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We quantify and explain the effects of both anti-phase boundaries and twin defects in as-transformed t-
MnAl by carrying out micromagnetic simulations based closely on the results of microstructural char-
acterization. We demonstrate that magnetic domain walls nucleate readily at anti-phase boundaries and
are strongly pinned by them, due to anti-ferromagnetic coupling. Likewise, twin boundaries reduce the
external field required to nucleate domain walls and provide strong pinning potentials, with the pinning
strength dependent on the twinning angle. The relative strengths of the known twin defect types are
quantified based on the anisotropy angles across their boundaries. Samples that have undergone heat
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82D40 treatment are imaged using electron back-scatter diffraction. The precise crystallographic orientation is
mapped spatially and converted into a number of realistic finite element models, which are used to
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have a negative effect on the remanence coercivity and squareness. The maximum energy product
(BH)nax is therefore significantly lower than the theoretical limit of the material and much lower than
MnAl permanent magnets that have been further processed to remove twin defects. The knowledge
gained in this study will allow the optimization of processing routes in order to develop permanent
magnets with enhanced magnetic properties.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the recent search for new rare-earth-free hard magnetic
phases MnAl has gained particular attention due to the low cost and
high abundance of the raw materials required [1,2]. While not able
to compete with the incredible performance of sintered Nd-Fe-B
permanent magnets, which can have high maximum energy
products above (BH) ., = 400 KkJ/m® (50 MGOe), MnAl, which has
an estimated upper limit of (BH),,,, =100 kJ/m3, could form the
basis of a low cost class of general purpose permanent magnets
with good machineability, to compete with polymer bonded Nd-Fe-
B or ferrites [3,4].

A plot of approximate (BH) ., versus raw material price in $/kg
for various permanent magnet products is given in Fig. 1.' Typical

(BH) ax values and information on composition are collected from
the existing literature and from manufacturer data, depending on
availability [5—10]. It should be noted that although Sm-based
magnets turn out to be quite competitive as mid-performing per-
manent magnets, the critical supply status of Sm (as with all rare
earths) means that the price is likely to increase.

The proposed MnAl magnets consist of grains of the L1g-struc-
tured t phase, which is characterized by the presence of crystalline
defects such as twins [11—13], of which there are three different
types [14] and anti-phase boundaries (APBs) [15,16]. The micro-
structure is highly sensitive to the metallurgical state of the ma-
terial. APBs are observed after the phase formation but are absent in
hot deformed magnets [12] and the population of 2 of the 3
different twin-like defects is remarkably reduced in the hot
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Fig. 1. Room temperature (BH),,., as a function of approximate raw material costs for
the theoretical MnAl permanent magnet and experimental values for a selection of
common commercial permanent magnets. The raw material costs are a good indica-
tion of the relative cost of the manufactured magnets.

deformed state [14].

In the initial material, after the formation of the t phase the
coercivity is comparably low, which has been attributed to the
presence of APBs [17]. APBs may be responsible for easy nucleation
of domain walls but also act as domain wall (DW) pinning poten-
tials, due to a local reduction of the domain wall energy across an
APB [16]. APBs are created by a shear of the lattice of 1/2 [101] and
this leads to a shorter atomic spacing between Mn atoms at the
boundary, which may give rise to anti-ferromagnetic (AFM)
coupling. This divides the crystal into two anti-parallel ferromag-
netic regions.

Furthermore the impact of the complicated twinned structure
on the magnetic properties may act as pinning centers for domain
walls [11,18]. The orientation of the easy axis changes when
crossing the twin boundary and the misorientation angle depends
on the type of twin boundary. The strength of pinning interaction of
the 3 different types of twins with magnetic domain walls may
therefore be different and until now have not been determined.
Knowledge of this is a vital step in the development of rare-earth
free MnAl magnets.

The aim of the current work is to understand and quantify the
interaction of APBs and twins with domain walls in as-transformed
7-MnAl by carrying out micromagnetic simulations based closely
on the results of microstructural characterization. The knowledge
gained in this study will allow the optimization of processing
routes in order to develop permanent magnets with enhanced
magnetic properties.

2. Experimental work

A binary Mn-Al alloy with the nominal composition Mns4 Alsg
(at.%) was prepared by arc melting 99.99% pure Mn and Al under Ar
atmosphere. The composition of the ingot was checked using
chemical analysis and it was found that the difference between
nominal and actual composition was below 1 at.%.

As the cast material consists of a mixture of T and equilibrium v,

phases, a homogenization heat treatment at 1100 °C for 5 days
followed by quenching was carried out. For this, the as-cast mate-
rial was encapsulated in a glass tube which was evacuated to
10~* mbar and then filled with 150 mbar of pure Ar.

After homogenization, the microstructure of the material was
investigated using a Gemini Leo 1530 Scanning Electron Micro-
scope (SEM) and is shown in Fig. 2 (a) in backscattered electron
contrast. The microstructure consists of irregularly shaped grains
and many planar interfaces, as was observed for C-doped MnAl
elsewhere [14]. It should be noted that no indication of the occur-
rence of phases other than t was found using microscopy or with X-
ray diffraction measurements.

Electron backscatter diffraction (EBSD) was used to determine
the local crystallographic orientation at individual points on the
sample. A regular grid of measurement points with a spacing of
500 nm was chosen in the analysis region, yielding in total 40,000
data points. The resulting map of easy axis orientation is shown in
Fig. 2b, represented by the angle from the out-of-plane axis. From
the EBSD data, the interface distribution was calculated from the
misorientation of neighboring data points. It was found that the so-
called “true” twins have an angle of misorientation between the
magnetically easy, crystallographic c-axis on either side of the twin
boundary equal to 6 = 75.6° [14]. The spatial distribution of true
twin and other grain boundaries is visualized in Fig. 2c. Approxi-
mately 36% of the total interface length is represented by true
twins.

Fig. 2. Microstructure of Mns4 Alyg after homogenization at 1100 °C for 5 days and
subsequent quenching into water: (a) Backscattered electron image, (b) EBSD map
showing the orientation of the c-axis of T with respect to the out of plane direction, (c)
EBSD grain boundary map showing true twin (blue) with misorientation of the c-axis
of 0 = 75.6° and other grain boundaries (black) (The red rectangle shows the region
which was used for simulation). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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