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Defects of various kinds strongly affect local magnetic anisotropy and thus play a crucial role in coercivity
in high-performance permanent magnets. In particular, in rare-earth-free permanent magnetic alloys with L1,
structure microstructural defects deserve special attention. In this work, we report on the “negative” effect of
twin structure, and the “positive” effect of dislocations on the coercivity is clarified in a systematic experimental
study of L1y-MnAl alloys. We find that the nucleation of magnetization reversal is preferentially activated along
the twin boundaries and grows into the twin stripes. This suggests that twin structure reduces the domain wall
nucleation field, so that the coercivity decreases by approximately 50% according to the direct comparison
of twin-free and twinned magnets. In contrast, dislocations dramatically enhance the coercivity by acting as the
pinning center, and a high density of dislocations can modify the dominant coercivity mechanism from nucleation
to pinning in severely deformed MnAl magnets. With a decreasing dislocation density, the pinning field remains
as a constant while the coercivity reduces monotonously, indicative of the “strong pinning” effect of dislocations
on the magnetic domain wall, generating a positive correlation between coercivity and density of dislocation.
High coercivity from 424 to 328 kA/m is obtained in deformed and annealed magnets with different densities of
dislocations. Thus, the combination of eliminating twin structure and introducing high-density dislocations could
overcome the present bottleneck in magnetic performance. This work may inspire avenues for the development
of L1, rare-earth-free permanent magnetic alloys, and set up a pathway for accelerating the application process.
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I. INTRODUCTION

Permanent magnetic materials are already and will be
under increasing demand in many high-tech applications,
especially as they enable highly efficient advanced energy
conversion and energy recovery devices [1]. The replacement
of fossil-fuel-based transportation by electric motors based
on high-performance permanent magnets is one of the main
drivers in the market [2,3]. Magnets allow one to minimize
the weight and volume of devices and to realize highly ef-
ficient wind power generation and plug-in hybrid vehicles,
etc. [2-4]. Rare-earth-based permanent magnets (mostly Nd-
Fe-B) and ferrite permanent magnets dominate the global
market, occupying approximately 90% of the share in terms of
market value [2,5]. The rare-earth-based Nd-Fe-B permanent
magnets [with (BH)m.x of 350 — 440kJ/m? and theoreti-
cal (BH)M® = 512kJ/m?] often require substantial usage of
heavy rare-earth elements (Dy and Tb) or strategic element
Co, resulting in ultrahigh costs [2]. The ferrite permanent
magnets on the other hand have relatively low magnetic
properties by theoretical analysis [(BH )" = 45kJ/m?] and
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experiments [(BH )ma, < 34kJ/m?] [1,6]. Therefore, alter-
native candidate systems of relatively low cost and high
performance are needed to plug the gap between rare-earth-
based permanent magnets and ferrites [1,5]. The obtaining
of high performance of rare-earth-free magnets is a difficult
but not impossible task, and the feasibility of it has also been
proved [4].

Several rare-earth-free permanent magnetic candidate sys-
tems with L1 crystal structure have been studied, including
MnAl, MnGa, FeNi, FePt, FePd, FeCo, etc. All of them show
attractive intrinsic properties, as summarized in Table S1 in
the Supplemental Material [7]; also see [8§—15], but the under-
standing of the coercivity mechanisms responsible for their
hard magnetic properties is still unsatisfactory or even the
basic knowledge to induce coercivity at all is hardly existent.
Based on the previous studies, ideal nano- or microstructure
should be possessed for obtaining acceptable extrinsic char-
acteristics [16]. However, the influence of specific features
of microstructure on coercivity is highly ambiguous. For in-
stance, the twin structure is a common microstructural feature
in L1, alloys [8,17,18], and is formed during the solid-state
transformation from the high-temperature face-centered-cubic
or closely compacted hexagonal phase with high symmetry to
the ferromagnetic L1, phase with low symmetry [8,18-20].
The typical morphologies of twin structures in L1o-MnAl
including nanotwins and macrotwins are shown in Fig. 1,
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FIG. 1. (a) TEM image showing the nanotwin structure in L1yo-MnAl alloy. (b) Optical morphologies showing the macrotwin structure in

L1,-MnAl alloy.

and previous works also reported the twin structure in other
L1y alloys [8,18,21,22]. In MnAl, the high-temperature par-
ent phase has several equivalent shearing directions so the
isotropic self-accommodated twin structure is always formed
after transformation of parent phase to ferromagnetic L1y
phase [19]. In FePt, FePd, and CoPt alloys, the lattice misfit
between the cubic and tetragonal phase induces the formation
of twin structure leading to minimizing the strain energy [23].

Since the 1970s, the effect of twin structure on magnetic
properties has been investigated, but it still remains con-
troversial. Jakubovics et al. [24] and Landuyt et al. [25]
proposed that the twin boundaries act as a pinning center
for domain wall movement in MnAl permanent magnet ma-
terials, contributing to the coercivity. Klemmer et al. [8]
and Vlasova et al. [22] reported that high density of twin
structure was likely to degrade the coercivity in L1y FePd,
CoPt, and FePt alloys. Tanaka e al. [19] related magnetic
softening to the polytwin structure formed in L1(-FePt alloys,
rejecting the pinning effect of twin structure. Recently, Bance
etal. [26] showed, using micromagnetic simulations, that twin
structure will deteriorate coercivity, squareness, and energy
product.

However, despite the vast literature on this topic, due to
the absence of the effective method of regulating the twin
structure in these L1y alloys, it is very difficult to directly
compare the performance between twin-free and twinned al-
loys, realizing the role of twin in magnetic properties. Besides
the twin structure, the confirmation of “positive” or “negative”
effects of other microstructural features on coercivity are also
required, so that positive microstructure could be introduced
into the L1y systems in order to further enhance the coercivity.
The understanding of the function of the defects is of crucial
importance in promoting the application of the L1 rare-earth-
free permanent magnets.

In this work, we focus on Mn-Al permanent magnetic
alloys because their cost is much lower than FePt, CoPt, FePd,
and MnGa, etc., and the L1, phase is relatively easier to
obtain compared with MnGa and FeNi alloys [5]. The inves-
tigations on Mn-Al alloying show that doping of transition
alloys generally decreases the stability and intrinsic magnetic
property, while a carbon atom will stabilize the L1, phase and
introduce a tiny effect on properties [27,28]. In this work, the
composition of (Mng s4Alg46)97C3 is chosen for a compre-
hensive study, because the solubility of carbon in Mn-Al is
approximately 3%, and the alloy with this composition has

been reported by Zhao er al. [27] to have optimal thermal
stability. We illuminated the function of microstructural fea-
tures including twin structure and dislocations in coercivity
and the corresponding hardening mechanism. The compar-
ison in magnetic properties between twinned and twin-free
magnets and interaction between twin boundaries and domain
wall motion process indicate the effect of twin structure on
the coercivity mechanism. Furthermore, the dislocations were
proved to enhance the coercivity significantly by acting as
pinning centers and modifying the coercivity mechanism from
nucleation dominated to pinning dominated. This work may
promote the understanding between microstructure defects
and performance in L1, rare-earth-free permanent magnets,
and open avenues to overcome the current bottleneck in the
magnetic performance of rare-earth-free magnets.

II. EXPERIMENT

The original (Mng s4Alg.46)97C3 ingots were prepared in
a nonconsumable arc melting furnace under Ar atmosphere.
The ingots were melted and then cast into a copper mold to ob-
tain rods with the diameter of 7 mm. The preparation methods
of an A3 phase single crystal, the twin-free, and twinned bulk
samples were described previously in detail in Ref. [29]. Both
the twin-free and twinned bulk (Mng s4Alp.46)97C3 samples
were gently ground in an agate mortar by using an agate
pestle. Subsequently, the particles were mixed with epoxy
and aligned under a magnetic field of 1.6 MA/m to fabri-
cate the oriented bonded magnets. The severely deformed
samples were prepared by the high-pressure torsion (HPT)
method under a pressure of 5 GPa. The schematic diagrams
of the HPT method and the microstructure before and after
deformation, as well as the picture of the deformed samples,
are shown in Fig. S1 of the Supplemental Material [7]. The
microstructures were observed by a LEICA DM4000 opti-
cal microscope, and a JEOL 2100F and F20 field emission
transmission electron microscope (TEM). The phase analysis
and orientation confirmation were performed by D/max 2500
x-ray diffraction (XRD) with Cu K« radiation (A = 0.154
nm). The crystal texture and defects density are investigated
through electron backscattered diffraction (EBSD) measure-
ment of a Zeiss Sigma 300 field emission scanning electron
microscope (SEM). The magnetic properties were measured
in a physical property measurement system (PPMS), under
the maximum magnetic field of 4.8 MA/m at 300 K. The
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FIG. 2. (a,b) Morphologies of the bonded magnets using the (a) twin-free particles and (b) twinned particles by optical microscopy; the
inset figures are the enlargement of a corresponding particle. (c,d) Distribution of the particle sizes of (c) twin-free and (d) twinned magnets;
the inset in each figure is the schematic figure of the microstructures of the corresponding magnet.

evolution of magnetic domain structure during the magnetiza-
tion and demagnetization processes was observed in an Evico
Magnetics magneto-optic Kerr effect (MOKE) microscope
and JEOL 2100F Lorentz transmission electron microscope
(LTEM).

III. RESULTS AND DISCUSSION
A. Influence of twin structure on extrinsic magnetic properties

Figures 2(a) and 2(b) show the microstructure of twin-
free and twinned textured MnAl powders; the axis of texture
is perpendicular to the observation plane. All fragments are
uniformly distributed in the epoxy matrix without inhomoge-
neous local aggregation. Figures 2(a) and 2(b) also show that
the twin-free and twinned microstructures are still inherited
from the original bulks after milling. The schematic figures of
the microstructures of the two magnets are inset in Figs. 2(c)
and 2(d). It is well known that the magnetic properties are
sensitive to the particle size (grain size) in permanent mag-
nets [30,31]. In this work, both magnets have approximately
equal particle size, as proven by the particle size distribution
curves in Figs. 2(c) and 2(d). Therefore, we can unequivocally
compare the coercivity of twinned and twin-free particles
10-15 um in size.

Figures 3(a) and 3(b) compare the room-temperature
hysteresis loops of twin-free and twinned MnAl magnets mea-
sured along two directions: parallel and perpendicular to the
external magnetic field. The local enlargement figures within

the range from —1200 to 1200 kA/m are shown, and the
coercivity as well as the remanence ratio of the magnets are
summarized in Table I. It is obvious that the coercivity is
rather sensitive to the presence of twin structures. The coerciv-
ities of the twin-free magnet are Hcyy = 200 kA/m and Hc, =
277.6 kA/m, corresponding to the directions of parallel and
perpendicular to the external magnetic field. The values are
both approximately two times larger than those of a twinned
magnet with Hey = 105.6kA/m and He, = 146.4kA/m.
Moreover, the coercivity of our twin-free magnet is almost
two times higher than that of twinned melt-spun ribbons with
the grain size of ~2 pum, and it even approachethat of ball-
milled Mn-Al-C powders with subcrometer particles (about
240-320 kA/m [27,32-35]). The comparison directly reveals
that the elimination of twin structures is significantly bene-
ficial to coercivity. Both of the hysteresis loops from —4.8
to 4.8 MA/m of twinned and twin-free magnets are shown
in the insets in Figs. 3(a) and 3(b). The two magnets show
similar magnetization behavior under high external magnetic
field, and the hysteresis loops along and perpendicular to the
texture direction are indistinguishable beyond 4 MA/m.
Besides the coercivity, the twin structures are also unfa-
vorable to the remanence performance and anisotropy. Based
on the shape of hysteresis loops and data shown in Table I,
it is worth noting that the remanence can be dramatically
enhanced via the elimination of twin structure. The remanence
of a twin-free magnet is ~ 70 Am?/kg along the parallel
direction, nearly 60% larger than 44 A m?/kg of the twinned
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FIG. 3. (a,b) Magnetic hysteresis loops of (a) twin-free magnet and (b) twinned magnet, measured along and perpendicular to the direction
of texture at 300 K. (c,d) Initial magnetization curves of (c) twin-free magnet and (d) twinned magnet, measured along and perpendicular to
the texture at 300 K. (e) The room-temperature XRD patterns of the cross-section surface of twin-free and twinned magnets; the XRD patterns
of the isotropic as-annealed bulks and standard pattern of the L1, phase are also added for comparison. (f) The comparison of crystallographic
orientation and remanence ratio of the MnAl magnets obtained in this work with literature data [31,32,35,37-41].

magnet. The twin-free magnet shows relatively strong texture,
while the twinned magnet shows almost isotropic behavior,
which is also demonstrated by the difference in energies of
magnetic anisotropy (the area of the region bounded by the

TABLE I. Coercivity and remanence ratio of the twinned and
twin-free magnets along different directions.

Twin-free Twinned
H.; (kA/m) 200 105.6
H., (kA/m) 277.6 146.4
M, /M, 0.63 0.38
M, /M 0.30 0.24

magnetization curves along parallel and perpendicular direc-
tions) in the initial magnetization curves; see Figs. 3(c) and
3(d).

Room-temperature XRD patterns of the twin-free and
twinned magnets, and for comparison, the standard pattern
and the pattern of isotropic twinned as-annealed bulk alloy,
are also depicted in Fig. 3(e), in order to show the effect
of twin structure on the magnetic anisotropy in L1p-MnAl
magnets [36]. The twin-free magnet has a strong [001] texture
which is reflected by the relatively high intensity of (001)
and (002) peaks, while for the twinned magnet and isotropic
twinned bulk, the relative intensities of the peaks are basically
in accordance with those of the standard pattern, indicating
that almost no preferred orientation is realized in the twin-
containing MnAl alloys. This result also supports the shape of
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FIG. 4. (a) TEM image showing the morphology of twin structures of MnAl alloys. (b)The SAED pattern of the twin structure. (c)
EBSD map of as-annealed L1yo-MnAl. (d) Pole figure of as-annealed L1yo-MnAl from three different crystallographic axes. (e) Histogram
of misorientation angle. (f) Crystallographic phase relations between high-temperature A3 phase and low-temperature L1, phase [19]. (g) The
twinning plane in L1, MnAl alloys. (h) A schematic figure showing the atomic distribution nearby a twin boundary. It should be mentioned
that we only show the condition that the atomic ratio Mn:Al=1:1 for convenience.

the M-H hysteresis loops and the initial magnetization curves.
Here we use the intensity ratio of lygy /1110 to visually reveal
the orientation degree of these magnets, as shown in Fig. 3(f).
The value significantly increases from 0.09 for twinned bulk
and 0.20 for a twinned bonded magnet to 0.93 for twin-free
magnet.

We summarize Iygy /1110 and the remanence ratio of MnAl
magnets prepared by multiple methods including annealing,
directional solidification, ball milling, melt spinning, spark
plasma sintering, cold working, gas atomization, etc., in
Fig. 3(f) [31,32,35,37-41]. As one can see, all of the twinned

magnets show relatively low values of Iy, /1119 together with
weak remanence. Thus, the preferred [001] orientation ac-
companied by much higher remanence is realized only in
a twin-free magnet via the elimination of twin structure.
Therefore, the existence of twin structure is a critical factor
which prevents the achievement of high remanence in MnAl
magnets. The relevant mechanism is discussed in the Supple-
mental Material [7].

To uncover the microstructure of twins, TEM analysis was
performed, as displayed in Fig. 4(a). Obvious stripe-shaped
lamella morphologies indicate the twin structures in the al-
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loy. The crystal structure of the twins was analyzed by an
electron diffraction (SAED) pattern [the yellow circle region
in Fig. 4(a)] with the electron beam direction is along the
[111], axis of L10-phase as shown in Fig. 4(b). The twinning
plane is detected to be (101), which is in agreement with the
observation from Palanisamy et al. [17] and Miillner et al.
[19]. It should be mentioned that we have collected the SAED
patterns from over ten regions which have twins, and (101)
orientation of the twinning plane is well reproducible.

EBSD images were adopted to further characterize the
microstructure in twinned MnAl alloy, as shown in Fig. 4(c).
The pole figures from different crystallographic directions in
Fig. 4(d) indicate the isotropic feature in the twinned sample,
in accordance with the XRD patterns. In Fig. 4(c), obvious
twin structures with straight twin boundaries can be seen;
also some red lines with negligible difference in crystallo-
graphic orientation between the two sides of the lines could
be detected, as marked by white arrows. According to the
histogram of the grain misorientation angle in Fig. 4(e), the
grain misorientation angles concentrate on two regions: 1°—
3¢, representing the small angle grain boundaries which are
shown as red short lines in Fig. 4(c); and 74°-77°, represent-
ing the twin boundaries.

Based on the above results, the structure of the twins in
L1yp-MnAl can be established by analyzing the orientation
relationship between the parent A3 phase and the L1, phase.
According to the shearing mode of A3 — L1, phase transfor-
mation raised by Miillner et al. [19], the relationship between
A3 phase and L1, phase could be expressed in Fig. 4(f). The
habit plain is (101), and the shearing directions are sixfold
equivalent (101) directions, as indicated in Fig. 4(g). There-
fore, the schematic two-dimensional figure (viewing from the
[010] direction) of the twin structure can be plotted, as shown
in Fig. 4(h). Based on the XRD pattern, the lattice parameter
of the L1y phase could be calculated to be a = 0.277 nm,
¢ = 0.354 nm. Therefore, the easy magnetization [001] axes of
the adjacent twin variant form an included angle of about 76°,
which perfectly fits the EBSD results. This included angle of
[001] axes in twin structures is the key factor in preventing the
realization of high remanence in permanent-magnetic alloys
with L1y lattice structures. Meanwhile, twin structure locally
deteriorates the anisotropy of the bulk L1y,-MnAl, which is
partly responsible for the decline of coercivity and will be
discussed as follows.

Although numbers of works focus on the twin structure in
L1j magnets, the coercivity is derived from the twin structure.
To uncover the mechanism, the interaction between the twin
structure and the magnetic domains during magnetization and
demagnetization processes were analyzed by in situ MOKE
images, as shown in Fig. 5. It is obvious that twin variants
can be observed via light and shade contrast in all the MOKE
images, and the morphology of the domain structure can be
seen inside the variants with a weaker contrast. Figures 5(a)—
5(i) correspond to the data points 1-9 on the magnetization
and demagnetization curve of Fig. 5(j). Figure 5(a) shows
the initial magnetic domain structure with stripe magnetic
domains, and the direction of the applied external magnetic
field is marked by a yellow arrow in the bottom part of
Fig. 5(a). With the application of magnetic field, the domain
wall propagation starts from one twin boundary of the twin

variants, as indicated by the yellow arrows in Fig. 5(b). As the
external field increases, the domain walls depart one side of
the twin boundaries and propagate to the other twin boundary
of the variants. The domain wall propagation has been finished
when the magnetic field reaches 277.68 kA/m, according to
the criterion of homogeneous color in each variant, as shown
in Fig. 5(d). During the backward demagnetization process
from the saturation state, the prior location for the reversed
domains’ nucleation is also the twin boundary, as marked by
the yellow arrow in Fig. 5(e). As the magnetic field further re-
duces, the domain wall propagation and new reversal domains
from twin boundaries can be observed clearly in Fig. 5(f).
Afterwards, more reversal domains nucleate and grow up from
the twin boundaries to the inner part of each variant. When the
external magnetic field drops to 0 kA/m, the magnetic domain
structure recovers to the initial state, as shown in Fig. 5(i).

In order to highlight the evolution of magnetic domains,
local enlargement sketches of a certain region inside the yel-
low rectangle in Figs. 5(a)-5(i) are shown in Fig. 5(k), 1-9,
which overlook the contrast between the twin variants and
can clearly demonstrate the contrast of magnetic domains
without distortion. The gray line stands for the twin boundary
and these figures clearly indicate the effect of twin boundary
on the magnetic domain nucleation during the magnetization
reversal process. Figure 5(1) schematically explains the rea-
son for four-color contrast in the domain morphologies in
Figs. 5(a)-5(i). Without applying an external magnetic field,
easy axes in the two adjacent twin variants have an included
angle of ~76°, resulting in four types of 180° domains with
different spontaneous magnetization directions. This is the
reason why we can observe four different gray scale contrasts
in the MOKE images. With the increasing of the magnetic
field, the domain wall motion process is triggered in priority.
Therefore, in each twin variant, the domains with the easy
axes closer to the external field [yellow and red areas in
Fig. 5(i)] are energetically preferred and they tend to grow
up. Inversely, the remaining two types of domains gradu-
ally shrink. When the external field is H = 277.68 kA/m,
each twin variant has a homogeneous color, because the
“preferred” domains have occupied the whole variants with
uniform magnetization direction; this results in two-color
contrast in Fig. 5(d). However, this field is still far away from
the anisotropy field which is over 3.2 MA/m. It means that
this field provided by MOKE microscopy is insufficient to
complete the domain rotation process, so the easy axes of the
domains in the adjacent twins are still not uniformly aligned
along the external field. Therefore we can still observe two
different colors in Fig. 5(d).

For multiscale investigation of the interaction between the
twin boundaries and magnetic domains, the observation of
magnetic domains was carried out by Lorentz TEM. The max-
imum external magnetic field reaches 80 kA/m, but the severe
astigmatism affects the observation when the external field is
larger than 48 kA/m; therefore only the figures of the magnetic
field below 48 kA/m appear here. Microstructure and in situ
evolution of magnetic domains are shown in Figs. 6(a)-6(h);
these figures correspond to the points 1-8 on the curve in
Fig. 6(i), with the magnetic field direction indicated by the
yellow arrow in Figs. 6(a) and 6(e). In order to illustrate the
interaction between the twin boundary and the domain wall,
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the schematic diagrams of magnetic domain evolution process
are shown in Figs. 6(j) and 6(k). These sketches are made for
the regions of Figs. 6(a)-6(h) inside the yellow rectangles, and
the dotted lines correspond to the twin boundaries. Figure 6(j)
shows the magnetization process with the growth of domains
along the twin boundary (green line). When the magnetic field
is 16 and 32 kA/m, the extension of the domains is tiny, while
a huge leap occurs when the magnetic field reaches 48 kA/m;
however, the magnetic domains in other areas far away from
twin boundaries do not move. The backward demagnetization
process is shown in Fig. 6(k) (the morphology under —8 kA/m
does not change compared with 0 kA/m; therefore only points
5,7, and 8 are shown here). When the magnetic field increases

to —16 kA/m, remarkable changes have taken place, which in-
dicates the growth of reversal magnetic domains near the twin
boundary. It is worth noting that the direction of the domain
wall movement is always perpendicular to the twin boundary,
and it is independent of the direction of the external magnetic
field. Hence, the interaction area between the twin boundary
and domain wall occurs in the white circles in Figs. 6(j) and
6(k), which show very weak pinning and strong nucleation
effects, and this is consistent with the results illustrated by
micromagnetic simulation [26].

According to these in situ MOKE and Lorentz TEM im-
ages, the twin boundaries are demonstrated to act as an initial
site for magnetic domain nucleation during the demagnetiza-
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FIG. 6. (a-h) Lorentz TEM figures showing the magnetic domains and microstructures during magnetization and demagnetization
processes in twinned MnAl alloys. (i) Magnetization and demagnetization curve under the LTEM observation condition. (j,k) Schematic
figures of magnetic domain evolution of the region of yellow rectangles in LTEM figures during the (j) magnetization and (k) demagnetization
process selected from and corresponding to the data points 1-8 on the hysteresis loop.

tion process, reducing the coercivity of MnAl magnets. This
observation can be extended from L1p-MnAl to other L1,
permanent magnets, where the twin structure plays a similar
role, resulting in a negative effect on the coercivity, which is
similar to the strain effect in the study of Yi et al. [42] and the
inhomogeneous grain structure investigated by Schrefl et al.
[43] on the coercivity. Klemmer ef al. [8] and Vlasova et al.
[22] predicted the degradation of coercivity in FePd, CoPt,
and FePt L1, alloys may be induced by the high-density twin
structure. Here we acquire the direct and credible evidence of
the negative role of twins in L1yp-MnAl alloys. Moreover, in
some other hard magnetic systems such as rare-earth-based
permanent magnets, the twin structure can also play a sim-
ilar role. The “twinlike” structure in 1:12-NdFeTi alloys is
also indicated to be the nucleation center during the reversal
process, and accounting for attenuation of the coercivity [44].
Meanwhile, no proof about the pinning effect of twin structure

has been observed. Hence, the twin structures promote the
nucleation of reversal magnetic domains rather than improve
the coercivity by the weak pinning effect. Bance et al. [26]
provided a similar conclusion indicating that the angle be-
tween adjacent variants’ easy magnetization axes as well as
the angle between the easy magnetization axis and applied
field facilitates the formation of the domain wall rather than
the uniform state. In addition, the nucleation field will never
be lower than the field required to depin the domain wall
from the twinning region according to the calculation, called
weak pinning and strong nucleation, therefore degrading the
coercivity of L1yp-MnAI magnets.

B. Effect of dislocation on the coercivity and the mechanism

As reported in the previous section, L1p-MnAl demon-
strates a typical nucleation mechanism of coercivity [45]. In
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nucleation or pinning mechanism of coercivity.

Fig. 7(a), the initial magnetization curves of several typical
MnAI magnets including melt-spun ribbons, directionally so-
lidified specimen, hot-deformed bulk [46], and as-annealed
samples, are shown. All these preparation processes, phase
composition, grain size, defect types, and coercivity mech-
anism are described in detail in Table II. The grain sizes
of these types of magnets are generally larger than the
critical single domain size of 773 nm [46]. The correspond-
ing dM/dH curves of magnetization curves are depicted
in Fig. 7(b). A typical signature of the nucleation mecha-
nism is high initial magnetic susceptibility when the samples
are magnetized from the thermally demagnetized state. For

the hot-deformed, directionally solidified, melt-spun, and an-
nealed samples, the maximum of dM/dH appears at low field,
and the coercivity is generally lower than 240 kA/m. However,
peak values of dM/dH of the ball-milled and high-pressure-
torsion samples appear at much higher fields (320-480 kA/m),
indicating the strong pinning effect with the consideration that
the grain size of ball-milled and high-pressure-torsion MnAl
magnets is over 500 nm or even reaches several micrometers
according to the extension length of twin strips, which is
larger than the critical size of single domain. As a result, these
samples can have much higher coercivity of 320-400 kA/m
than the nucleation-dominated samples. Therefore, it is

TABLE II. The preparation process, phase composition, grain size, defect types, and coercivity mechanism of melt-spun ribbon, direction-
ally solidified bulk, hot-deformed sample [46], as-annealed bulk, ball-milled powders, and HPT specimens.

Description of Phase Grain size Coercivity
Preparation methods preparation process composition (um) Defect types mechanism
Hot deformed [46] 1. Induced melting L1, and small 1-20 Twins Nucleation
2. 1100 °C for 2 days amount of 8
3. Hot extracted at 680 °C
Directionally solidified 1. Vacuum arc melting L1y 50-200 Twins Nucleation
2. Cast as a ¢7 rod
3. Bridgman directional solidification
Melt spun 1. Vacuum arc melting L1y 2-10 Twins Nucleation
2. Melt spinning
3. 500 °C for 12 min
As annealed 1. Vacuum arc melting L1, 200 Twins Nucleation
2.1050°C for 10 h
3. 500 °C for 15 min
Ball-milled 1. Vacuum arc melting L1y 1-5 Twins and Pinning
2.1050°C for 10 h dislocations
3. 500 °C for 15 min
4. Ball milling for 2 h
HPT 1. Vacuum arc melting L1y 0.5-10 Twins and Pinning
2.1050°C for 10 h dislocations

3. 500 °C for 15 min
4. HPT under 5 GPa
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L1,-MnAl alloys.

necessary to introduce a new pinning center in the system to
improve coercivity.

For L1yp-MnAl alloys, the domain wall width could be
calculated by the equation as follows:

perfE 1

The exchange stiffness constant A is determined to be 2.42 x
10~'1J/m? in Ref. [46]; the magnetocrystalline anisotropic
constant K of L1p-MnAl is 1.53MJ/m?, as summarized in
Table S1 of the Supplemental Material [7]. Using Eq. (1),
the domain wall width is calculated to be 12.49 nm. Ac-
cording to domain wall pinning theory, the pinning defects
should be of the size of 8, [45]. Zhao et al. [47] proved
that significantly enhanced coercivity could be realized by
introducing the nanoprecipitates with a size smaller than 20
nm. For this reason, dislocation could be a suitable candidate
to act as a pinning center, because they can be easily obtained
and controlled by deformation and annealing treatment. As
displayed in Table II, the magnets with only twin defects show
a nucleation type coercivity mechanism, while the appearance
of dislocations can induce a strong pinning effect inside. Ball-
milled powders show pinning characteristics to some degree
with a pinning field of about 320 kA/m [see Fig. 7(b)], which
could be attributed to severe plastic deformation. Moreover,
the MnAl magnet, which was obtained by high-pressure tor-
sion (HPT, reveals an even stronger pinning effect with a field
of nearly 480 kA/m. Therefore the HPT-MnAl alloys were
selected as the object to analyze the impact of dislocation

structure on the magnetic properties and the corresponding
mechanism.

The XRD patterns of the L1y-MnAl before and after
HPT deformation are shown in Fig. 8(a). No decomposi-
tion happens during the deformation process, and the local
enlargement of the patterns indicates the broadening of the
diffraction peaks, which suggests high density of strain after
HPT; besides, the peak left shift is attributed to the macro-
scopic residual stresses, leading to the contraction of the
crystal lattice [48]. For illustrating the appearance of lattice
strain induced by HPT of samples directly, the Williamson and
Hall method was employed [49], which obeys the equation as

1
= £&—

B 7
where B is the ratio of XRD peak area and height, 6 is the
scanning angle, and A represents the wavelength of the x ray.
On the right side, ¢ means the internal lattice strain and d
is the interplanar spacing. Figure 8(b) shows the Scos6/A—1/d
curves of L1o-MnAl before and after HPT, of which the slopes
indicate the magnitude of lattice strain. It is obvious that
there is a higher density of strain in the lattice of L1y-MnAl
after HPT. To clarify the existence of the lattice strain, the
micromorphology and high-resolution images were obtained
by TEM, as shown in Figs. 8(c) and 8(d). Ultrahigh density of
dislocation nets could be observed in the HPT sample as seen
by the dark contrast in Fig. 8(c). Figure 8(d) is the correspond-
ing TEM image, but the resolution is insufficient to obtain
information about the lattice, owing to the severe deformation.

cosd
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In order to get a better view, fast Fourier transform (FFT) and
inverse FFT (IFFT) were employed in the area enclosed by a
yellow square. The FFT pattern is displayed in the top right
of Fig. 8(d) and the only two diffraction spots that could be
recognized are selected for the IFFT image. The IFFT image
is shown in Fig. 8(e); the lattice fringe is clearly visible be-
cause other contrast information is eliminated during the [FFT
process. A large amount of dislocations and lattice distortion
defects can be recognized and most of the dislocations are
marked out by “T”-like symbols. It can be recognized that
the scale of the distortion region affected by dislocations is
1-10 nm, which is close to the width of the domain wall in
L1y-MnAl. Moreover, the distance between two dislocations
is also lower than 10 nm, which is far away from 100 nm in
other metallurgical states [38], indicating an ultrahigh density
of dislocations in HPT-MnAl, and can be responsible for a
strong pinning effect. Moreover, several dislocations gather
into some areas as displayed in the yellow dashed rectangles,
explaining the source of large lattice strain of HPT-MnAl. The
atomic structure diagram of dislocations in L1y-MnAl alloys
are plotted in Fig. 8(f), in which the Burgers vector b is <010].

A series of low-temperature annealing treatments (200 °C,
250 °C, 300 °C, 350 °C, and 400 °C for 10 min, respectively)
were made to regulate the density of the dislocations, in order
to investigate the effect of dislocation on the magnetic prop-
erties. The low temperatures are selected in order to avoid
the decomposition of the L1y phase and to form the differ-
ent densities of the dislocations. Figures 9(a) and 9(b) show
the XRD patterns of as-annealed HPT-MnAl specimens; no
additional diffraction peaks appear in the pattern after the an-
nealing treatment, indicating that no decomposition behavior
takes place. Meanwhile, the right shift of the peaks signifies
the reduction of the crystal lattice distortion generated from
macroscopic residual stress.

In order to reveal the relationship between microstructure
and annealing treatment, the microstructures and the corre-
sponding schematic diagrams are illustrated in Figs. 9(c)-9(f).
Two rows with indices 1 and 2 correspond to two types of
observation areas. The first area is suitable for observing
twin structure and the second one contains obvious grains
and dislocations. In both rows, the figures from left to right
correspond to the L1p-MnAl before HPT (c), after HPT (d),
HPT and annealed at 250 HPT deformation; the twin structure
is apparent and easily distinguished in Fig. 9(cl). Almost
no dislocation could be observed in the nondeformed sam-
ple, as exhibited in Fig. 9(c2). After HPT, the morphology
of twin structure becomes “blurry” and illegible because
of the deformation, as seen in Fig. 9(d1). In some areas,
the reticulated structure which has black boundaries starts
to appear, as marked by the yellow circle in Fig. 9(d2).
These are detected to be the dislocation nets, indicating that
severely plastic deformation does not change the phase com-
position, but introduces a high density of dislocations. After
the low-temperature treatment of 250 °C for 10 min, twin
laths become easier to distinguish than in the as-deformed
state, as shown in Fig. 9(el). Figure 9(e2) shows that the
areas with black contrast decrease, indicating the reduction
of dislocation density; furthermore, the morphology trans-
forms from dislocation nets to dislocation cells, as marked
by the yellow arrows and circles. The change of dislocation

morphology illustrates that, under low-temperature treatment
conditions, the migration and release of dislocations occur, but
the processes are not completed. With the further increase of
annealing treatment temperature up to 400 °C, twin structure
becomes clearly visible, as shown in Fig. 9(f1). As seen in
Fig. 9(f2), the dislocation cells disappear and only one dis-
location wall can be observed, suggesting the much lower
dislocation density. Dislocation distribution is schematically
indicated in Figs. 9(d3)-9(f3), accompanied with a decreasing
dislocation density.

For facilitating the analysis, quantifying the dislocation
density of samples with different conditions is necessary; thus
EBSD measurement was used. Figures 10(al)-10(gl) show
a set of Kikuchi patterns corresponding to different metal-
lurgical states as marked in every figure. The resolution of
Kikuchi patterns is directly related to the degree of order
of the lattice, and the distortion of the crystal lattice reduce
the sharpness of the pattern [38]. It is obvious that before
HPT, the pattern is of high quality but after deformation,
nearly no Kikuchi band can be recognized. Afterwards, with
the increasing annealing temperature, the quality of Kikuchi
patterns is gradually improved, so the quantitative dislocation
density can be analyzed based on the sharpness of the Kikuchi
patterns. Fast Fourier transformation (FFT) is a method for
analyzing the sharpness of an image through converting the
image to the frequency domain [50], and the results after FFT
are displayed in Figs. 10(a2)-10(g2). The radii of the center
of the bright spots are displayed in Fig. 10(h), indicating the
quality of the patterns, where the higher quality is accompa-
nied with larger radius and vice versa. The bright spots’ radii
are inversely proportional to the dislocation density, so the
reciprocal of the radii are calculated in Fig. 10(i), indicating
the relationship of the dislocation density of these different
metallurgical states. For verification of the calculation results
of dislocation density, a rough statistic of dislocations from
TEM images is made and also shown in Fig. 10(i). The results
of FFT calculation and TEM images statistics present the
same tendency, which confirms the evaluation of dislocation
density. It is clear that after HPT deformation, a large number
of dislocations are presented in the sample. After annealing
treatment, the density of dislocation gradually decreases with
the increasing annealing temperatures. As a consequence, a
series of L1o-MnAl with different dislocation densities were
obtained; the effect of dislocation on the magnetic properties
has been studied based on these samples.

The evolution of magnetic properties with decreasing dis-
location density is exhibited in Fig. 11. The room-temperature
magnetization curves in Fig. 11(a) illustrate the variation in
magnetization under 4 MA/m magnetic field (Mama/m), from
51 A m?/kg for the HPT sample to 90 A m? /kg for the sample
annealed at 400 °C. Since in L1p-MnAlI the magnetic ordering
depends on the Mn-Mn ferromagnetic coupling, which is sen-
sitive to the Mn-Mn distance [1], dislocations can introduce
the lattice distortion, leading to a higher possibility of antifer-
romagnetic coupling between local Mn-Mn atom pairs. This
results in the monotonous increase of magnetization under
4 MA/m with the reduction of dislocation density.

The dM/dH curves have a maximum at ~480 kA/m, that
corresponds to the pinning field, as displayed in Fig. 11(b).
Two pinning models have been developed to reveal the pin-
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ning mechanism, which are called strong pinning and weak
pinning, respectively [51]. Strong pinning means that under
the magnetic field close to Hp;p, the pinned domain wall starts
to move through a pinning site and will then be pinned by an-
other one (this is also called “pin by pin”). For weak pinning,
the domain walls will break away from all the pinning sites
simultaneously when the magnetic field reaches the critical
value. Evidently, the strong pinning mechanism is closely
correlated to the density of the pinning site, while weak pin-
ning is mainly decided by the pinning force of a single pin
and the range of interaction between the domain wall and
pinning site.

The comparison in pinning field of these samples with
different dislocation densities, shown in Fig. 11(b), indicates
that dislocation is likely to present strong pinning function
instead of weak pinning. Figure 11(c) shows the hysteresis
loops of the HPT and annealed samples. The obtained coer-
civity and magnetization, as well as the density of dislocation,
are summarized in Fig. 11(d). It is worth noting that the
dislocation density of the HPT MnAl magnet is set as the
standard value of 100%:; the relative dislocation densities of
other annealed samples were calculated based on the standard
value. The coercivity of the HPT MnAl magnet which con-
tains the dislocation nets is 424 kA/m. With the decreasing
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density and varied configuration of the dislocations, the co-
ercivity is gradually reduced to 400, 384, 344, and finally to
328 kA/m. Compared with MnAl magnets prepared by other
methods, the lowest coercivity in these samples still possesses
strong competitiveness and the magnetization is much higher,

indicating dislocation to be a kind of positive defect. The
correlation between coercivity and dislocation density also
supports the strong pinning model. In addition, the MOKE
images of the annealed bulk and HPT MnAl magnets shown
in Fig. S3 in the Supplemental Material [7] also support these
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results. Under these circumstances, dislocation with a positive
effect should be introduced into L1y-MnAl instead of negative
twin structure.

C. Discussion and outlook

Fundamentally speaking, as common crystal defects, both
twin structure and dislocations can a bring dual effect on coer-
civity in the single-phase permanent magnets, the reduction of
nucleation field, and the pinning effect. Recently, Zhao et al.
[52-54] proposed a self-pinning mechanism, explaining the
effect on the nucleation and pinning uniformly. This theory
indicates that crystal defect in a magnet affects the process of
nucleation and pinning simultaneously. The reduction of the
local magnetic anisotropic field will generate the nucleation
center of reversal domains on the location of defects, while
the reversal domains will also be pinned at the defects owing
to the gradient of magnetic parameters. When the external
magnetic field becomes higher than the pinning field, the
reversal domains propagate through the magnet. For twin
structure, previous calculation and our experimental results
suggest that the twins promote the nucleation process and do
not enhance the pinning field, thus degrading the coercivity.
This is because the symmetrical structure of twins locally low-
ers the anisotropy field, which is beneficial to the nucleation
of reversal domains. While there is no severe lattice distor-
tion or segregation, which weakens the difference between
the magnetic parameters of twin structure and the perfect
crystal lattice, the pinning effect is negligible. In contrast,
dislocations show a strong pinning effect which enhances
the coercivity. High density of dislocations will drastically
decrease the nucleation field, but at the same time the severe
lattice distortion is responsible for the pinning of the domain
walls. The reversal domains will not move until the magnetic
field is larger than the pinning field, which induces the huge
coercivity in a HPT deformed magnet.

The comparison in magnetic performance (coercivity and
saturated magnetization) between previous works and our
study is illustrated in Fig. 12. The magnetic properties of
L1yp-MnAl magnets obtained by different preparation meth-
ods, including ball milling and annealing, deforming, spark
plasma sintering (SPS), melt spinning, as-cast, and annealing
[28,31-34,55-60], are summarized in this figure. Besides,
the twin-free L1p-MnAl magnet investigated in this work as
well as the HPT and annealed L1yp-MnAl magnets are also
displayed on the graph. It is readily comprehensible that the
magnetic properties in the upper right region of the graph are
always superior to those in the lower left, based on which the
graph is divided into region I and region II. The upper left of
region I is filled by ball-milled powders, corresponding to a
high density of lattice defects with quite high Hc, and severe
lattice distortion leads to low M. The lower right part of
region 1 is filled by melt-spun ribbons and as-annealed bulks,
which generally present low density of defects to improve
M, but with plenty of twin structure to weaken Hc. The
center of region I is the as-annealed powders, as-deformed,
and SPS bulks, corresponding to more complicated and mixed
microstructure characteristics.

This work focuses on the regulating of microstructure by
controlling the dislocation density as well as the presence
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FIG. 12. The comparison of saturated magnetization and co-
ercivity between L1,-MnAl magnets obtained by a common
preparation method ( [28,31-34,55-60] and this work).

of twin structure, and this idea is proved to be beneficial to
optimize the comprehensive magnetic properties. Obviously,
our HPT and annealed MnAl magnets and the twin-free mag-
nets located at the right upper part of this figure correspond
to a better comprehensive magnetic performance. The com-
bination of these two methods should be the key emphasis
in future investigation of MnAl and other L1 rare-earth-free
permanent magnets.

Based on the results above, the future development of
the L1y permanent magnets requires the following two mi-
crostructural features:

(1) Absence of the twin structures.

(2) Nanograins with quite high density of dislocations.

However, most of the current fabrication methods can-
not realize the ideal microstructure. Zhang et al. [29]
have successfully obtained single-variant L1y-MnAl with-
out twin structure through thermal-mechanical coupling field
performed on high-temperature A3 phase single crystal, pre-
senting strong magnetic anisotropy. The earlier hot-extrusion
MnAI magnets which undergo the treatment of thermal field
and stress field simultaneously also show significantly bet-
ter texture than the other kind of MnAl magnets [46,61,62].
Therefore, using the thermal-mechanical coupled field to treat
the alloy with the high-temperature A3 phase is a possible
pathway to eliminate the twins in order to enhance the coerciv-
ity and remanence simultaneously. The severe deformation,
such as high-pressure torsion and equal channel angular press-
ing, has been proved to be able to form nanograins and
introduce high density of dislocations. Therefore, the high-
temperature severe deformation could be a promising method
to realize the two microstructural features simultaneously.
This method is considered to be the future fabrication method
of L1y rare-earth-free permanent magnets, which may be able
to promote their applications.

Both the above-discussed twin and dislocation structures
are extensively observed defects in various types of materi-
als. Actually, multiple types of microstructural defects have
been adopted as a tool to optimize the mechanical properties
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in structural materials [63-66]. Twin structures enhance the
ductility drastically by stress induced twinning or twin bound-
ary motion [63,64]; introducing dislocations can realize the
“dislocation-strengthening effect” [65,66]. Recently, tailoring
the physical properties via regulating the defects has also
become a research focus in functional materials [67-72]. In
ferroelectric materials, the pinning effect induced by dislo-
cations leads to the formation of ferroelectric dead layers at
interfaces, hence reducing the performance of ferroelectric de-
vices [67,68]. Twinning in ferroelectric materials can increase
the number of domain variants; the coercive field is reduced
because the twin boundaries offers more domain nucleation
sites to make the switching process easier [69]. In MgSiO,
perovskite materials, the dislocation displays specific slip be-
haviors, resulting in good mechanical and plastic properties
[70,71]. Antiphase boundaries (APBs) can promote the lo-
cally ordered D03 structures along them, which is considered
to enhance magnetostriction [72]. In this context, tailoring
defects are also, though less exploited so far, an important
option to promote the development of the performance of
functional materials.

IV. CONCLUSION

Our study of the correlation between the microstructure
(with the focus on twins versus dislocations) and magnetic
properties as well as the corresponding magnetic hardening
mechanism in L1o-MnAl permanent magnets can be summa-
rized as follows:

1. Based on the comparison between the twin-free and
twinned magnets, the twin structure is shown to degrade co-
ercivity, remanence, and texture. The remanence and texture
are deteriorated owing to the angle of ~76° between the
easy-magnetization axes along the twin boundary. The mech-
anism of coercivity is dominated by nucleation in as-annealed,
melt-spun, directionally solidified, and some other general
L1p-MnAl magnets without the introduction of high density

of dislocations, while twin boundaries tend to act as initial nu-
cleation sites of the reversal magnetic domains. The coercivity
of twinned magnets is decreased by approximately 50% in
comparison with the twin-free magnets, which indicates that
the twinned structure represents a negative effect.

2. The dislocations which are formed by HPT can act
as a “strong” pinning center, thus modifying the dominant
coercivity mechanism from nucleation to pinning. With the
increasing annealing temperature, the morphologies of dislo-
cation evolve from the nets to cells and finally to walls; the
density of dislocation is also dramatically decreased. Conse-
quently, the coercivity reduces from 424 to 328 kA/m while
the pinning field remains unchanged, indicating the strong
pinning effect on the domain wall motion. This means dis-
locations will affect the magnetic properties positively.

3. The outcome of this work indicates a pathway for the
future development of the L1, rare-earth-free permanent mag-
nets. The ideal microstructure should avoid the twin structures
and contain nanograins with quite high density of dislo-
cations. Therefore, the high-temperature severe deformation
could be a promising method to realize these two microstruc-
tural features simultaneously. This original method may
inspire alternative nano-/microstructure-engineering strate-
gies for the development of L1, rare-earth-free permanent
magnetic alloys which will allow the production of the desired
structural features leading to high coercivities, bringing the
materials closer to their physical limit.
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