JOURNAL OF MATERIALS SCIENCE 29 (1994) 4819-4823

Magnetic properties and microstructure of
lanthanum-doped Mn-Al and Min-Al-C

permanent magnets

J.H. HUANG, P. C. KUO, C. H. CHEN

Institute of Materials Science and Engineering, National Taiwan University, Taipei, Taiwan

(Mng.54A10.46) 100 -xLa, and (Mng s35Al 445C0 017) 10018, alloys, with x up to 0.9, were
synthesized and examined by powder X-ray diffraction and magnetic measurements. Lattice
parameters, Curie temperature, T, coercivity, iH,, and saturation magnetization, M,, were
determined. Phase analysis revealed that AlgLaMn, precipitates were produced due to the
lanthanum addition. A slight increase in the iH, was observed for x < 0.3 in the cast MnAiLa
alloys. No significant changes in lattice parameters and T, were observed for these
lanthanum-doped alloys. For sintered isotropic magnets, which were prepared by conventional
powder metallurgy processes, the iH, was enhanced on doping with lanthanum. The (BH)max
values were also increased. The increment of (BH),,,, was about 16% for x = 0.3. Higher
lanthanum intensity at grain boundaries was observed on examination of the energy-dispersive
X-ray spectra (EDX). The reasons for the increase in iH. may be due to the fine precipitates of

lanthanum in the grain boundaries.

1. Introduction
In the Mn-Al system, a ferromagnetic phase occurs
in the composition range 67 wt% < Mn < 73wt %
(51 at% < Mn < 58 at %). This ferromagnetic -
phase can be obtained either by quenching the high-
temperature phase (g} followed by annealing at about
550°C, or by cooling the e-phase at rates of the order
of 103°Cmin~!. The t-phase is a metastable phase
whose structure and magnetic properties have been
extensively investigated [1-7]. It has the AuCul type
structure, and possess high values of the crystallo-
graphic anisotropy constant, K (107 ergcm %) and
saturation magnetization, M, ( ~ 5000 G).

Two mechanisms have been proposed for the
formation of the magnetic z-phase [8, 9]

hep(e) — BI9(e) — fct(n) (1)
hep(e) —» feec — fet(v) 2

where hcp, fce, fct, and B19 indicate hexagonal,
face-centred-cubic, face-centred-tetragonal, and oz-
thorhombic structure, respectively. However, the usu-
ally accepted mechanism is that the high-temperature
phase (¢) transforms into an orthorhombic (¢')-phase
by an ordering reaction and then to a metastable
ferromagnetic t-phase in a martensitic mode [9].
Carbon-doped Mn-Al alloy has been found to be
more stable in its ferromagnetic phase and to show
improved mechanical properties, although it has a
lower Curie temperature (280 °C) than undoped alloys
(380°C) [10]. It has been reported that the isotropic
Mn-Al and Mn—Al-C alloys prepared by casting and
optimum heat treatment have the following magnetic
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properties: B, = 1500 G, iH, = 600 O¢ and (BH),,,,
=04 MGOe for MnssAl,s [11]; B, = 3000 G,
iH,=10000e¢ and (BH),,=08MGOe for
Mns; 0Alys 4Cy 0 [12].

The Mn-Al alloy is produced from low-cost raw
materials and has a theoretical (BH),,, value of
12 MGOe. It has been extensively studied to improve
its magnetic properties. Many techniques have been
used to fabricate Mn—Al permanent magnets, such as
swaging, rapidly quenching, the powder method and
hot extrusion [2, 10, 13] etc. These studies have shown
that the deformation process by hot extrusion pro-
duces the best results in improving its magnetic prop-
erties. The extruded Mn—Al-C alloys achieve mag-
netic properties of B, = 5750 G, iH, = 3200 O¢ and
(BH)max = 7 MGOe [10]. However, this hot-extrusion
process is critical and somewhat expensive in cost of
energy and tool wear. The high magnetic properties
obtained in the extruded Mn-Al-C alloy are the
result of the high anisotropy, grain-size reduction and
carbide precipitations. The addition of elements such
as boron, zirconium, titanium, tin, tellurium, tungsten,
gallium, phosphorus, etc. [14-16] for Mn-Al alloy
has also been investigated. However, the addition of
rare-earth elements has not been reported. The pre-
sent paper describes the enhancement of coercivity in
lanthanum-doped Mn-Al alloys. The magnetic prop-
erties of the sintered Mn-Al-La-C magnets are also
reported.

2. Experimental procedure
Alloys of (Mny s4Alg 46)100--La, and Mng 535Al0.445
Co.017)100-xLa, were prepared from high-purity
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(99.99%) manganese, aluminium, carbon and lan-
thanum by using a high-frequency induction furnace
under a protective argon atmosphere. The as-cast
samples were homogenized at 1100°C for 12h to
remove segregations in the alloys. The annealing treat-
ment was carried out at a temperature between 450
and 600 °C to obtain the magnetic t-phase.

For preparing the isotropic sintered MnAlLa and
MnAICLa permanent magnets, the cast ingots had to
be crushed into small pieces, and then pulverized in
hammer and ball millers. The fine powders were
pressed into cylindrical pellets under a hydrostatic
pressure of 5toncm ™2 The powder compacts were
vacuum sintered at a pressure of 107* torr (1 torr
= 133.322 Pa) with a sintering temperature between
1160° and 1230 °C for 15 min; then they were solution
treated at 1100 °C for 1 h and quenched in oil. Finally,
they were tempered at 600°C to obtain the t-phase.
The microstructure of the annealed specimens was
observed after they had been etched in a solution of
6% hydrochloric acid, 3% nitric acid, 1% hydro-
fluoric acid and 90% water. The phase constitution
and the lattice parameters were determined by X-ray
diffraction using a nickel-filtered CuK , radiation.
Magnetic properties were measured using a B—H loop
tracer with a maximum applied field of 20 kOe. The
Curie temperature, 7., was measured using a vibra-
ting sample magnetometer (VSM).

3. Results and discussion

3.1. Cast alloy

Powder X-ray diffraction patterns of annealed
(Mng s4Aly 46)100 - xLa, samples (x = 0.00, 0.14, 0.3,
0.9) indicate that the above samples are t-phase. A
second phase, AlgLaMn,, was found at x > 0.3, as
shown in Fig. 1. The relations between magnetic prop-
erties and lanthanum doping of the cast samples is
shown in Fig. 2. The saturation magnetization, M,,
remains almost constant at x < 0.3. However, a small
increase in coercivity, iH,, was observed with x up to
about 0.3, above which both the M, and iH, decrease
with increasing lanthanum content. Table I lists the
lattice parameters and Curie temperature, T¢, of the 1-
phase. No significant changes in the lattice parameters
were observed for these alloys, indicating that lan-
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Figure 1 X-ray diffraction pattern of MnAl alloy with 0.3 at %
lanthanum content.
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Figure 2 Magnetic properties versus lanthanum content of cast
alloys; annealing temperature = 550 °C.

TABLE 1 Lattice parameters, g, ¢, and Curie temperature, 7, of
(Mng_s4Aly 46)100- L2, alloys, after annealing at 550°C for 1 h

a c Te
X (nm) (nm) (§®)]
0.00 0.278 0.360 380
047 0.278 0.359 ) 380
1.00 0.277 0.359 378

Figure 3 The lanthanum mapping micrographs of energy-disper-
sive X-ray spectroscopy for MnAlLa alloy with (a) 0.3 at % lan-
thanum, and (b) 0.9 at % lanthanum.

thanum atoms did not enter the crystal lattice of the 1-
phase. Therefore, the addition of lanthanum will form
precipitates in the alloys. The change in the magnetic
properties (Fig. 2) is due to the formation of lan-
thanum precipitates; for low lanthanum content sam-
ples, the fine precipitates inhibited the movement of



the magnetic domain wall, and hence the iH, values
were increased. The Curie temperature, T, did not
change on doping with lanthanum (Table I). Because
T¢ is primarily determined by the exchange inter-
action of manganese atoms and this exchange inter-
action depends mainly on interatomic distances [17],
the stability of 7. is due to the lattice parameters of
the magnetic t-phase remaining unchanged on lan-
thanum doping.

The composition distribution of lanthanum was
determined by EDX in a scanning electron micro-
scope, as shown in Fig. 3. A high intensity of lan-
thanum was observed at the grain boundaries. The
segregation of lanthanum in the grain boundaries can
be attributed to the very low solubility of lanthanum
in the MnAl alloy.

Because the t-phase is the only ferromagnetic phase
in the Mn—Al alloy system, the saturation magnetiza-
tion, M, of the alloy is proportional to the amount of
1-phase; this enables the formation of the t-phase to be
detected by measuring the M, [187. Fig. 4 shows the
time dependence of the & — 1 transformations at an
annealing temperature of 420°C. It is seen that the
formation of the t-phase was retarded by lanthanum
doping. This is due to the lanthanum precipitates
inhibiting the growth of the t-phase plate, which may
be explained by the fact that the t-phase is formed by a
shear transformation [9], which is a diffusionless pro-
cess. Thus the t-phase plates grow in a definite direc-

tion depending on the slip system of the t-phase

structure; the growth of t-phase will stop at these
lanthanum precipitates and grain boundaries.

3.2. Sintered magnets

Sintered magnets were prepared by compacting the
alloy powders with a particle size of about 15 um at a
pressure of 5toncm™2, and sintering in vacuum at
1210°C for 15 min. The magnetic properties of sin-

E=N
I

4T M, (kG)

0 1 1
10° 10° 107 10°

Annealing time {min)

Figure 4 Variation of 4n M, with annealing time of lanthanum-free
and 0.3 at % lanthanum-doped MnAl alloys.
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Figure 5 Magnetic properties versus lanthanum content of sintered

(Mng 54AL 46)100 - LA, and (Mny 535Al0.445C0.017)100 - xL2y mag-
nets.
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Figure 6 Hysteresis loops of Mng 535A10.445Co.017 and (Mn, s, -
Al 445Co.017)99.7Lag 5 magnets.

tered  (Mng s4Alp 46)100-.La, and (Mng 535Al0 445
Co.017)100-xLa, magnets are shown in Fig. 5. The
coercivity, iH,, increases on increasing lanthanum
content up to 0.36 at % La for the carbon-free sample
and to 0.3 at % La for the carbon-doped sample. The
remanence, 4t M, also increases due to the lan-
thanum doping. The hysteresis loops of lanthanum
free and 0.3 at % lanthanum content magnets (Fig. 6)
show that for lanthanum-doped magnets, the increase
miH_ leads to a slight increase in dn M .- Because both
the iH, and 4n M, are increased by lanthanum doping,
(BH),,,y is greatly enhanced, and reaches its maximum
value at about 0.3 at % lanthanum.
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Figure 7 Optical micrographs of (a) cast Mng 5,Al, 46 alloy, and
(b) sintered (Mg 535Al0 448Co.017)99.71-40.5 magnets.
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Figure 8 Variations of (BH),,,, and density with sintering temper-
ature of (Mng 535Alg 448Co.017)99.71-20,5 magnets.

It is obvious that the increase of iH, due to the
addition of lanthanum in sintered magnets is much
higher than that of cast alloys. Because the magnetic
hardening of this magnet is primarily due to domain-
wall pinning by the defects and/or by the grain
boundaries [19], the anomalous increase in coercivity
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is due to the lanthanum precipitations in the grain
boundaries. The grain size of sintered magnets is much
smaller than in the cast alloys; therefore, the effect of
lanthanum precipitates on the coercivity is more pro-
nounced in the sintered magnets. Optical micrographs
of cast alloy and sintered magnets are shown in Fig. 7.
The grain size is about 100 and 20 um for the cast
alloys and the sintered magnets, respectively.

The variations of (BH),,, and sintering density
with sintering temperature for (Mng s35Al, 445-
Cg.o17)99.7Lag s are shown in Fig. 8; the proper
sintering conditions to yield a high (BH),,,, value are
1210 °C for 15 min. Permanent magnet characteristics
achieved in this study for the sintered isotropic lan-
thanum-doped magnets are 4n M, =3100G, iH,
= 2500 Oe and (BH),,,, = 1.4 MGOe. The sintering
density is about 96% of the theoretical value
(5.15gcm™3).

4. Conclusions

Lanthanum-doped Mn-Al and Mn-Al-C magnets
have been made by conventional powder metallurgy
processes. The addition of lanthanum increases the
coercivity of the sintered magnets. The maximum
increment in (BH),,, is about 16% at 0.3 at % lan-
thanum doping. The best magnetic properties for the
isotropic sintered samples in this study are 4n M,
= 3100 G, iH_ = 2500 Oe, and (BH),,,, = 1.4 MGOe.
The improved magnetic properties of the sintered
lanthanum-doped magnets might be due to the smal-
ler grain sizes and the lanthanum precipitates in the
grain boundaries.
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