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In this study, detailed microstructural characterisation has been conducted in both as-transformed and
hot deformed samples of t-MnAl-C using transmission electron microscopy. After hot deformation, true
twins, dislocations, intrinsic stacking faults and precipitates of Mn3AlC are the main defects in the
recrystallised grains. True twins and order twins were distinguished based on differences in their
diffraction patterns. A significant fraction of non-recrystallised grains existed, which had microstructures
based on combinations of high densities of true twins, dislocations, and deformation bands. The for-
mation of the Mn3AlC precipitates was confirmed and related to the reduction of saturation magneti-
zation and the increase in the Curie temperature of t-MnAl-C after hot deformation. Antiphase
boundaries, which are believed to act as nucleation sites for reverse domains, were not observed in the
hot deformed sample.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction process is then applied to the as-transformed material in order to
The ferromagnetic phase t-MnAl-C is a highly promising rare
earth free permanent magnet both in terms of its magnetic prop-
erties and the non-critical nature of the raw elements [1e5]. Its
potential role to replace certain types of Nd-Fe-B magnets would
partially relieve the pressure on rare earth resources [6,7]. The best
magnetic properties to date have been achieved in hot extruded t-
MnAl-C reported by Ohtani et al. [8] with a maximum energy
product of (BH)max ¼ 56 kJm�3, coercivity of iHc ¼ 0.3 T and
remanence of Jr ¼ 0.61 T. As the highest possible maximum energy
product for this material is estimated at (BH)max ¼ 110 kJm�3 [3,9],
large further improvements in measured magnetic properties
should be possible.

The ferromagnetic t phase (P4/mmm, AuCu I type), which is
metastable [10,11], can be formed from the high temperature ε

phase (P63/mmc, Mg type). Two mechanisms have been proposed
to describe this transformation and they are massive trans-
formation [12e14] and the displacive-diffusional mechanism
[15e17]. Both mechanisms could occur simultaneously during the
phase transformation from ε to t, but the massive transformation is
thought to be dominant in polycrystals and at temperatures above
500 �C [18]. After the t-phase has been formed, the material is
referred to as being in the as-transformed state. A hot deformation
titute for Metallic Materials,
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improve the magnetic properties. In both as-transformed and hot
deformed states, the microstructure of the material is characterized
by the presence of many different types of defects, like dislocations,
twins, stacking faults, antiphase boundaries and grain boundaries.
All of these have a crucial influence on the magnetic properties due
to their interactions with magnetic domain walls [3,19e22].
Detailed characterisation of these defects can be used as input for
micromagnetic simulations [23][24], which will provide new
insight about the magnetic interactions of these defects. With this
knowledge, further improvements in the magnetic properties may
be achieved through tailoring the processing route in order to
exclude those defects which are deleterious.

Previous research has shown that the defect population and
microstructure change radically after hot deformation
[19,21,22,25,26]. Due to the interest in the transformation mecha-
nism of t-MnAl from the high temperature ε phase, detailed results
of various defects in as-transformed t-MnAl have been presented
bymany researchers using transmission electronmicroscopy (TEM)
[12e16,18,27,28] and it is confirmed that many defects are pro-
duced during the phase transformation. Yanar et al. [12] reported
the formation of high density of defects is attributed to the growth
faults during atomic attachment at the migrating interface of ε and
t phases. In spite of the superior magnetic properties of the hot
deformed state, detailed studies of defects in hot deformed t-
MnAl-C using TEM are rare [21,22,26] and none of them have car-
ried out detailed characterisation of the defects in the non-
recrystallised grains. It has been reported that the existence of
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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non-recrystallised grains in the hot deformed t-MnAl is detri-
mental to coercivity [19], therefore detailed TEM study about non-
recrystallised grains is highly desirable.

In this study, t-MnAl-C was hot deformed through the die up-
setting process. This process is analogous to hot extrusion in that
dynamic recrystallization and texture formation also occur. Die-
upset MnAleC magnets have a radial texture and therefore, ring
magnets for motor applications could be prepared through this
method [29]. Detailed TEM studies of the as-transformed and hot
deformed states were then carried out.

2. Experimental

An alloy with the nominal composition of Mn53Al45C2 (at.%) was
prepared fromhigh purity elemental startingmaterials (99.99%Mn,
99.99% Al and 99.9% C) by induction melting under argon atmo-
sphere and casting into a cylindrical Cu mould with 10 mm diam-
eter. The as-cast samples were encapsulated in a quartz tube filled
with pure Ar at a back pressure of 150 mbar, homogenized at
1100 �C for 2 days, followed by air cooling to room temperature to
obtain the t-phase. This sample will be referred to as ‘as-trans-
formed sample’. Samples with size 10 mm in diameter and 8 mm in
length were cut from the as-transformed sample and then sub-
jected to die upsetting at 700 �C with a logarithmic degree of
deformation of 1.386 and constant strain rate of 0.001 s�1. This
samplewill be referred to as ‘hot deformed sample’. Before the start
of die upsetting, the temperature was held for 10 min to homoge-
nize the temperature within the sample.

The magnetic properties were measured using a Quantum
Design PPMS with applied fields up to 14 T at room temperature.
Thermomagnetic measurements were conducted by the PPMSwith
an applied field of 0.1 T. The Curie temperature was defined as the
minimumof the first derivative of this data. Themagnetization data
were corrected for the effect of self-demagnetization and the
demagnetization factors were calculated based on the method
proposed by Aharoni [30].

The lattice parameters of the t phase in the as-transformed and
hot deformed states were obtained using Rietveld refinement
method of x-ray diffraction (XRD) patterns obtained with Co-Ka

radiation using a Bruker diffractometer. The refined lattice param-
eterswereobtainedbyanalysing the complete2q rangeof 20�e120�.

Samples were prepared for scanning electron microscopy using
standard metallographic grinding and polishing techniques. The
microstructure of the samples was imaged in backscattered elec-
tron (BSE) mode in a Zeiss Leo 1530 scanning electron microscope
(SEM) equipped with a field emission gun. For TEM analysis, the
foils sliced from the two materials were prepared by mechanical
grinding to a thickness of 20e50 mm, followed by Ar-ion milling at
4.5 kV under a low beam angle of 11e13�. The foil taken from the
hot deformed sample was oriented so that the direction normal to
the foil was perpendicular to the compression axis. TEM studies
were performed using a FEI Tecnai G2 microscope operated at
200 kV with energy-dispersive X-ray spectroscopy (EDXS). For all
the diffraction analysis, the tP4 representation of the L10 unit cell
(a ¼ b ¼ 3.92 Å, c ¼ 3.57 Å, a ¼ b ¼ g ¼ 90�) will be used. The
Burgers vector of dislocations was identified using the conventional
invisibility criterion g∙b ¼ 0, where g is the diffraction vector and b
is the Burgers vector. The magnitude of the Burgers vector was
determined from the number of thickness fringes (n) terminating at
the exit of the dislocation in weak-beam dark field (WBDF) images,
which is related to the relation g∙b ¼ n [31,32]. The intrinsic or
extrinsic nature of stacking faults was determined based on the
outermost fringes in the bright field (BF) and dark field (DF) images,
which is associated with the phase shift a ¼ 2pg∙∙RF, where g is the
diffraction vector and RF is the displacement vector of the fault [33].
3. Results and discussion

3.1. Magnetic properties and microstructure in the as-transformed
and hot deformed states

The magnetic hysteresis loops of the t-MnAl-C samples before
and after hot deformation are shown in Fig. 1(a). The as-
transformed sample shows a low coercivity (m0Hc ¼ 0.017 T) and
remanence (Jr¼ 0.17 T), and its magnetic properties are isotropic i.e.
hysteresis loops measured parallel to different sample axis are
identical. After hot deformation, the remanence and coercivity are
much higher than in the as-transformed state and the properties
are anisotropic (cf. radial and axial curves in Fig. 1(a)). The increase
of remanence in hot deformed sample implies <00l> texture for-
mation and this could be confirmed from the XRD results as the
(002) intensity decreases by 19% and (200) peak intensity increases
by 9% after hot deformation (Supplementary Fig. S1). These results
suggest more crystals are aligned with <00l> direction perpen-
dicular to the axial direction compared to as-transformed sample.
The remanence measured in the radial direction (Jr ¼ 0.39 T) is
higher than the value measured in the axial direction (Jr ¼ 0.30 T),
which indicates that the magnetically easy <001> axis of the
grains has a preferred orientation in the plane perpendicular to the
axial direction. The degree to which this alignment occurs can be
quantified using the relation:

u ¼ �
Jkr � J⊥r

� �
Jkr (1)

where Jkr and J⊥r are the remanence measured parallel and
perpendicular to the texture axis. A degree of texture, u ¼ 0.23 was
found for the hot deformed sample. The maximum degree of
texturewhich can be achieved by die-upsetting is necessarily lower
than that achievable via extrusion because in die-upset samples as
the preferred alignment occurs in the plane perpendicular to the
axis of the applied force rather than in the direction parallel to it, as
is the case for extrusion. The coercivity of the hot deformed sample
measured in the radial and axial direction is similar (m0Hc ¼ 0.16 T).

According to the result of fitting the approach to saturation for
the as-transformed sample, the saturation polarisation is around
Jsat ¼ 0.82 T (inset in Fig. 1(a)). A slightly lower saturation polar-
isation (40 mT lower) is observed for the hot deformed t-MnAl-C
alloy measured in both directions. The Curie temperature (Fig. 1(b))
increases by 30 K after hot deformation compared to the value of
513 K for the as-transformed t-MnAl-C alloy.

The microstructures of the as-transformed and hot deformed
samples are shown by the backscattered electron (BSE) images in
Fig. 2. The dramatic grain refinement due to the dynamic recrys-
tallization during hot deformation can be clearly seen (note that the
scalebars are different for the two images). The other main visible
differences (white arrows in Fig. 2(b)) to the as-transformed state
are i) the presence of precipitates of other phases and ii) the
presence of polytwinned, non-recrystallised grains.

In order to explain the reasons for the observed changes in
magnetic properties and to further investigate the microstructural
differences, detailed characterisation of the defects in both states
was conducted by transmission electron microscopy (TEM).
3.2. Defect structures in as-transformed t-MnAl-C

3.2.1. Dislocations
An inhomogeneous distribution of dislocations was observed

in the as-transformed t-MnAl-C sample and grain with medium
dislocation density was chosen for investigation here. To deter-
mine the Burgers vectors of the various dislocations observed,



Fig. 1. (a) Hysteresis loops of hot deformed t-MnAl-C sample measured in radial (red line) and axial (blue line) directions, and as-transformed t-MnAl-C sample (black line). The
inset shows the hysteresis loop of samples under maximum applied field of 14 T in the first quadrant. The curves were corrected for demagnetizing effects. (b) Curie temperature of
as-transformed and hot deformed t-MnAl-C. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Backscattered electron (BSE) images of as-transformed (a) and hot deformed (b) t-MnAl-C samples.
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contrast analysis using different diffraction conditions was car-
ried out (Fig. 3). Selected area electron diffraction (SAED) pat-
terns (insets in Fig. 3(a) and (f)) confirm that the grain
corresponds to t-MnAl-C with the beam parallel to the ½001� and
½103� zone axis, respectively. Fig. 3(b)e(e) present bright field
images (BF) of dislocations under two-beam conditions using
diffraction vectors g ¼ 200, g ¼ 020, g ¼ 220 and g ¼ 220 and the
direction of each diffraction vector is illustrated with a white
arrow in the image. It is found the labelled dislocations are in
contrast for g ¼ 200, g ¼ 020 and g ¼ 220 but out of contrast for
g ¼ 220. Based on the contrast analysis, the Burgers vector of
these dislocations is determined as b ¼ n=2½110�, where n is an
integer. To determine the line direction of dislocations, disloca-
tions were imaged with the beam parallel to ½001� and ½103� zone
axis of the t-grain, as shown in Fig. 3(a) and (f). Two vectors
which are perpendicular to the same specified dislocation image
in Fig. 3(a) and (f), respectively, could be determined with the
corresponding selected area diffraction patterns. Finally, the line
direction of specified dislocation will be parallel to the cross
product of these two vectors. Based on this method, the line
directions of dislocations labelled with A, B, F, G and I are parallel
to [110], indicating these dislocations are pure screw disloca-
tions. Dislocations C, E, H and J are mixed dislocations and
dislocation D has a large edge component. There is some residual
contrast of dislocations shown in Fig. 3(e) resulting from the
mixed character of dislocations. The existence of large grains in
the as-transformed t-MnAl-C allows the formation of disloca-
tions with long length and a dislocation longer than 2 mm is
found, revealing a long stress field along the direction of dislo-
cation line. Theoretical studies show that the magnetic moment
of Mn atoms and the magnetocrystalline anisotropy constant are
very sensitive to MneMn distance and c/a values of t-unit cell,
and therefore it is reasonable to expect that the magnetic prop-
erties will be locally affected due to changes of the lattice pa-
rameters inside the strain field surrounding dislocations [34e36].
Bittner et al. [37] found a higher coercivity is observed in cold
worked t-MnAl with higher dislocation density compared to a
recovered sample with lower dislocation density and the pres-
ence of dislocations will also contribute to a lower initial sus-
ceptibility due to the pinning effect of magnetic domain walls.
The dislocations observed in Fig. 3 are mostly screw dislocations
with long length. Compared to edge dislocations, the presence of
screw dislocations will not lead to the change of unit cell volume
and the lattice strain introduced are mainly from the strain
tensor components εxz and εyz, which implies [112] and [111]
directions will be distorted. The elastic strain energy caused by
edge dislocation is 1/(1-n) times (n is the Poisson ratio) higher
than that from screw dislocation based on the isotropic elastic
theory [38], implying a weaker interaction between screw
dislocation with magnetic domain walls compared to the effect of
edge dislocation.

Jog 1 in dislocation A has a pure edge character with the line
direction parallel to ½110� and corresponding slip plane is ð001Þ. The
length of the jog segment is 28.4 nm along ½110�. Due to the large
jog length, the gliding of screw dislocations would be pinned at this
point and the adjacent screw segments would bow out under the
action of an applied stress, which may finally lead to the formation



Fig. 3. Contrast analysis of dislocations in the as-transformed t-MnAl-C under various diffractions. (a), (f) with the zone axis parallel to ½001� and ½103�. (b)e(e) are bight field images
with g equal to g ¼ 200, g ¼ 020, g ¼ 220, and g ¼ 220.
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of dislocation dipole or act as single-ended dislocation sources [39].
A section of dislocation Awhichmay exhibit this bowing around jog
2 is shown in the dashed white circle in Fig. 3(b).
3.2.2. Stacking faults (SF)
SF are frequently observed in the as-transformed t-MnAl-C as

shown in Fig. 4. It is reported the formation of SF starts from the
growth interface of t-MnAl-C [28]. The different directions of SF in
the lower left of the image indicates thatmore thanone fault plane is
activated during the phase transformation. Fig. 4(a)e(f) are bright
and dark field images of SF under two-beam conditions with the
zone axis close to ½001�, and the diffraction vector used is indicated
with awhite arrow in the corresponding image. Fig. 4(a) and (b) are
bright and dark field images using diffraction vector g ¼ 200. The
outer fringe of SF A in the bright field image (Fig. 4(a)) is bright,
indicating the phase angle for the fault is 2p/3. The top and bottom
intersections of the SF with the lamella were determined from the
Fig. 4. Bright field and dark field images of SF in the as-transformed t-MnAl-C under various
dark field image with g equals to 200, (d) and (f) bight field and dark field images with g e
dark field images shown in Fig. 4(b), as the fringe contrast of the
bottom intersectionwill be changed compared with the bright field
image in Fig. 4(a). The diffraction vector in the dark field image
(Fig. 4(b)) points towards the bright fringe if the start point of the
diffractionvector is placed at the centreof the SF,which suggests it is
an intrinsic SF [33]. Fig. 4(c) is a centred darkfield (CDF) image of the
SF using diffraction vector g¼ 200 to confirm that no outer fringe of
the SF is missing. Fig. 4(d)e(f) are also used to determine the fault
plane of SF A and it can be observed SF A is out of contrast using the
diffraction vector g¼ 220. Based on above results and stereographic
analysis, the displacement vector of SF A is � 1=3½111�. The
appearance of intrinsic SF is equivalent to the insertion of several
atomic layers of the ε’-phase (B19) in the ferromagnetic t phase.
Little appears to be known about the exchange coupling at the
interface (ε’-phase and t-phase); however, several studies [40,41]
showed that not all SF have domainwalls attached to them and that
the domain walls rearranged themselves along different sets of SF
diffractions. (a) and (b) bight field and dark field images with g equal to 200, (c) centred
qual to 020, (f) bight field image with g equal to 220.
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after the application and removal of magnetic field. These results
imply that SF may act as pinning sites of domain walls.
Fig. 6. Antiphase boundary in the as-transformed t-MnAl-C.
3.2.3. Micro-twins
Three different twin-like defects in t-MnAl-C have been re-

ported using electron backscattered diffraction (EBSD). These are
referred to as true twins, order twins and pseudo twins, and can be
described by the misorientation angles of 180�, 118� and 62� about
f111g [25]. Fig. 5 shows amontage of several images of micro-twins
in the as-transformed t-MnAl-C grain and corresponding selected
area diffraction patterns (SAED). The width of these twins is typi-
cally below 20 nm. Fig. 5a is a two-beam bright field image using
diffraction vector g ¼ 200 close to zone axis ½001�. The excitation
error sg was chosen to be slightly greater than 0 in the bottom half
of grain in order to acquire good defect contrast, but g varies within
the grain due to the existence of random dislocations, which result
in changes of local orientation (cf. appearance of micro-twins in the
top and bottom halves of the grain in Fig. 5a). Bright and dark
fringes can be seen within the micro-twins and similar fringe
contrast would result from SF under two beam conditions. In order
to distinguish between twins and SF in the current case, the sample
was tilted to the ½011� zone axis and selected area diffraction
pattern were acquired from these defects, as shown in Fig. 5C-F.
Fig. 5A and B show the orientation relationship between grain A
and B with ½011�A || ½110�B and ð111ÞA || ð111ÞB, implying an order
twin orientation [42]. From the changes in the orientation of the
crystal shown in the diffraction patterns in Fig. 5C-F, it is confirmed
that these defects are twins rather than SF. The positions where the
diffraction patterns were obtained correspond to the labels shown
in Fig. 5a. Based on the diffraction analysis, these micro-twins show
a true or pseudo twin relationship. These twins show a total length
more than 7 mm and are terminated at the grain boundaries on one
side. Similar twin structures were also reported by Yanar et al. [12]
in massively transformed t-phase and the formation of the planar
defects was attributed to the growth faults produced during atomic
attachment at the migrating interfaces. Wiezorek et al. [18] also
reported plate-like t-phase could be produced via a hybrid
displacive-diffusional mechanism which was associated with the
interface of massive transformed t-phase and the parent ε phase. In
both phase transformation mechanisms, strain leads to the motion
of partial dislocations, which produce the twins in the
microstructure.
Fig. 5. Twins formed in the as-transformed t-MnAl-C sample and the positions where the
3.2.4. Antiphase boundaries (APB)
Antiphase boundaries (APB), which have fault vectors of

1=2 <101�, are believed to act as nucleation sites for reverse do-
mains because of the stronger antiferromagnetic exchange
coupling at the interface of APB [3,20,43]. The existence of APB in
as-transformed t-MnAl-C has been reported by researchers, but the
population reported is not consistent [18,21,28,44,45]. In this study,
APB are observed in as-transformed t-MnAl-C alloy as shown in
Fig. 6, but the population is much lower compared to other defects
like dislocations, twins and SF.
3.3. Defect structures of the t-phase in hot deformed samples

3.3.1. Dislocations in recrystallised grains
Compared to the dislocation density in the non-recrystallised

grains, the density of dislocations in recrystallised grains is
greatly reduced. Fig. 7 shows two-beam BF and weak beam dark
field (WBDF) images of dislocations formed in a recrystallised t-
MnAl-C grain. Dislocations marked BeF are visible in the BF images
recorded using diffraction vectors g ¼ 200, g ¼ 111 and g ¼ 202,
but invisible with g ¼ 220. Dislocation A is visible in the BF images
recorded using diffraction vectors g ¼ 200, g ¼ 220 and g ¼ 202,
diffraction patterns (A to F) were obtained correspond to the labels shown in Fig. 5a.



Fig. 7. Contrast analysis of dislocations in the hot deformed t-MnAl-C under various diffractions. a), c), e) and f) bright field images with g equal to 200, 111, 220, and 202
respectively, b) and d) weak beam dark field images (g/4g) with g equal to 200 and 111 respectively.
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but invisible with g ¼ 111. As a result, the Burgers vector of dis-
locations (B-E) belong to n=2½110�, dislocation A: n= 2½110� and
dislocation F: n ½110�, where n is an integer. To quantify the size and
sign of the Burgers vector of these dislocations, weak beam dark
field images (g/4g) are acquired using 200 and 111 diffractions
shown in Fig. 7(b) and (d). It can be seen in Fig. 7(b) and (d) that the
number of fringes terminate at the end of dislocations B to E is �1
and þ1 respectively. For the dislocations A and F, the number of
fringes terminate at the end of dislocations is þ1 and �2 in
Figs. 7(b), 0 and þ 2 in Fig. 7(d). Based on above analysis, the Bur-
gers vector of most of dislocations (A-E) belong to 1=2½110� or
1=2½110� and the Burgers vector of dislocation F is ½110�.
3.3.2. Stacking faults in recrystallised grains
After hot deformation, it is not easy to find SF in the sample

implying the density of SF was reduced compared to the density in
the as-transformed state. Fig. 8 shows BF, DF and centred dark field
(CDF) images of SF in the recrystallised grain. The diffraction vec-
tors used for the contrast analysis are indicated and all these
diffraction vectors are close to the zone axis ½001�. Two SF are
partially overlapped in the centre of the grain with the partial
dislocations emitted from the top and bottom boundaries. These
two partial dislocations can be seen in all of the images but are
most clearly visible in Fig. 8(d), where the SF are out of contrast.
From the contrast of the outermost fringes of SF A in the BF and DF
images shown in Fig. 8(a) and (b), the top (t) and bottom (b) of the
sample can be identified. The diffraction vector used in Fig. 8(a) and
(b) is 200, the contrast of the outermost fringe at the bottom of the
sample (which is on the right side of SF A labelled with b) will be
different. In Fig. 8(b), the diffraction vector will point towards the
outermost bright fringe if the start of the vector is placed on the
centre of SF A, which indicates SF A is an intrinsic SF. The opposite
contrast of the outermost fringe of SF A in the centred dark field
(CDF) images using 200 diffraction shown in Fig. 8(c) further proves
the outermost fringe contrast of SF A shown in Fig. 8(b). By using
220 diffraction vector, it is found that SF A is out of contrast illus-
trated in Fig. 8(d), which implies g220,R ¼ 0. In Fig. 8(a), the
outermost fringe of SF A is white indicating g200,R ¼ þ1=3 or �
2=3. Based on stereographic analysis, the displacement vector of SF
A is 1=3½111� and the stacking sequence of the (111) planes
changes to … ABCABABCABC … across the fault, which could be
considered as insertion of layers of non-magnetic ε

’ phase in the t
phase region [40,45].

3.3.3. Twins in recrystallised grains
Twins are often observed in the t-MnAl-C after hot deformation

as shown in Fig. 9. In Fig. 9(a), several twins with sharp interface
formed in the recrystallised grain and the width varies from several
nm to more than 100 nm. The diffraction pattern in the top right
corner of Fig. 9(a) was taken from the dashed circle area and could
be indexed with ½110� zone axis showing a true twin relationship.
All the twins in this grain are true twins (data are not shown here).
In addition to true twins found in the recrystallised grains, an order
twinwith sharp interface are also observed as shown in Fig. 9(b). As
the zone axis of twin and matrix are both parallel to the electron
beam, they appear the same diffraction contrast. The diffraction
pattern in the top right corner of Fig. 9(b) was taken from the area
marked with dashed circle and could be indexed with ½010� zone
axis with the misorientation angle about 86�. Considering the
symmetry operations of t-MnAl, it is equivalent to 120�/(111). Due
to the limitations of TEM, it is impractical to check all the twin
boundaries formed in the samples. In TiAl phase which has the
same L10 structure as t-MnAl, Inui et al. showed the formation
energy ratio of true twin, order twin and pseudo twin is roughly to
be 1:2:3 or 1:6:7 to explainwhy true twins are more common to be
observed [42]. Based on the EBSD analysis, Bittner et al. also
confirmed true twins are the dominant twin type in t-MnAl-C after
hot extrusion [25].

3.3.4. Precipitates (Mn3AlC)
After hot deformation, precipitates have been observed both

within the recrystallised t-grains and at the triple junctions as
shown in Fig. 10(a). Due to orientation difference between pre-
cipitates A and B, they appear different contrast. The sizes of pre-
cipitate A and B are around 240 nm and 150 nm respectively. From
the EDXS point analysis, the Mn and Al contents in precipitate A are
70.67 at. % and 29.33 at. %. In precipitate B, the contents of Mn and
Al are 62.89 at. % and 37.11 at. %. EDXS elemental mapping in the
inset of Fig. 10(a) also showed the whole precipitate B is rich in Mn
and deficient in Al with respect to the matrix. Considering the high



Fig. 8. Bright and dark field images of stacking faults in the hot deformed t-MnAl-C under various diffractions. (a) and (b) bright field and dark field images with g equal to 200, (c)
centred dark field image with g equal to ½200�, (d) bright field image with g equal to 220.

Fig. 9. Formation of true twins (a) and order twin (b) in the recrystallised grains of hot deformed t-MnAl-C. The diffraction patterns in the top right corner of Fig. 9 (a) and (b)
correspond to the dashed circle in Fig. 9 (a) and (b).
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Mn content in precipitates A and B, these two precipitates maybe
composed of either the carbide Mn3AlC (Pm3m; Perovskite) or b-
Mn (P4132). Nano-beam diffraction patterns were acquired to
determine the crystal structure of the precipitates. A series of nano-
beam diffraction patterns of precipitate B is shown in Fig. 10(b)e(e)
and they can be indexed as carbide Mn3AlC with the zone axis close
to ½123�, ½112�, ½011� and ½013�. The changes in the a and b tilt angles
of the sample holder necessary to rotate the sample from one of the
above zone axes to another were transformed into rotation angle/
axis pairs. These experimental rotation angles (DExp)matched very
well with the calculated angles (DTheo) between the above zone
axes (Table 1). Although the diffraction patterns in Fig. 10(b)e(e)
could also be indexed using the b-Mn structure, different zone axes
were found then when indexing with Mn3AlC. The experimental
rotation angles were not consistent with the calculated angles be-
tween the zone axes, when the indexing was carried out with b-
Mn. It is therefore concluded that precipitate B is Mn3AlC rather
than b-Mn. The nano-beam diffraction of precipitate A could be
exclusively indexed by the carbide Mn3AlC with the zone axis close
to ½001� as shown in the top left of Fig. 10(a); the pattern could not
be fitted with b-Mn due to the different lattice parameter. The
addition of carbon atoms mainly dissolve interstitially in the L10 t-
MnAl structure and the solubility limit of carbon in the t-MnAl
depends on the Mn content [8]. At a Mn content of 53 at.%, the
solubility limit of C in the t-phase is approximately 1.4 at.% [46].
Although the carbon content of the materials in this study was
nominally 2 at.%, no carbide phases were observed in the as-
transformed state, indicating that the actual C-content was
approximately equal to the solubility limit. During the dynamic
recrystallization process, the solute C-atoms are likely to be rejec-
ted to the growth interface. The concentration of C at the bound-
aries and junctions of the recrystallised grains would therefore
increase, facilitating the formation of the Mn3AlC phase, whereas
the recrystallised grains become somewhat decarburised. This
could be confirmed from the lattice parameters refinement on the
x-ray diffraction patterns of both states with the c/a ratio reduced
from 0.9289 to 0.9188 (Supplementary Fig. S1). Carbon segregation



Fig. 10. Formation of precipitates (Mn3AlC) in hot deformed t-MnAl-C. The EDXS
mapping of precipitate B is positioned in the bottom right of Fig. 10a, the diffraction
pattern of precipitate A is shown in the top left of Fig. 10a. Fig. 10bee shows diffraction
patterns of precipitate B.

Table 1
Structure determination of precipitates in the hot deformed t-MnAl-C by comparing
the angle between two diffraction patterns.

Stage Rotation (�) Tilt Angle (�) D(Exp) (�) D(Theo) (�)

B �5.7 12.3 9.65 10.89
C �15 14.9
B �5.7 12.3 18.8 19.11
D 12 5.6
C �15 14.9 28.44 30
D 12 5.6
D 12 5.6 25.94 26.57
E 20.5 �19
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or clustering has been observed near the dislocations or grain
boundaries in steels using atom probe tomography [47e50]. If this
happens in the as-transformed MnAleC sample, the movement of
dislocations may be pinned at these sites. Although some evidence
of pinning of dislocations was observed in one region of the as-
transformed sample (Supplementary Fig. S2), it was not possible
to determine whether the pinning sites were to carbon clusters or
nanoscaled ε’ precipitates. In many areas, dislocations did not
appear to be pinned. The partial decarburisation of the t-phase is
also reflected in the Curie temperature of the hot deformed
material (Fig. 1(b)), which is higher than that of the as-transformed
material. Tc is known to increase with decreasing C-content [51].
Although the decreased Mn content in the t phase also contributes
to the decrease of Curie temperature [51], the effect of the change of
carbon content on the Curie temperature is likely to be dominant.
Furthermore, the t-phase must still contain some C, as its Curie
temperature is still lower than that of the binary MneAl t-phase,
which is expected to be in excess of 600 K [51]. The saturation
polarisation of the hot deformed material is lower than that of the
as-transformed state (Fig. 1(a)) and this is due to i) the reduction in
saturation polarisation corresponding to the reduction in C-content
(see [51]), and ii) to the reduction in the volume fraction of the t-
phase due to the formation of the carbides.

The formation of fine precipitated carbides has been suggested
to benefit coercivity [8,52], however no mechanism has been pro-
posed to explain this. As the t-phase contains less C, its stability
against decomposition at elevated temperature is likely to be
somewhat reduced. Further heat treatments of hot deformed ma-
terial may therefore result in faster deterioration of magnetic
properties.
3.3.5. APB
APB were not observed in the hot deformed t-MnAl-C sample,

demonstrating a much lower population compared to other defects
after hot deformation. The absence or lower density of APB in hot
deformed alloys may be related to the dynamic recrystallization
process if each recrystallised grain comes from a single nucleus,
there is nomechanism for the formation of APB. The nucleation and
pinning fields of magnetic domain walls at defects depend on the
strength of magnetic coupling constant at the interface [3,53].
Zijlstra reported for antiferromagnetic coupling at the APB, there is
a strong pinning of domain wall and the nucleation field of a
domainwall approaches 0 for large negative coupling constant [53].
Lorentz microscopy also showed APB are always decorated with
domain walls indicating APB act as nucleation sites for domain
walls [21,40,41]. Previous results [21,22,26] and the current work
both suggest that the population of APB is very small or non-
existent in the hot deformed state. The corresponding reduction
in the number of domainwall nucleation sites is likely to contribute
to the improvement in the magnetic properties observed in the hot
deformed material (Fig. 1).
3.3.6. Non-recrystallised grains
A high density of defects is observed in the non-recrystallised

grains of t-MnAl-C, due to the accommodation of strain during
the hot deformation process. Dislocations, twins and deformation
bands are the most commonly observed defects and the micro-
structure of the non-recrystallised grains is characterized by
various different combinations and configurations of these. Fig. 11
shows three different but typical defect structures observed in
non-recrystallised t-grains. In Fig. 11(a), a high density of twins is
found in two areas A and B, in which the sets of twins are
approximately perpendicular to each other. The widths of these
twins range from several nm to approx. one hundred nm, and they
contain a high density of dislocations. SAED patterns of twins in
areas A and B are shown in a1 and a2 of Fig. 11(a), and could be
indexed with the ½110� zone axis showing a true twin orientation. It
is interesting to note most of twins in area A show parallel interface
on both sides, however the twins in area B have some curvature,
and twin edges or tips could be observed, as indicated by the white
arrows in Fig. 11(a). The twins in the bottom right portion of area A
are segmented along the vertical direction, and it seems like this
segment is caused by the hierarchical twinning formed within
these twins as similar phenomenon also could be observed for the



Fig. 11. Formation of high density of twins (a), dislocation cells (b) and dislocation
walls (c) in the non-recrystallised grains of hot deformed t-MnAl-C.

Fig. 12. Nuclei and growth of recrystallised grains of hot deformed t-MnAl-C. The
growth interface of recrystallised grains into (a) high density of dislocations, (b) highly
twinned non-recrystallised regions, and (c) high density of parallel deformation bands.
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twins labelled with shift in area B. Two twin nuclei with lenticular
shape are formed in area B within the grain [54]. Fig. 11(b) illus-
trates a bright field image of dislocation cells in the non-
recrystallised grains using diffraction vector g ¼ 020 with the
zone axis close to ½001�. These dislocation cells are likely to serve as
nuclei of recrystallised grains (indicated by the arrow in the image)
and the growth of nuclei evolves through consuming dislocation
cell walls and merging with its neighbours. A region of a non-
recrystallised grain with high dislocation density can be seen in
Fig. 11(c). In addition to the complex tangle of dislocations over the
entire image, several straight, dark lines can be seen, running from
the top of the image to the bottom. Diffraction analysis showed that



Table 2
Defects comparison between as-transformed and the hot deformed t-MnAl-C alloys.

As-transformed Hot Deformed

Recrystallised grains Non-recrystallised Grains

Dislocations Medium density Low density High density
Stacking Faults Many Few Not observed
Twins Many Medium High density
APB Few Not observed Not observed
Mn3AlC precipitates Not observed Many (inter- and intragranular) Not observed
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these are not twin boundaries; the three regions labelled as A, B
and C are separated by misorientations with respect to the ½110�
zone axis of less than 1�. One possible explanation of the vertical
dark lines is that they are random arrays of dislocations forming so-
called dislocation walls. It is interesting that some nuclei of
recrystallised grains could be seen in the grains, which show a
different orientation compared to the non-recrystallised grain
(small, bright areas in Fig. 11(c)).

Fig. 12 illustrates the growth interface of recrystallised grains
during hot deformation. In Fig. 12(a), the growth of recrystallised
grain is achieved through the movement of high angle grain
boundary towards the non-recrystallised grains with high dislo-
cation density. The non-recrystallised grain could be indexed as t-
MnAl-C with the zone axis ½011� and in this case, no diffraction
spots which would indicate the presence of twins were observed
(inset in Fig. 12(a)). Nuclei of recrystallised grains could also be
found in the non-recrystallised grain, for example, two nuclei A and
B are merging into each other with a small dislocation cell segment
left in the middle. In contrast to Fig. 12(a), which showed a non-
recrystallised grain without twins, Fig. 12(b) shows a highly twin-
ned (polytwinned) non-recrystallised grain being consumed by a
growing recrystallised grain. Based on the orientation analysis from
the SAED pattern, the twins in the non-recrystallised grain show a
true twin relationship. A deformation band (marked with a white
arrow in Fig. 12(b)) can be seen in the non-recrystallised grain,
which results in the observed misfit between the upper and lower
parts of twins. No nuclei are found in the polytwinned area. Dis-
locations can be observed within the interior of twins. Fig. 12(c)
shows the growth of recrystallised grain (left) into a non-
recrystallised grain with parallel deformation bands (running
diagonally from bottom left to top right), which themselves contain
a high density of dislocations. Several twins formed in the hori-
zontal direction between these bands exhibiting a ladder structure.
The inset of Fig. 12(c) is the diffraction pattern of a twin marked
with A, showing a true twin relationship. In the middle of the
figure, a horizontal twin is cut into several fragments due to the
formation of the deformation bands. A small nucleus of recrystal-
lised grain with a different contrast is formed at the intersection of
twin and deformation band and consuming its neighbours.
3.4. General discussion

Non-recrystallised grains with various defects, especially a high
density of true twins, still exist here after hot deformation, which is
likely to limit the coercivity. Previous research indicated that non-
recrystallised grains exhibit a lower resistance to magnetization
reversal [19]. Micromagnetic simulations also confirmed that the
presence of various twins will deteriorate coercivity [3]. Sup-
pressing the formation of twins and decreasing the population of
non-recrystallised grains would likely result in an improvement in
magnetic properties [55]. In this study, it is found that dislocation
cells are likely to serve as nuclei of recrystallised grains. Research
also found dislocation tangling and cell formation decreases when
SF energy decreases as the distance between partial dislocations
increases and cross slip is difficult [56]. Various models proposed to
explain the formation of twins suggest the formation of partial
dislocations and movement of partial dislocations are directly
related to the twin formation [54]. As a result, considering the
nucleation role of dislocation cells in t-MnAl-C during dynamic
recrystallization, experimenting with various doping elements in
order to increase the SF energy can be considered to further in-
crease coercivity of t-MnAl alloy. Finally, based on the defect
characterisation using TEM, the difference of various defects qual-
itatively in the as-transformed and hot deformed state is illustrated
in Table 2.

4. Conclusions

The significant improvement in magnetic properties observed
after die upsetting an as-transformed sample of t-MnAl-C is accom-
panied by large changes in themicrostructure. The higher remanence
measured perpendicular to the direction of deformation results from
the formation of a planar <001> texture. The higher coercivity re-
sults mainly from a dramatic reduction of the grain size from 100s of
mm to <1 mm. The absence of APB in the hot deformed state may also
contribute to improving the magnetic properties. The difference in
Curie temperature between the two states can be explained by the
partial decarburisation of the t-phase which accompanies the for-
mation of Mn3AlC inter- and intragranular precipitates in the hot
deformed material. Dislocations with Burger’s vectors 1=2½110� or
1=2½110�, intrinsic stacking faults on f111g planes and true twins
were observed in the fine, recrystallised grains but the density of
these defects was generally lower than in the as-transformed state.
The non-recrystallised grains in the hot deformedmaterial exhibited
various complex microstructures based on combinations of disloca-
tions, true twins and deformation bands. Highly twinned non-
recrystallised grains are likely to have a detrimental effect on the
coercivity of the material. For a further improvement in magnetic
properties, advanced processing techniques should be explored to
further increase the texture formationof<001>and thepopulationof
larger non-recrystallised grains should be reduced or eliminated.
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