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Mechanical and magnetic properties of the
rapidly quenched Cu, MnAl
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Rapidly solidified Cu, MnAl ribbons were fabricated by the chili-block meit-spinning technique
as a function of rotation speed of an iron roller. The rapidly quenched ribbons were relatively
ductile, and the total strain at failure for the bend test increased with increasing rotation speed
of the roller. The effect of rapid quenching on long-range ordering in Cu, MnAl alloy was
studied by X-ray diffraction. The decomposition characteristics during isothermal ageing at
temperatures between 350 and 600° C were also examined by X-ray diffraction, magnetization
and Vickers hardness measurements. The decompaosition reaction at temperatures below

400° C was Cu, MnAl — y-CugAl, + T-Cu;Mn, Al + -Mn. However, at temperatures between
500 and 600° C, Cu, MnAl decomposed into a new L2, type Cu,MnAl and f-Mn, and further
annealing caused the appearance of y-CugAl,. The decomposition rate of the rapidly
quenched ribbons was faster than that of the water-quenched alloy.

1. Introduction

Intermetallic compounds have been expected to be
advanced materials because of their unique mechan-
ical, electrical and magnetic properties. However, the
application of intermetallic compounds has been lim-
ited mainly by their brittleness. Much effort has been
expended to improve the workability of intermetallic
compounds. The melt-quenching technique is one of
the best methods of improving mechanical properties.

The Heusler alloy Cu, MnAl quenched from the Al
region (approximately 850° C) has the ordered struc-
ture 1.2, [1] and is known to be brittle [2]. Cu,MnAl
with structure L2, is transformed into the ordered
structure B2 and into the disordered bcc (Al) during
heating at temperatures of 620 + 20 and 780 + 10°C,
respectively {1]. The metastable phases are expected to
be quenched by rapid quenching from the liquid and
improvement of the mechanical properties is also
expected [3, 4].

At temperatures lower than 650° C, the L2, phase is
metastable and decomposes into three phases: f-Mn,
y-CuyAl, and T-Cu;Mn, Al. A number of studies con-
cerning the decomposition process of the Cu—Mn-Al
alloys has been carried out [5-11]. It is known that
mechanical and magnetic properties change during
isothermal ageing [6].

In the present study, the rapid quenching technique
was applied to the Cu,MnAl alloy and its mechanical
properties were examined. The decomposition process
at temperatures between 350 and 600° C were exam-
ined by changes in hardness and magnetization. The
decomposition rate of the rapidly quenched ribbon
was compared with that of the water-quenched alloy.

2. Experimental details

Commercially pure manganese, aluminium and cop-
per were melted in a high-frequency furnace under an
argon atmosphere. The alloy was subsequently heat
treated for 2h at 850°C and rapidly quenched in
water. The atomic fraction determined by chemical
analysis was Cu,q, Mn, 4 Al, which is nearly equal to
Cu, MnAl A charge of approximately 3 g was melted
in a quariz crucible uwsing a platinum furnace at
1400° C. The molten material was ejected through a
nozzle of diameter 0.9cm on to the rotating iron
wheel, 8 cm diameter, by the aid of a rapid increase in
argon pressure in the silica crucible.

The mechanical properties of the as-quenched rib-
bons were examined by micro-Vickers hardness
measurement and a simple bending test. The micro-
Vickers hardness was conducted at a load of 100 gf
and 5 measurements were averaged. The long-range
order parameters of the as-rapidly quenched ribbons
were examined by X-ray diffraction using filtered
CuKu radiation. The variation of magnetization with
induction up to 14 kOe was measured using a vibrat-
ing sample magnetometer.

The water-quenched alloys and the rapidly quenched
ribbons were annealed at temperatures between 350
and 600°C for Smin to 200 h in vacuo. The decom-
position processes were examined by X-ray diffraction
measurements, changes in magnetization and in
micro-Vickers hardness, where the measurements
were carried out on the wheel side of the rapidly
quenched ribbon because the hardness was different
between the wheel side and the upper side, and the
values of the upper side were variable.

2549



Figure 1 (a) Micro-Vickers hardness and (b) the
300k total strain at failure as a function of the rotation
O~~~ _ speed under an argon pressure of 0.7kgem~2,
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3. Results and discussion

3.1. As-rapidly quenched ribbons

The rapidly quenched ribbons were obtained under
conditions of rotation speed 3000 to 7700 r.p.m. and
an argon pressure of 0.5 to 1.0kgcem . Fig. 1 shows
the micro-Vickers hardness of the wheel side and the
total strain at failure as a function of the rotation
speed under an argon pressure of 0.7kgem 2. The
values in brackets shown in Fig. 1a denote the ribbon
thickness (um) determined from scanning electron
micrographs. The thickness of the rapidly quenched
ribbons decreased as the rotation speed increased. The
total strain at failure, ¢, for the bend test was cal-
culated from the minimum bend radius, r, and the
ribbon thickness, ¢, as follows [12, 13]

g = t/2r + 0.

The total strain at failure increased with increasing
rotation speed up to 6200 r.p.m. The improvement of

(rpm)

the mechanical properties is considered to be mainly
due to the following two reasons. One is the micro-
structural change. The Heusler alloy Cu,MnAl with
L2, structure is generally brittle, while the single crys-
tal of Cu,MnAl can be easily deformed in compres-
sion in the fixed directions [14]. The Heusler alloy
wires produced by the in-rotating-water-spinning-
process are also easily deformed owing to the bamboo
structure which is composed of many -single-crystals
clongated to the wire axis [15]. Figs 2a and b show
examples of the fractured surfaces of the ribbons fab-
ricated under conditions in a fixed argon pressure
of 0.7kgem™? and a rotation speed of 3000 and
6200 r.p.m., respectively. The bamboo structure was
partially observed for the rapidly quenched ribbons at
a high rotation speed, as is seen in Fig. 2b. Therefore,
improvement of the mechanical properties might be
caused partly by improvement of microstructure.
Another possibility is considered to be the result of
the quenching of the disordered phase. In the bcc

Figure 2 Scanning electron micrographs of the frac-
tured surface of rapidly quenched ribbons with
rotation speeds of (a) 3000 r.p.m. and (b} 6200
r.p.m.
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Figure 3 bcc type sublattice structure.

structure, lattice points are generally separated into
four sublattices as shown in Fig. 3. In the L2, structure
of Cu,MnAl, the sites of the sublattices A and C are
occupied by copper atoms, and the lattice sites of the
sublattice B (or D) are occupied by aluminium atoms,
while those of the sublattice D (or B) are occupied by
manganese atoms. In the B2 structure, the sublattice
sites of B and D are randomly occupied by aluminium
or manganese atoms [16].

The following Bragg reflections appear on the
X-ray diffraction pattern depending on the structure
types [16].

1. A, k, [ odd:

Fow = 41Ua = S + (fs = /o)1
2.h k,levenand (h + k + D/2 = 2n + 1:
For = 4(fa = fo + o — fo)
3.h, k,levenand (h + k + 1)/2 = 2n:
Foo = 4fa + fs + Jc + fo),

where fi, fs, fc. fp denote the atomic scattering

TABLE 1 The superstructural intensities of the reflections
(111) and (200) normalized to the intensity of the (22 0) reflection
for the wheel side of the rapidly quenched ribbons, where the values
in parentheses denote those of the upper side of the ribbons

Rotation speed 102(J, [ a0) 10%( 500/ 9520)
(r.p.m.)

3000 3.3(0) 4.8(22.4)

6200 2.8(4.1) 4.6(6.5)

7700 2.5(4.0) 2.6(4.6)

amplitudes of atoms occupying the sublattices A, B,
C, D.

The intensities of the retlections of the types 1 and
2 are functions of the degree of atomic order of L2,
structure and B2 structure, respectively. Table I shows
the superstructural intensities of the reflections (11 1)
and (20 0) normalized to the intensity of the reflection
(2 20) for the wheel side of Cu,MnAl ribbons obtained
as a function of rotation speed, where the values in
parentheses denote those of the upper side of the
ribbons. Fig. 4 shows the temperature dependences of
the intensities of the Bragg reflections of (111) and
(200) normalized to the intensity of the reflection
(220) obtained by Soltys [16], where the straight lines
denote the data of the wheel side of the rapidly
quenched ribbons shown in Table 1. The rapidly
quenched ribbons show the partially disordered struc-
ture. Therefore, improvement of the mechanical pro-
perties is at least partly attributable to the disordered
phases.

The normalized intensities of (111) and (200) of
the upper side of the Cu, MnAl ribbons at a rotation
speed of 3000r.p.m. are 0 and 22.4, respectively, as
seen in Table I. These results indicate that the
preferred grain growth occurred in the [00 1] axis at
the lower rotation speed of 3000 r.p.m. The preferred
grain growth axis is consistent with the preferred
growth axis of the columnar grains of Cu, MnAl ingot
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Figure 5 The relation between tempering
800 o time and Vickers hardness. (O) Rapidly
T quenched ribbon, (O) water-quenched
{’ alloy. (a) 350° C, (b) 400° C, (d) 500° C and
i (e) 600°C.
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[2]. The preferred orientation is not observed when the
rotation speed was above 6200 r.p.m. However, the
amount of disordered phase of the upper side is
smaller than that of the wheel side because of the
difference in the quenching rate.

3.2. Decomposition characteristics
Isothermal annealings at 350, 400, 500 and 600°C
were carried out for the rapidly quenched ribbons at
a rotation speed of 6200r.p.m. and for the water-
quenched alloys. Figs 5a to d show the relation bet-
ween tempering time and Vickers hardness. Figs 6a to
d show the relation between tempering time and satu-
ration magnetization. The decomposition character-
istics of the two kinds of sample seem similar except
for the decomposition rate. However, the decompo-
sition characteristics at temperatures below 400° C are
different from those at temperatures above 500° C.
First the decomposition characteristics of the rapidly
quenched ribbons fabricated at a rotation speed of
6200 r.p.m. will be considered, and the decomposition
rate of the two kinds of samples will be discussed.

3.2.7. Decomposition of rapidly quenched
ribbon annealed at 350 and 400° C

The Vickers hardness and the saturation magnetiza-

tion of the rapidly quenched ribbon at 350°C have

constant values within the duration time of 50h as

seen in Figs 5a and 6a. However, a decrease in satu-
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ration magnetization and an increase in Vickers hard-
ness can be seen when the annealing time exceeds 50 h.
Fig. 7a shows the X-ray diffraction patterns of the
rapidly quenched ribbons annealed at 350°C. The
slight increase in T-Cu;Mn,Al, y-Cu,Al, and f-Mn
phases are observed after annealing for 50 h. A signifi-
cant increase in T-Cu;Mn,Al, y-CuyAl, and f-Mn
phases is observed and at the same time the Bragg
reflections of the L2, phase disappear after annealing
for 100 h.

Similar annealing-time dependences of the Vickers
hardness and the magnetization of rapidly quenched
ribbons are observed at 400° C as seen in Figs 5b and
6b. However, the duration time when the Vickers
hardness increase and the saturation magnetization
decrease is shorter than at 350°C. Fig. 7b shows the
X-ray diffraction patterns after annealing at 400° C.
After 20h annealing, T-Cu;Mn,Al, y-CusAl, and
f-Mn phases appear and at the same time the L2,
phase disappears.

The decomposition reaction at 350 and 400°C is
considered to be as follows

Cu,MnAl — y-CuyAl, + T-Cu;Mn, Al + f-Mn.

3.2.2. Decomposition of rapidly quenched
' ribbons annealed at 500 and 600° C
As seenrin Figs 6¢ and d, the saturation magnetization
firstly decreases and then begins to increase as tempering
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time increases. This result suggests the appearance of
another new Cu, MnAl phase as reported by Kozubski
and Soltys [7, 10]. Fig. 7c shows the X-ray diffraction
patterns of the rapidly quenched ribbon annealed at
500° C. Initially, the L2, phase is broadened, f-Mn
phases appear and simultaneously a new phase preci-
pitates after 25 min annealing. On further annealing,
the y-Cu, Al, phases can be observed. The structure of
the new phase is L2, type [7], while the lattice parameter
is smaller than that of the initial L2, phase. (The peak
angle is shifted to higher angle.)

Fig. 7d shows the X-ray diffraction patterns of the
rapidly quenched ribbon annealed at 600°C, The
L2, phase disappears and the new L2, phase and
B-Mn phase appear after annealing for 10 min. The
v-CuyAl, phase is faintly observed after annealing
for 51h.

The decomposition reaction at temperatures of 500
and 600° C is considered initially as follows

Cu,MnAl — Cu,MnAl (new phase) + f-Mn
and further annealing causes the following reaction
Cu, MnAl (new phase) + -Mn
— Cu,MnAl (new phase) + f-Mn + p-Cu,Al,.
3.2.3. Comparison of decomposition
characteristics of rapidly quenched

ribbon with water-quenched alloy
The decomposition characteristics of the two samples

are similar as seen in Figs 5 and 6. However, the
decomposition rate of the rapidly quenched ribbouns is
faster than that of the water-quenched alloy. Fig. 8§
shows the tempering time (incubation time [6]) when
the saturation magnetization begins to decrease and
the hardness begins to increase as a function of the
reciprocal annealing temperature. The incubation
time obtained from the saturation magnetization is in
fair agreement with that obtained from hardness. This
result indicates that both saturation magnetization
and hardness are exactly related to structure change.

Soltys et al. [11] reported that the heterogeneous
precipitation predominated with an activation energy
of 46kcalmol™', which was obtained by electrical
resistance measurement at temperatures up to 467°C,
and that above this temperature a new mechanism
came into play with a lower activation energy.
Yamane er al. [6] successfully obtained the tem-
perature of the change in the character of the decompo-
sition process for the Cu, osMn, ,, Al alloy, where they
determined the temperature by the intercept point of
two straight lines on a graph of the relation between
incubation time (hardness begins to increase) and the
reciprocal of ageing temperature. As is discussed in
the previous section, the decomposition character-
istics differ between the temperatures above 500°C
and below 400°C. The activation energies of the
rapidly quenched ribbon and the water-quenched
alloy at temperatures below 400° C are estimated to be
~ 51 and 43 kcalmol ™', respectively. These values are
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Figure 6 The relation between tempering
time and magnetization.- (O) Rapidly
quenched ribbon, (T) water-quenched
alloy. (a) 350° C, (b) 400° C, (c) 500° C and
{e) 600°C.
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Figure 7 X-ray diffraction patterns of the rapidly quenched ribbons annealed at (a) 350°C, (b) 400°C, (c) 500°C and (d) 600°C.

close to 46 kcal mol~' [11]. Therefore, a similar mech-
anism of decomposition, which is heterogeneous pre-
cipitation, seems to be predominant for the two
samples at temperatures below 400° C. Above 500°C,
homogeneous precipitation, with a lower activation
energy, as seen in Fig. 8, seems to come into play, as
suggested by Soltys ez al. [11].

4. Conclusion

The rapidly quenched Cu, MnAl ribbons were fabri-
cated under various rotation speeds (iron wheel dia-
meter 8cm) of 3000 to 7000r.p.m. and an argon
pressure of 0.5 to 1.0kgem™2. A decrease in hardness
and increase in the strain at failure are observed with
increase in the rotation speed of the roller. These
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Figure 8 Temperature dependences of the temper-
ing time when (®, W) hardness begins to increase
and (O, O) magnetization begins to decrease. (@, O)
Rapidly quenched ribbons, (M, O) water-quenched
alloy.
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results are considered to be due to the improvement of
microstructure and the quenching of the disordered
phases. The preferred grain growth occurred in the
[001] axis at the lower rotation speed of 3000 r.p.m.

The decomposition characteristics were examined for
the rapidly quenched ribbon and the water-quenched
alloy by X-ray diffraction, magnetization and hard-
ness measurements. The decomposition rate of the
rapidly quenched ribbon was faster than that of the
water-quenched alloy. However, the decomposition
features of both samples were similar as follows. At
temperatures of 350 and 400°C, the decomposition
reaction is expressed as Cu,MnAl — y-Cu,Al, +
T-Cu;Mn, Al + S-Mn. At temperatures of 500 and
600° C, the decomposition reactions may be expressed
initially as Cu,MnAl —» Cu,MnAl (new phase) +
B-Mn, and further tempering caused further appear-
ance of y-CugAl,.
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