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The thermal-elastic martensitic transformation from high-temperature NiIn-type hexagonal structure to low-
temperature TiNiSi-type orthorhombic structure has been widely studied in MnMX (M = Ni or Co, and X = Ge or Si)
alloys. However, the answer to how the orthorhombic martensite nucleates and grows within the hexagonal parent is
still unclear. In this work, the hexagonal-orthorhombic martensitic transformation in a Co and Ge co-substituted Mn-
NiSi is investigated. One can find some orthorhombic laths embedded in the hexagonal parent at a temperature above the
martensitic transformation start temperature (M;). With the the sample cooing to M, the laths turn broader, indicating
that the martensitic transformation starts from these pre-existing orthorhombic laths. Microstructure observation suggests
that these pre-existing orthorhombic laths do not originate from the hexagonal-orthorhombic martensitic transformation
because of the difference between atomic occupations of doping elements in the hexagonal parent and those in the pre-
existing orthorhombic laths. The phenomenological crystallographic theory and experimental investigations prove that the
pre-existing orthorhombic lath and generated orthorhombic martensite have the same crystallography relationship to the
hexagonal parent. Therefore, the orthorhombic martensite can take these pre-existing laths as embryos and grow up. This

work implies that the martensitic transformation in MnNiSi;_,(CoNiGe), alloy is initiated by orthorhombic embryos.

Keywords: martensitic transformation, MnMX alloy, orthorhombic embryo, crystallography relationship

PACS: 81.30.Kf, 81.05.Bx, 68.55.A—, 61.50.Ks

1. Introduction

The thermal—elastic martensitic transformation is a well-
known phenomenon in the field of material science, specifi-
cally, there is a crystal structure change from a high-symmetry
parent to a low-symmetry martensite during cooling, in which
no atomic diffusion occurs. This transformation is associ-
ated with many beneficial physical effects such as shape mem-

1131 elastocaloric effect, 40 and

ory effect,!!=3! superelasticity,
magnetocaloric effect.[”8] Consequently, materials that ex-
hibit these thermal—elastic martensitic transformations have
become one of widely studied topics focusing on functional

It has been found that this transformation exists
1.2]

materials.
in Numerous compounds, including Ti—Ni-based alloys,!
Heusler-type Ni—-Mn-based alloys,* and Cu-based shape
memory alloys,> ") some of which have successfully been
utilized in sensors,!'?! thermal energy harvesters,!'>!%! and
solid state refrigeration.!”)

MnCoGe, MnNiGe, MnCoSi, and MnNiSi (known as
MnMX (M = Ni or Co and X = Ge or Si)) are four typical in-
termetallics, each of which displays a unique thermal—elastic
martensitic transformation from high-temperature Ni,In-type
hexagonal (space group P63/mmc, 194) structure to low-
temperature TiNiSi-type orthorhombic (space group Pnma,
62) structure.!'>-2?) Taking MnNiSi for example, the hexag-
onal structure can be regarded as being comprised of flat lay-

fCorresponding author. E-mail: xufeng@njust.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad188d

ered Ni-Si honeycombs, which are stitched together by Mn
atoms along the [0001]y, axis (Figs. 1(a) and 1(b)). After the
transformation from the hexagonal structure to the orthorhom-
bic structure, all atoms move relative to their initial positions,
and in the orthorhombic structure the atomic chains are ar-
ranged in zigzag pattern (Figs. 1(c) and 1(d)). In the two struc-
tures, Si and Ni atoms with close atomic spacing are linked
by covalent bonds, while Mn atoms are relatively isolated.
MnCoGe and MnNiGe undergo the hexagonal—-orthorhombic
martensitic transformation at about 450 K,[!°-21 while Mn-
CoSi and MnNiSi have higher transformation temperatures
(T;) above 1100 K.?°311 Tn previous investigations on MnMX
alloys, foreign atoms such as B,[191 Fe [23.24] Cy [321 Ga,133]
and Sn,?* were introduced to suitably tune the 7;, so that
Tch < Ty < Tc,o (Ic,n and T, indicate the Curie tempera-
tures of the hexagonal phase and orthorhombic phase, respec-
tively). In this case, the hexagonal-orthorhombic martensitic
transformation occurs between the paramagnetic hexagonal
phase and the ferromagnetic orthorhombic phase. This trans-
formation can be induced by a magnetic field, producing fas-
cinating magneto-functional properties.!?’-33-31 Although nu-
merous studies have suggested effective methods to tune the
T; and bring about transformation-associated physical effects,
the question of how the orthorhombic martensite nucleates and
grows within the hexagonal parent phase remains open.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Fig. 1. (a) Crystal structure of hexagonal MnNiSi. (b) Atomic arrangement of hexagonal MnNiSi with [01-10]y, vertical to the paper. (c) Crystal
structure of orthorhombic MnNiSi. (d) Atomic arrangement of orthorhombic MnNiSi with [001], vertical to the paper. Subscripts h and o
correspond to the hexagonal structure and orthorhombic structure, respectively.

The nucleation and growth of martensite have been a
focal point for martensitic transformation researchers for
decades. Early studies attempted to explain the nucleation
of martensite by using classical homogeneous nucleation
theory.’’l However, the calculated Gibbs free energy differ-
ence between martensite nuclei and the parent material can-
not be overcome by thermal energy,*®! indicating that heat
alone is insufficient to trigger off the martensitic transforma-
tion. Subsequently, researchers proposed that the nucleation of
martensite is a heterogeneous process.>*%! They suggested
that field stress and lattice strain around pre-existing defects,
such as dislocations, promote the nucleation of martensite.

[47] numerical

This theory is supported by molecular dynamics,
simulation, 8] and in-situ TEM observations in Ti—Ni, Ti—Ni—
Cu, and Cu—Al-Ni alloys.!**! Clapp took it one step further
by proposing a local soft-mode theory.!>?! This theory sug-
gests that when approaching T;, the lattice structure becomes
unstable due to the softening of a specific lattice vibration
mode. As a result, the stress field near defects can cause the
unstable lattice to transform into martensite. In put it another
way, theoretical researches and experimental studies support
the notion that the defects aid in martensite nucleation.
Unlike the nucleation models related to defects, Knapp
and Dehlinger assumed that martensitic embryos pre-exists in
the parent material, and therefore, the nucleation and growth
of martensite do not need to overcome the energy barrier men-
tioned in classical homogeneous nucleation theory.>3 These

embryos remain dormant until they approach the martensitic
transformation start temperature, triggering off the transfor-
mation. Regrettably, there has been a lack of direct experi-
mental evidence to support the existence of these pre-existing
martensitic embryos in any given material.

In this work, we present our findings from microstructural
observations on MnNiSi alloy that has been co-substituted
with Co and Ge.
thin orthorhombic laths existing in the hexagonal matrix, even

Our investigations reveal that there are

though the temperature does not reach its 7;. These laths are
observed to expand during cooling, providing the evidence
that they serve as pre-existing embryos, which play an impor-
tant role in facilitating the hexagonal-orthorhombic marten-
sitic transformation.

2. Experiment

Polycrystalline ingot with a nominal composition of
Mny 625C00.375NiSig 625Ge.375 was prepared by arc-melting
high-purity raw materials under an argon atmosphere three
times. The as-cast ingot was annealed in evacuated quartz
tubes at 1073 K for five days, followed by quenching into wa-
ter. The crystal structure of the sample was identified by us-
ing powder x-ray diffraction (XRD, Bruker D8 Advance) with
Cu-K o radiation at room temperature. For the temperature-
dependent XRD measurement, patterns were collected by us-
ing a PANalytical X-pert Pro diffractometer equipped with an
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Anton Paar TTK450 low-temperature chamber. The struc-
ture refinement of XRD patterns was performed by using
Fullprof’s implementation of the Rietveld refinement method.
The magnetic measurements of initial cooling process were
performed by using a cryogen-free physical property mea-
surement system (PPMS Dynacool™ Quantum Design) with
a vibrating sample magnetometer. Magnetic measurement
was performed on a bulk sample with mass of ~ 23 mg.
The microstructure was examined by using an optical micro-
scope equipped with a temperature-controlled stage. Prior to
the observation, the surface was carefully mechanically pol-
ished then corroded for 10 s at room temperature by aquare-
gia. Conventional transmission electron microscope (TEM)
measurement was performed on an FEI Tecnai G2 F20 mi-
croscope. The high-resolution transmission electron micro-
scope (HRTEM) and scanning transmission electron micro-
scope (HRSTEM) observations were carried out by using an
FEI Titan Themis microscope. The sample for TEM measure-

ment was prepared by using ion beam milling technique.

3. Results and discussion

3.1. Hexagonal-orthorhombic martensitic transformation
in Mny 625C09 375NiSig 625G €9 375

According to previous research, co-substitution of Co and
Ge can effectively reduce the T; of MnNiSi from 1200 K
to room temperature.3!) This co-substitution triggers off
a martensitic transformation between paramagnetic hexago-
nal phase and ferromagnetic orthorhombic phase, thus mag-

netic measurements can be used to track the transforma-
tion. The temperature-dependent magnetization curves of the
Mny 625C00.375NiSig 625Gep 375 polycrystal under 0.1 T are
shown in Fig. 2(a). The sudden increase in magnetization dur-
ing cooling (and decrease during heating) signifies the occur-
rence of the martensitic transformation from hexagonal to or-
thorhombic (and vice versa). The presence of thermal hys-
teresis, indicated by the misalignment between the heating
curve and cooling curve, provides the evidence for the first-
order nature of this phase transformation. The Mg, Mg, A,
and Ay temperatures, denoting the onset of martensitic trans-
formation, the end of martensitic transformation, the onset of
austenitic transformation, and the end of austenitic transfor-
mation, respectively, are 268 K, 258 K, 305 K, and 321 K,
as shown in Fig. 2(a). The temperature-dependent XRD pat-
terns in cooling process (from 150 °C to target temperatures)
are illustrated in Fig. 2(b). At 300 K, which is 32 K higher
than M, the predominant hexagonal phase is accompanied
by faint traces of the orthorhombic phase. However, when
cooling to 260 K, a temperature between M and My, the or-
thorhombic phase takes over as the dominant phase. An op-
tical image of the Mnyg 625C0¢.375NiSig 625Geg 375 polycrystal
cross-section at room temperature is shown in Fig. 2(c) and
displays three straight and black parallel lines. As found in
previous investigations,>*>7! these lines correspond to thin
laths in the orthorhombic structure. The optical observation
is corroborated well with the XRD patterns obtained at 300 K
(Fig. 2(b)). Nonetheless, this raises the question of why the
orthorhombic phase appears at a temperature higher than M.

20 T T T T T T
(a) Mny.625C00.375NiSig.625Geo.375 (b) . ¢ Hexagonal
_____________ w L e Orthorhombic
~ 15 ™ 1 =
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Fig. 2.

(a) Temperature-dependent magnetization curves of Mng g5C00 375NiSig 625Gep 375 polycrystal under 0.1 T. (b) XRD patterns of

Mny 625C00.375NiSig 625 Gep 375 powder at 300 K and 260 K. Optical image of cross section of Mng g25C00 375NiSig.625Geg 375 polycrystal at (c)

room temperature, (d) 150 °C, and (e) 5 °C.
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To address this question, we conduct further investi-
gations of the microstructure changes during temperature
fluctuations, by employing an optical microscope with a
temperature-controlled stage. Interestingly, when the temper-
ature is raised to 150 °C, a temperature significantly higher
than Ay, it is observed that the straight lines persist, and the
morphology remains the same as that at room temperature
(Fig. 2(c)). This finding suggests that these black lines may be
inherently stable in the hexagonal parent, even when subjected
to further heating. When cooling to 5 °C, a temperature highly
proximate to Mg, the black lines become broader, indicating
the onset of the hexagonal—orthorhombic martensitic transfor-
mation and the growth of the pre-existing orthorhombic laths.
Further cooling causes a significant amount of orthorhom-
bic martensite to form and the sample to fragment into pow-
ders due to the large lattice distortion during the hexagonal—
orthorhombic martensitic transformation.

The formation of martensite is accompanied by high
strain energy, which is reduced near surfaces, leading to a

[58-601 However,

phenomenon known as “surface martensite”.
this effect will only cause minor changes in M temperature,
and cannot account for a difference of hundreds of degrees
Celsius.[®!! In fact, despite different strain fields, the M tem-
perature of spontaneous transformation to martensite and the
M, temperature of stress-induced transformation in a single
crystal or polycrystal do not show substantial differences. ]
Therefore, Wayman!®3! proposed that we distinguish between
“martensite formed at a surface” and “surface martensite”.
The strain direction and orientation of the former are the same
as those of a bulk sample, while the latter has a morphology
different from bulk alloy due to the low phase transition drive
and independent crystallographic characteristics. In the case
of the Mny ¢25C00.375NiSig 625Geg 375 alloy, the orthorhombic
laths observed at temperatures higher than 150° above M; can-
not reasonably be attributed to “surface martensite”. The ori-
entation measurements discussed in Subsection 3.4 will fur-

ther support this statement.

3.2. Atomic structures of pre-existing orthorhombic laths
and hexagonal parent

The TEM image presented in Fig. 3(a) shows the case
of an 80-nm-thick foil, revealing a pre-existing orthorhombic
lath with a width of 390 nm embedded in the hexagonal par-
ent structure. The selected-area electron diffraction patterns
of the hexagonal matrix displayed in Fig. 3(b) are in complete
agreement with those of the hexagonal MnNiSi with [01-10],
incidence (Fig. 3(c)), indicating uniformity and consistency
in the structure. Despite high substitution levels of Co and
Ge reaching to 37.5%, no additional super-lattice diffraction
spots are detected in the sample. To better understand the in-
fluence of atomic substitution on diffraction spots, we metic-

ulously carried out the simulations of electron diffraction pat-
terns for all possible long-range ordered hexagonal structures
that share the same composition as Mng sCog 5NiSigsGeo 5.
In these hexagonal structures, we replace Mn and Si with Co
and Ge in various scenarios, including: (i) orderly replace-
ment of Mn and Si by Co and Ge, respectively (as shown in
unit-cell I, in Fig. 3(d)); (ii) disorderly replacement of Mn
by Co and orderly replacement of Si by Ge (II}, in Fig. 3(d));
(iii) orderly replacement of Mn by Co and disorderly replace-
ment of Si by Ge (Il in Fig. 3(d)); and (iv) disorderly re-
placement of Mn and Si by Co and Ge, respectively (IVy, in
Fig. 3(d)). For in-depth details regarding atomic occupation
in the hexagonal Mng 5Coq sNiSig 5Geq 5, refer to Table S1,
please. We observed additional diffraction spots at {0001}y,
{-2111}, and {-4221};, positions in the simulated electron
diffraction patterns of I, and Il (marked by green circles in
Fig. 3(e)). Furthermore, for IIIy, additional diffraction spots
emerged at {0001}y, and {-4221}, positions (marked by green
circles in Fig. 3(f)). Only when the atomic configuration is
the same as I[Vy, are the simulated diffraction patterns consis-
tent with those shown in Fig. 3(c). The ratios of intensity for
{0001}y, {-2111}y, and {-4221}y to the brightest {-2110}y,
are presented in Table 1. Notably, the intensity of {0001}, and
{-4221}, for III}, are remarkably weak and invisible in exper-
imental data. Consequently, the simulated electron diffraction
patterns of Il and IV}, can be consistent with experimental
results. Both structures demonstrate a disordered occupation
of Ge atoms in the hexagonal parent.

Table 1. Intensity ratios of {0001}, {-2111}, and {-4221};, to {-2110}y, in
simulated electron diffraction patterns of Iy, IIy, Iy, and IVy,.

Tooory /Ig-2110) (%) Lian11y/Ti2110y (%) I-aoa1y /2110 (%)

In 0.697 0.451 0.203
1I;, 0.662 0.450 0.201
111, 0.040 0.000 0.001
vy 0.000 0.000 0.000

The electron diffraction patterns of the pre-existing or-
thorhombic lath are displayed in Fig. 4(a). It can be observed
that additional diffraction spots at {010}, positions are present
(highlighted by the red circle in Fig. 4(a)) in comparison
with those of the orthorhombic MnNiSi with [001], incidence
(Fig. 4(b)). In order to confirm the relationship between these
additional diffraction spots and atomic substitution, several as-
sumed orthorhombic structures are simulated. Initially, sim-
ulations are performed on Mng 75C0q 25NiSig 75Geg 5 where
one Mn atom is replaced by a Co atom, while one Si atom
is substituted by a Ge atom in the unit-cell of the orthorhom-
bic MnNiSi. The fractional coordinates of each atom in the
orthorhombic MnNiSi can be found in Table S2. The sim-

ulated electron diffraction patterns for all possible structures
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along the [001], incidence direction are depicted in Fig. S1.
The {010}, diffraction spots are present as long as Ge atoms
orderly replace Si atoms or Co atoms orderly replace Mn
atoms. However, With the {010}, diffraction spots appear-
ing, additional {100}, diffraction spots with a similar diffrac-
tion intensity are also present. The intensity ratios of {010},
and {100}, to the brightest {020}, in the simulated electron
diffraction patterns can be found in Table S3. As shown in
Fig. 4(a), there are found no discernible {100}, diffraction
spots. This suggests that the observed {010}, diffraction spots
are unlikely to be attributed to the presence of orthorhombic
Mny 75C00.25NiSig.75Geo.25.

Afterwards, we proceed to simulate the electron diffrac-
tion patterns of orthorhombic Mng 5Coq 5NiSig 5Geq 5, where
Co atoms replace two Mn atoms and Ge atoms replace two
Si atoms. Fifteen possible orthorhombic structures are con-
sidered (their details are indicated in Table S4), of which four

exhibit similar electron diffraction patterns as seen in Fig. 4(a).

(© ..
(2110),
. (0902)}‘.
(d) ............................................................................. H ............................ " —
: ’ 99“99 @221),
: Q’T;n/Co(Disordcr) = i voelw Z
Q 111
| & Ni : = ® + @ 3 8 & @
* 55 4p
: | ® si |
® gootogh |
IVy 9
cu—— @ .
i Mzn/Co(disorder) ? (4221),
e @ S . Se & W @ a8
E i Ni » Ni :
ot L% g% &5 | . ... .
P Fi P (0001),
- 8 ! - 9 | :
. ;s;i/Gg(dis@rdpr) @ . Si/Ge(Disi)rder)é i . - . 4
#oe® g

As displayed in Fig. 4(c), the unit-cells of the four orthorhom-
bic structures are marked as I,, Il,, IIl,, and IV,, respectively,
with their atomic occupations listed in Table 2. Notably, four
structures all share a common characteristic, i.e., Si; & Sig
atoms are replaced by Ge atoms. The electron diffraction pat-
terns of I, and II, are simulated and the results are shown in
Fig. 4(d). Notably, in addition to {010}, spots, {100}, diffrac-
tion spots can be observed. However, the intensity ratio of
{100}, is extremely weak, making the experimental spots pos-
sibly invisible. To provide a quantitative comparison, Table 2
summarizes the intensity ratios of {100}, and {010}, with re-
spect to the brightest {020}, in the simulated electron diffrac-
tion patterns of I,, Il,, IIl,, and IV,. Moreover, the electron
diffraction patterns of IIl, and IV, depicted in Fig. 4(e) are
shown to be consistent with the experimental results presented
in Fig. 4(a). This highlights that the {010}, diffraction spots
originate from orthorhombic Mng 5Cog sNiSip 5Gegs, where

Ge atoms take the positions of Si atoms in an orderly manner.

Fig. 3. (a) TEM image of foil, in which one pre-existing orthorhombic lath is embedded in hexagonal parent. (b) Selected-area electron
diffraction patterns of hexagonal parent. (c) Selected-area electron diffraction patterns of hexagonal MnNiSi with [01-10]; incidence. (d) Four
assumed hexagonal structures (marked by Iy, II},, III;,, and IV}) with the same composition of Mng sCog sNiSigsGegs. (€) Simulated electron
diffraction patterns of I, and II;, with [01-10]; incidence. (f) Simulated electron diffraction patterns of Il with [01-10]; incidence.
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Fig. 4. (a) Selected-area electron diffraction patterns of orthorhombic lath. (b) Simulated electron diffraction patterns of orthorhombic Mn-
NiSi with [001], incidence. (c) Four assumed orthorhombic structures (marked by I,, II,, IIl,, and IV,) with the same composition of
Mng 5Coq 5NiSigsGegs. (d) Simulated electron diffraction patterns of I, and I, with [001], incidence. (e) Simulated electron diffraction

patterns of III, and IV, with [001], incidence.

Table 2. Atomic occupation and intensity ratios of {100}, and {010}, to {020}, in the simulated electron diffraction patterns of I,, Il,, IIL,,

and IV,.
Atomic OCCllpéltiOI’I 1{100} /1{020} (%) 1{010} /1{020} (%)
I Co replaces Mn; & Mn; and Ge replaces Sij & Sig 0.003 0.833
11, Co replaces Mn; & Mny and Ge replaces Sij & Sig 0.067 0.833
111, Co replaces Mn; & Mnj and Ge replaces Si; & Sig 0.0 0.637
1V, Co disorderly replaces Mn while Ge replaces Sij & Sig 0.0 0.833

Fig. 5. HRSTEM images of orthorhombic lath under [001], incidence
and fast Fourier transform results from regions in orange and green
boxes.

Figure 5 shows the HRSTEM images of the pre-existing
orthorhombic lath, captured with [001], incidence. The fast
Fourier transform outcomes from various regions are also dis-
played. The {010}, diffraction spots can be identified effort-
lessly when the fast Fourier transform is taken from the region
highlighted with an orange box. On the other hand, these spots
are absent if the region is changed to a green box. The fast
Fourier transform results derived from the green box are iden-
tical to the electron diffraction patterns of the orthorhombic

MnNiSi with [001], incidence (see Fig. 4(b)). This indicates
that the occupation of Ge atoms is disordered. As a conse-
quence, the lath consists of two orthorhombic phases. In one
phase, Ge atoms orderly replace Si atoms, while in the other,
the occupation of Ge atoms is disordered.

In other words, the occupation of Ge atoms presents a dis-
crepancy between the hexagonal parent and the pre-existing
orthorhombic laths. In the hexagonal parent, Ge atoms are
entirely disordered, whereas in some areas of the pre-existing
orthorhombic lath, they replace Si atoms in an orderly man-
ner. This fact indicates that the pre-existing orthorhombic lath
does not result from the hexagonal-orthorhombic martensitic
transformation which is diffusionless, and that the martensite
should inherit the atomic ordering of its parent structure. If
Ge atoms are randomly distributed in the hexagonal parent,
their occupation in the orthorhombic martensite should also
be disordered. Therefore, we believe that the unique atomic
arrangement plays a critical role in facilitating the stable co-
existence of these pre-existing orthorhombic laths within the

hexagonal matrix.
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3.3. Crystallography of hexagonal-orthorhombic marten-
sitic transformation

Before we delve into the relationship between the pre-
existing orthorhombic lath and the hexagonal parent, it is
crucial to comprehend the crystallography of the hexagonal—
orthorhombic martensitic transformation. To obtain the lattice
parameters of the hexagonal parent and orthorhombic marten-
site, our sample is cooled to a temperature between M and
M, and its XRD patterns are refined (refer to Fig. 6). The ob-
tained values are as follows: ap = 0.397 nm, ¢, = 0.515 nm
(for hexagonal parent), and a, = 0.569 nm, b, = 0.366 nm,
and ¢, = 0.694 nm (for orthorhombic martensite).

Yobs
}/cale
Y:)bs - x:ale

| Hexagonal peak
I Orthorhombic peak

jﬁWMM‘NWWMWWW

30 40 50 60 70 80
20 (°)

Intensity (arb. units)

'f\u'ww

Fig. 6. Refined XRD patterns at a temperature between M, and M;.

According to previous researches,>>?*! the relationship
between the hexagonal structure and orthorhombic structure
follows ¢y, — ao, an — b, and v3an — ¢o. This rela-
tionship is expressed in the rectangular coordinate system
with X = [0001],[|[100],, ¥ = [2-1-10]4||[010], , and Z =
[01-10]1|[001], for clarity (Fig. 7(a)). Accordingly, the lat-
tice parameters of the two structures are connected through a
Bain strain:

do i ao/Ch Ch
bo = bo/ah ap
Co i co/V3ay | | V3an
[1.106 Ch
= 0.921 ap (D)
| 1.008 V3an

Based on the phenomenological crystallographic theory,®* on
the assumption that the yellow sphere shown in Fig. 7(b) rep-
resents the hexagonal parent, the Bain strain will transform
it into the green ellipsoid. Since c,/v/3ay is almost equal
to 1,123:24.29.30.35.65.60] e assume that there is no change in
length along the [01-10]y direction (It should be noted that
in most of reported results of MnMX alloys, ¢,/ \/§ah devi-
ates from 1 and the deviation value is thought to be highly
related with thermal hysteresis.[24] In our material, ¢,/ \/gah

is 1.008, which is considerably higher than the counterparts

in some low-hysteresis MnMX alloys.®”] This is likely to be
the reason for the noticeable thermal hysteresis observed in
our material). As a diffusionless martensitic transformation,
there must be a habit plane in which vectors do not strain or
rotate during the transformation. In Fig. 7(b), only the vectors
in the blue plane (such as OA, where the sphere and ellipsoid
meet at point A) are not strained, but rotated by an angle of
0 from their initial position (OA’). Therefore, the Bain strain
does not imply that the hexagonal structure transforms into the
orthorhombic structure through expansion along [0001]; and
shrinkage along [2-1-10]y, because the need for a habit plane is
eliminated. To create a habit plane, it is necessary to contraro-
tate the ellipsoid along the Z axis by 0 so that all the vectors in
the blue plane return to their initial positions. In this case, the
red plane shown in Fig. 7(b) is simply the habit plane in the
hexagonal parent. This rotation operation can be expressed as

a simple equation

0.9959 —-0.0905 O
R= | 0.0905 09959 0 |. 2)
0 0 1

In the phenomenological crystallographic theory!®* of
martensitic transformation, a martensitic transformation can
be accomplished through a strain expressed as

P, =RBP. 3)

Equations (1) and (2) express R and B for the hexagonal—
orthorhombic martensitic transformation. P, is a simple shear
that ensures the sphere is tangent to the ellipsoid. However,
since ¢,/ ﬁah is assumed to be 1, the sphere has been tan-
gent to the ellipsoid. Therefore, P, becomes an identity matrix
during this transformation. Based on the lattice parameters of
the hexagonal structure and orthorhombic structure, the habit
plane and strain P; can be determined in theory. The analysis
shows that the habit plane is {-2113.14} and P; in rectangular
coordinates as shown in Fig. 7(b) is expressed as

1.1013  —0.0834 0
P = 0.1001 09176 0 |. €
0 0o 1

According to the preceding description of the crystallog-
raphy of the hexagonal-orthorhombic martensitic transforma-
tion, it is possible to establish all feasible orientation rela-
tionships between the hexagonal parent and the orthorhom-
bic martensite. For instance, if we consider [2-1-13];, it is
nearly parallel to the [110], orientation. Theoretical calcu-
lations show that there is only a 0.21° angle difference be-
tween the two orientations. Additionally, combined with [01-
10]4/|[001],, one orientation relationship can be established as
[01-10]4[[001], & (-2112)p](2-20).
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o » X: [0001]4][[100],

b, Cy
: ay
Qg
O Ch
Y: [2110],,][010], & . Z: [0110],[[001],
A
(b) A Y: 21104/ |[010],

4A'

____________ R
X: [0001],][100],

Y 2: [o1io]u|[001l,

Fig. 7. (a) Schematic diagram of relationship between the hexagonal
structure and orthorhombic structure. (b) Sphere-ellipsoid transforma-
tion model, with yellow sphere and green ellipsoid denoting hexagonal
structure and orthorhombic structure, respectively.

3.4. Crystallographic relationship between pre-existing

orthorhombic lath and hexagonal parent

In this subsection, we will uncover the crystallographic
relationship between the pre-existing orthorhombic lath and
the hexagonal parent. Figure 8(a) shows an HRSTEM image
of an area where the hexagonal parent and the pre-existing or-
thorhombic lath coexist, under [01-10],, incidence. The hexag-
onal parent and pre-existing orthorhombic lath are located in
the top-right and bottom-left corners, respectively. The EDS

mapping in Fig. S2 proves that there is no difference in com-

] -)l.-ral--i;il\\t-nnn
(1) EEEREEEERRRRRRNY
LR R R
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Y
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Orthorhotipse H EXY

SRR R R R RRRRRRRRRY

SRR RRRRRRRRRERE
EERRRRRRRRRERRY
I A REEE] H

position between the laths and hexagonal parent. Figure 8(b)
displays a magnified HRSTEM image of the hexagonal par-
ent. The atomic arrangement is consistent with the counter-
part in Fig. 1(b), with [01-10], oriented vertically and [2-
1-10], horizontally. The measured interspace of (-2110) is
0.203 nm. Figure 8(c) shows a magnified HRSTEM of the
pre-existing orthorhombic lath. The arrangement of atoms
conforms to the arrangement in Fig. 1(d), with [001], in ver-
tical direction and [010], in the horizontal direction. The in-
terspace obtained for (010), is 0.367 nm. The selected-area
electron diffraction pattern of the region where the hexagonal
parent and pre-existing orthorhombic lath coexist is illustrated
in Fig. 8(d). The pattern confirms the orientation relationship
between the hexagonal parent and the pre-existing orthorhom-
bic lath, which is [01-10],||[001], and (-2112),]](2-20),, con-
sistent with the phenomenological crystallographic theory dis-
cussed earlier. The habit plane (-2113.14) is also marked in
Fig. 8(a) located at the interface of the hexagonal parent and
the pre-existing orthorhombic lath. These findings suggest
that despite different atomic configurations existing, the crys-
tal relationship of the pre-existing orthorhombic laths with the
hexagonal parent and the crystal relationship of orthorhombic
martensite with the hexagonal parent are similar. Moreover,
the orthorhombic martensite can use these pre-existing laths as
the initial point and continue to grow. This explains why the
pre-existing orthorhombic laths become wider during cooling,

as shown in Fig. 2.

Fig. 8. (a) HRSTEM image of an area where hexagonal parent and pre-existing orthorhombic lath coexist. Magnified image of (b) hexagonal
parent and (c) pre-existing orthorhombic lath. (d) Selected-area electron diffraction pattern of subfigure (a).

4. Conclusions

In our study, microstructure investigations were per-
formed on the Mng 25C0q.375NiSig 625Geg.375 alloy which un-
dergoes a hexagonal—orthorhombic martensitic transformation
during cooling. We discover the existence of pre-existing or-
thorhombic laths at temperatures higher than Mg, which sig-
nificantly widen as the temperature approaches M. Our TEM
measurement indicates a divergence in the occupation of dop-
ing atoms between the pre-existing orthorhombic laths and the

hexagonal parent, providing evidence that the pre-existing or-

thorhombic laths are not formed as a result of the hexagonal—
orthorhombic martensitic transformation. Through a combi-
nation of the phenomenological crystallographic theory and
HRSTEM investigation, we further establish that the pre-
existing orthorhombic laths and orthorhombic martensite ex-
hibit the same orientation relationship as the hexagonal parent.
The result of this interaction is that the orthorhombic marten-
site uses the pre-existing laths as a foundation and grows up-
wards. This finding leads us to conclude that the thin laths are,
in fact, pre-existing orthorhombic embryos that facilitate the

hexagonal—orthorhombic martensitic transformation.
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