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A study of the structure and properties of MnAs synthesized by mechanical alloying and
powder blending techniques has been carried out. Mechanical alloying resulted in the
formation of MnAs during milling. Following heat treatment samples prepared using both
techniques exhibited a magnetostructural transformation from the paramagnetic B31 to the
ferromagnetic B8, phase with decreasing temperature or increasing magnetic field. The
transformation temperatures and fields were found to depend on milling procedure and
heat treatment conditions. Powder blended and heat treated samples exhibited excellent
stability during transformation cycling. © 2000 Kluwer Academic Publishers

1. Introduction treatment at elevated temperatures. Powder blending
The ferromagnetic compound MnAs has recently re-essentially includes thorough mixing and particle size
ceived renewed attention since it was shown to exreduction. Particle deformation may occur, however,
hibit potentially important properties for a variety of in-situsynthesis reactions do not take place. In this pa-
magnetic [1] and magnetoelectronic applications [2].per we report the results of a study of the transformation
MnAs is well known to exhibit a Curie temperature behaviour of MnAs synthesized using both mechanical
at T. = 320 K associated with a first order transforma-alloying and powder blending techniques.
tion from the ferromagnetic hexagonal NiAs-type or-
dered phase (B8 space group Rinmc) to a param-
agnetic orthorhombic MnP-type ordered phase (B312. Experimental procedure
space group Pnma) [3, 4] during heating. A large lat-The starting materials used in this study were 99.9%
tice volume contraction, the presence of thermal and/opure Mn 50 mesh) powder and 99.9998% pure As
magnetic field hysteresis and a high magnetic field senpieces crushed into coarse powder with a particle size
sitivity of the Curie temperature are characteristic feadess than 0.5 mm. Mechanical alloying was performed
tures of this transition [1, 5, 6]. A giant magnetoe- using a SPEX 8000 mixer/mill for times ranging from 2
lastic response near room temperature resulting froro 24 hours. A sealed argon filled hardened steel vial and
the magnetostructural transformation has been recentlstainless steel balls of 9.5 mm diameter were used. The
reported [6]. ball-to-powder mass charge ratio was 10:1. Powder
Bulk MnAs has been conventionally prepared byblendingwas carried outin a sealed argon filled 160 mm
melting of the constituent elements [7]. The high va-diameter cylindrical plastic vessel which was rotated
por pressure and toxicity of As requires that stringentoy means of rollers at 40 RPM for 24 hours. Zirconia
safety precautions be employed. The use of mechanballs of 10 mm diameter were used and the charge ratio
cal alloying for the low temperature synthesis of a widewas 20:1. All powder handling was carried out in a
range of materials has been the subject of considerablglove-box filled with high purity Ar gas (@and HO
study in recent years [8]. During mechanical alloying <3 ppm).
the repeated deformation, welding and fracture of reac- The as-prepared powders were compacted under
tant particles during ball-powder collision events havel.5 GPa into cylinders of 5 mm height 8 5 mm di-
been shown to result in the formation of homogeneousmeter die inside the glove-box and then hot pressed
alloys from elemental starting powders. In this work under vacuum at 523-573 K and 1.5 GPa for 1-2 hours.
we distinguish between mechanical alloying, which re-Post-consolidation annealing of 0.5-1.5 hours duration
sults in thein-situ synthesis of alloys by high-energy was performed in argon at constant temperatures in the
ball-milling, and the powder blending procedure whichrange of 573-1073 K. The final density was greater
mixes and activates the reactants for subsequent hetltan 95% of theoretical. The chemical compositions

0022-2461 © 2000 Kluwer Academic Publishers 613



measured by X-ray fluorescence analysis undervacuur 800 ~———————————
were Mns25AS475 and MnsoAssg for the ball-milled 600
and powder blended specimens, respectively.

The structure of the as-prepared powders and spec 490
imens was examined by electron microscopy using<. 200
a Philips EM430 transmission electron microscope, 2
by X-ray diffraction using a Siemens D5000 diffrac- £
tometer and by optical microscopy. Magnetic measure: =
ments were performed in a vibrating sample magne- =
tometer (VSM 3001, Oxford Instruments) equipped :
with a 12T superconducting solenoid. The temper- -600F
ature and magnetic field ramps were conducted a ., b. . 0.0
5 K/min and 200 Oe/s, respectively. The hysteresis -120 -80  -40 0 40 80
loops were corrected for demagnetisation. The ferro- Field (kOe)
mag_netlc tra.nSItlon was also characterised by Cal_oni:igure 2 Magnetisation curves &t = 292 K for mechanically alloyed
metric (Perkln-EImer DSC'4) and thermal expansiony,as: (a) as-milled; (b) hot-pressed; (c) annealed 623 K/1.5 h; (d) an-
(NETZSCH 402EP) measurements. nealed at 773 K/0.5 h.
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the paramagnetic B31 phase to the ferromagnetic B8
3. Results and discussion phase. On decreasing the field, the reverse-B&831
3.1. Mechanically alloyed samples transformation occurred at a lower field than the for-
X-ray diffraction patterns of samples mechanically al-ward transformation. Both the change in magnetisation
loyed for 12 hours are shown in Fig. 1. Mechanical al-and the field hysteresis between the forward and re-
loying for 12 hours resulted in the formation of MnAs verse transformations increased with increasing heat
having the orthorhombic MnP-type phase. Additionaltreatment temperature.
minor peaks corresponding to an unidentified interme- In Fig. 3 measurements of the temperature depen-
diate phase were also present. After hot pressing onlgence of the low fieldi =1 kOe) magnetisation are
peaks associated with MnAs were present. Apart fronshown for the hot pressed sample. The abrupt increase
peak sharpening, further heat treatment had little efin magnetisation at-270 K during cooling is asso-
fect on the diffraction patterns. A minor Mn peak was cCiated with the forward ferromagnetic transformation.
present in all of the heat treated samples. This value of the Curie temperature is almost 40 K

The effect of heat treatment on the magnetizatiorlower than values previously reported in the literature

curves of the mechanically alloyed samples is showrior MnAs [1, 2, 4, 5, 9]. A similar depression at in
in Fig. 2. The magnetisation curves of the as-milledmechanically alloyed MnAs has been recently reported
samples showed a very small ferromagnetic compoby Weeet al. [10]. The decrease iff; in mechani-
nent neaH = 0, which was due to contamination from cally alloyed samples appears to be due to the partial
Fe picked up during milling. In samples which were substitution of Fe in MnAs during heat treatment. In
hot pressed, or hot pressed and heat treated at 623 tke present study the Fe content of mechanically al-
an abrupt increase in magnetisation was observed deyed samplesis estimated to be 0.43wt% Fe. The effect
reaching a critical field. This increase in magnetisatiorof small composition changes on martensitic transfor-
is associated with the field induced transformation frommation temperatures is well documented in MnAs and

other alloys [11]. With MnAs, partial substitution of Fe

appears to be useful tool for shiftirig towards lower
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Figure 1 X-ray diffraction patterns of mechanically alloyed MnAs: (a) Temperature (K)

as-milled for 12 h; (b) after hot-pressing at 573 K; (c) hot pressed and

annealed at 623 K for 1.5 h; (d) hot pressed and annealed at 773 K fofigure 3 Magnetisation vs temperature for mechanically alloyed and
0.5h. hot-pressed MnAsH = 1 kOe).
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Figure 4 Effect of temperature on magnetisation curves for hot pressed

mechanically alloyed sample heat treated at 623 K. 26 (degrees)

Figure 5 X-ray diffraction patterns of powder blended MnAs: (a) as-
blended; (b) hot-pressed at 573 K; (c) annealed at 623 K for 1.5 h; (d)

Measurements of the effect of temperature on thennealed 773 K for 0.5 h; (e) annealed at 1073 K for 0.5 h.
magnetisation curves for a sample heat treated at 623 K
are shown in Fig. 4. In the ferromagnetic phase (below 600

270 K) values ofMs equal to 700 emu/ctnand co- . 3 ' [

ercivities equal to~350 Oe were obtained. As these g 400f

samples were nearly single phase (Fig. 1), the change £ -

in magnetisation may be taken as approximately equa £ 2001

to the saturation magnetisatiokls, of the ferromag- < C

netic phase, in good agreement with values previously § O

reported in conventionally prepared MnAs [5, 9]. b _2003 ’_—_’/ ]

.y . (2] = -1

The critical fields for the forward and reverse mag- = ; ]

netic transitions were found to increase linearly with 5 _400[ ]

increasing temperature in agreement with the Clausius- 2 I ]

Clapeyron relation for magnetic field induced first or- -6000L = P N I R I

der phase transitions. The magnetic field dependence ¢ -120 -80 -40 0 40 80 120

equilibrium Curie temperatur ® was determined to Field (kOe)

equal 0.59 K/kOe [10]. As shown in Fig. 4, bdh, and

the field hysteresm H, decrease with increasing tem- Figure 6 Magnetisation as a function of magnetic field at 292 K for

perature This behaviour has been shown [6] to be du owder blended MnAs: (a) hot-pressed; (b) hot pressed and annealed at
. . . 23 K; (c) hot d and led at 773 K.

to the tricritical behaviour of MnAs associated with the (©) hot pressed and annealed &

second order transformation to the paramagnetic NiAs-

type phase at-410 K. paramagnetic to ferromagnetic transition on reaching
a critical field, similar to that observed in the mechan-
ically alloyed samples. However, the lack of compo-
3.2. Powder blended samples sitional uniformity of the powder blended samples re-
X-ray diffraction curves corresponding to various sulted in reduced values of saturation magnetisation
stages in the preparation of the powder blended santelative to the mechanically alloyed samples. For sam-
ples are shown in Fig. 5. As would be expected, onlyples heat treated at 773 K, measurements of the effect
diffraction peaks corresponding to elemental Mn andof temperature on the critical transformation field gave
As were present after powder blending. Hot pressingd T/dH = 0.62 K/kOe [6], in good agreement with the
and heat treatment at 773 K were required to removénechanically alloyed samples. The powder blended
the major compositional non-uniformities in the pow- samples exhibited a. of 313 K, in good agreement
der blended samples. While MnAs was present after hovith previous studies of MnAs [1, 2, 4, 5, 9]. Since ce-
pressing, the samples heat treated below 773 K wergamic grinding balls were used in preparing the powder
still inhomogeneous, containing As, Mn, M&s and  blended samples, the higher valueTgfrelative to the
the unidentified intermediate phase which was preseriechanically alloyed samples may be taken as further
in the mechanically alloyed samples. Minor peaks cor-evidence thal; for the mechanically alloyed samples
responding to Mn, As and the intermediate phase werwas reduced by the presence of Fe originating from the
still presentin samples heat treated at 773 K and 1073 Koall mill.
Magnetisation measurements carried out on powder
blended samples after hot pressing and heat treatment
are shown in Fig. 6. All samples exhibited ferromag-3.3. Effect of transformation cycling
netic behaviour at room temperature. At temperaturegor both the mechanically alloyed and powder blended
above the Curie temperature, the samples exhibited samples, cycling resulted in no change to the magnetic
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properties or transformation temperatures. This beture, in agreement with the Clausius-Clapeyron rela-

haviour differs from that observed in alloys which ex- tion. Samples prepared by powder blending required

hibit thermoelastic martensitic transformations, whereheat treatment to form MnAs. Comparison of Curie

transformation cycling has been shown to significantlytemperatures for the mechanically alloyed and pow-

influence transformation temperatures or stresses [12{ler blended samples indicated that incorporation of Fe

Changes in transformation behaviour accompanyindgrom the ball mill in the mechanically alloyed samples

cycling generally result from changes in internal elas-caused a significant reductionig Transformation cy-

tic stress fields. The elastic stress fields developed ducling had negligible effect on the measurement3of

ing a diffusionless structural transformation are assoPowder blended samples exhibited an excellent resis-

ciated with volume changes and transformation sheatance to transformation induced cracking, as compared

The transformation stresses are well known to result ino mechanically alloyed samples.

localised plastic deformation which in turn modifies the

elastic stress fields. It may be argued that with MnAs

the brittle nature of the compound precludes any plasAcknowledgements
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