[§],
which is related to their large elastic anisotropy and large
grain size[9]. Moreover, the composition change during
casting will shift the transformation temperature. The
grain size and composition can be well controlled by
using the fabrication process of mechanical alloying
(MA) and powder metallurgy(P/M)[10—12]. However, a
systemic and appropriate approach to obtain alloyed

shape memory powder has not been done. In this work,
mechanical alloying processing with different MA
fabrication conditions was applied to convert the Cu, Al,
Ni elemental powders mixture to pre-alloyed powders.

2 Experimental

In the MA process, a QM-1F high-energy planetary
ball mill with four stainless steel vials was used, and
each vial contains hardened steel balls of different sizes,
that is, 20, 10 and 6 mm in diameter. The ball-to-powder
mass ratio (BPR) is 15:1. The specification of elemental
powders and the initial powder mixture is listed in Table
1. The sealed vials were evacuated and then filled with
argon gas. The detailed milling processing is listed in
Table 2. A small amount of milled powder was removed
after certain milling time from the container in an argon
glove box and investigated using X-ray diffractometry
(XRD) with Cu K, radiation in Dmax-2500 diffracto-
meter. The morphology of the milled powers was
observed using Laica EC1 metallographical microscope;
the elemental mapping images of the milled powers was
observed using scanning electron microscope(SEM)
Sirion 200 equipped with EDAX GENESIS 60. The
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Table 1 Specification and mixture of elemental powders

Composition of mixture

Powder Size/um Purity/% (mass fraction)/%
Cu 75 99.0 81.5
Al 75 99.9 12.5
Ni 75 99.9 6.0

Table 2 Detailed milling processing of mixture powder

Project Rotation speed/(r-min") Milling time/h
1 100 1,5,15, 25,50
2 200 1,5,15,25,50
3 300 1,5,15,25,50

Vickers hardness of powders was measured using a load
of 1 N and holding for 15 s on a Vickers hardness
machine.

3 Results and discussion

3.1 Morphology of power during mechanical alloying
The evolution in morphology and particle size of
the MA powders with milling time is observed and
shown in Fig.l. For 300 r/min, the powder particles
agglomerate with prolonging milling time. However, the
degree of agglomerating of powder particles at 200 r/min

for 50 h is obviously lower than that at 300 r/min for 50
h.

MA involves two opposite processes: welding and
fracture among powders. In general, at the early stage of
milling, welding is in the dominating situation[13]. At
this stage, the powders are easily welded, resulting in an
increase in the size of powders. The fracture of powders
takes place subsequently. However, the tendency of
welding and fracture depends on the properties of the
powders alloyed. When soft materials are used, welding
is excessive, while for brittle materials, fracture
dominates. The Cu, Al and Ni powders are soft and
ductile at room temperature, and on high speed milling,
the temperature of the powders increases; the Cu, Al and
Ni powders become even softer and more ductile so that
excessive welding occurs. The size of the powders
therefore increases. After milling at 300 r/min for 50 h,
the size of the powders is observed to increase to 0.5 mm
while the distribution of sizes is not uniform.

3.2 Hardness measurement

The hardness of the milled powders as a function of
the MA time is given in Fig.2. Initially the hardness of
the powders increases rapidly because of work hardening.
The maximum hardness is reached after milling for 5 h
both at 200 r/min and at 300 r/min; then the hardness
decreases until milling for 15 h. It is believed that the

250 )

Fig.1 Morphology evolution in particle size of MA powder with milling time for different milling speeds: (a) 300 r/min, 5 h; (b) 300
r/min, 25 h; (c¢) 300 r/min, 50 h; (d) 200 r/min, 50 h
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Fig.2 Vickers hardness change of mechanically alloyed

powders with milling time

decrease in hardness is attributed to the increase in
temperature during MA, which causes the hardened
powders to be kinetically annealed. After MA for 15 h,
hardness increases slightly, which may be attributed to
the solution of Ni and Al into Cu. However, hardness
measurement in the present study is not a unique
measurement to evaluate the degree of MA. For softer
materials, the increase in hardness can prevent excessive
welding and hence the efficiency of MA can be
improved.

3.3 X-ray diffraction analysis

X-ray diffraction profile of powder milled for
different time at various milling speeds is shown in
Fig.3. That milled at 100 r/min is shown in Figs.3(a) and
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Fig.3 X-ray diffraction patterns of powder milled for different
time at various milling speeds: (a, b) 100 r/min; (c—f) 200 r/m;
(g=k) 300 r/min

(d). The pattern of 5 h MAed powders is taken as the
reference condition where the diffraction peaks of initial
elemental powders of Cu, Al and Ni appear. There are no
significant changes in the XRD pattern after milling for
50 h. This indicates that the energy is not enough to
make these elemental powders form solid solution
effectively at 100 r/min using high-energy planetary ball
mill.

Figs.3(c)—(f) show the X-ray diffraction profile of
powder milled at 200 r/min. With the increase of milling
time, the intensities of the diffraction peaks of Al
decrease, and those of the Ni almost remain unchanged,
which indicates that no significant reaction occurs during
milling and the solution of Ni in Cu matrix is more
difficult than that of Al. The diffraction peaks of Al and
Ni can be seen even after 50 h of milling. It is difficult
to enhance the solid solubility of the pre-alloying
powders by increasing milling time if the rotation rate is
200 r/min.

X-ray diffraction profiles of powder milled at 300
r/min are shown in Figs.3(g)—(k). The intensities of Cu
diffraction peaks increase and those of Al and Ni
diffraction peaks decrease with prolonging milling time.
Ni and Al peaks almost disappear just after MA for 15 h.
The position of Cu diffraction peaks move towards
low-angle, which indicates that the lattice parameters of
Cu matrix increase with milling time. The X-ray
diffraction results, which agree well with the observation
by KANEYOSHI et al[14], lead to the conclusion that a
single phase solid solution is formed after 25 h MA of
the elemental power mixtures at 300 r/min. After further
milling, the XRD pattern where the spectrum consisting
of Cu diffraction peaks superimposes on top of broad
background presents. This
associated with amorphous phase[15].

The width of peaks increases at all tested milling
speeds with balling time. It is caused by the decrease of

broad background is

crystallite size and the increase of micro-strain due to a
high stress evolved in milling balls impacts. Considering
that the increase of peak width mainly consists of the
Cauchy part that caused by decrease of crystallite size
and Gauss part caused by increase of micro-strain, the
XRD profiles can be fitted by Pearson-VII function.
Then the average crystallite size D and micro-strain ¢ can
be calculated by substituting the fitted integral breadth
into D=KABE cos® and e= (1/4)f cotd, where
ﬂg is Cauchy integral breadth and /)'5 is Gauss
integral breadth, the constant K is 0.9 and 4 is 0.154 05
nm. The changes in crystallite size and micro-strain of
Cu matrix as a function of milling time are shown in
Fig.4. The crystallite size decreases while the micro-
strain increases with balling time. The faster the rotation
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Fig.4 Change of crystallite size (1, 2, 3) and micro-strain (4, 5,
6) of Cu as function of milling time at different milling
speeds

speed, the larger the changes of crystallite size and
micro-strain. The Cu powders have an average crystallize
size of 10 nm after milling for 50 h at 300 r/min.

3.4 Microstructure analysis

Fig.5 shows the microstructure evolution of the MA
powders with milling time at 300 r/min. The laminated
structure in the powder particle is seen by plastic
deformation and cold welding, and the layer becomes

Fig.5 Typical laminated structure after MA for different time at 300 r/min: (a) 5 h; (b) 15 h; (¢) 25 h; (d) 50 h

thin with the increase of milling time. The layer is thick
but their thickness are not homogeneous after milling for
5 h (Fig.5(a)). With the increase of milling time, the
laminated structure is discontinuous, and the thickness of
the layer decrease, as shown in Figs.5(b) and (c). The
Cu-matrix becomes homogeneous as the milling time
approaches 50 h, as shown in Fig.5(d). However, the
layered structure of powders can be clearly observed at
200 r/min for 50 h (Fig.5(a)).

The SEM images and the elemental mapping
images of the MAed powders at 200 and 300 r/min for
50 h are shown in Fig.6. The layered structure of Cu, Al,
Ni powders can be obviously observed at 200 r/min for
50 h (Fig.6(a)). The elemental mapping images taken
from Fig.6(a) are shown in Figs.6(c), (e) and (g). Cu, Al,
Ni elements distribute non-uniformly in a powder
particle, which illuminates that the alloying of powder
mixture is not enough. At 300 r/min for 50 h, the
microstructure is shown in Fig.6(b), and the layer
structure is thin and only exists in partial area. The
elemental mapping images taken from Fig.6(b) are
shown in Figs.6(d), (f) and (h). Cu, Al, Ni elements
distribute uniformly in a powder particle, and this
suggests that the alloying of powder mixture is enough
processed. This observation agrees well with the XRD
analysis mention above. The Cu-matrix becomes
homogeneous.
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Fig.6 SEM images and elemental mapping images of powder mechanically alloyed at 200 and 300 r/min: (a) SEM images of powder
mechanically alloyed at 200 1/min; (b) SEM images of powder mechanically alloyed at 300 r/min; (c), () and (g) Elemental mapping
images taken from Fig.6(a); (d), (f) and (h) Elemental mapping images taken from Fig.6(b)
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4 Conclusions

1) The pre-alloying shape memory powders can be
prepared using MA method. The elemental powders
agglomerate during MA. The faster the rotation speed is,
the higher the degree of agglomeration occurs.

2) The ball milling speed should be adjusted so that
the process of pre-alloying can be completed sufficiently.
A single phase of FCC structure with lattice parameter
close to that of Cu is produced after milling for 25 h at
300 r/min. The average crystal size of Cu powders after
milling for 50 h at 300 r/min is up to 10 nm.

3) The process of MA leads to the formation of a
laminated structure, and the layer becomes thin as
milling time increases. A homogeneous matrix is
obtained after milling at 300 r/min for 50 h; but milling
at 200 r/min for 50 h, a mount of elements Al and Ni do
not dissolve into the Cu matrix.
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