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Abstract: FeqsMn;sSisCroNis (wt.%) shape memory alloy (SMA) with y austenite and ¢ martensite was subjected to
mechanical vibrating polishing and consequently its surface suffered from plastic deformation in the case of
compressive stress. Almost complete ¢ martensite transformation is found to occur in FeMnSiCrNi sample subjected to
mechanical vibrating polishing, where stress-induced martensite transformation plays a predominant role. Stress-
induced martensite transformation of FeMnSiCrNi SMA is closely related to the orientation of external stress. The
complicated compressive stress which results from the mechanical vibrating polishing contributes to ¢ martensite
transformation from y austenite of FeMnSiCrNi SMA. Mechanical vibrating polishing has a certain influence on the
surface texture of & martensite of FeMnSiCrNi SMA, where {1120}(0001) texture appears in the polished FeMnSiCrNi

SMA.
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1 Introduction

Shape memory alloys (SMAs) have deserved
much attention because of shape memory effect
since they were found. Of all the SMAs, NiTi-based
SMAs have been widely employed in such fields as
biomedical engineering and aerospace engineering
because they possessed high and reliable shape
recovery strain [1-3]. However, high production
cost and relatively difficult workability restrict
NiTi-based SMAs’ application in the civil
engineering. Consequently, FeMnSi-based SMAs
have become the potential candidates for the
replacement of NiTi-based SMAs due to their low
production cost, good workability and superior
machinability since Fe—30Mn—1Si single crystal
was found by SATO et al [4,5]. With respect to
physical mechanisms of shape memory effect,
FeMnSi-based SMAs are different from NiTi-based

SMAs. The former belongs to non-thermo-elastic
martensitic transformation, whereas the latter is
related closely to thermo-elastic martensite
transformation. That is to say, shape memory effect
of FeMnSi-based SMAs stems from stress-induced
martensite transformation and its reversible
transformation during subsequent heating, where y
austenite with face centered cubic (FCC) structure
is converted to ¢ martensite with hexagonal
close-packed (HCP) structure during stress-induced
martensitic transformation, and & martensite is
converted to y austenite on heating [6]. However,
shape memory effect of NiTi-based SMAs is
attributed to the phase transformation of B2
austenite to 19’ martensite on cooling and
subsequent reverse transformation of deformed 19’
martensite to B2 austenite on heating [7,8].

On the basis of FeMnSi SMAs, researchers
have attempted to improve shape memory effect,
mechanical properties, corrosion resistance and so
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on by adding some additional elements. In
particular, the addition of Cr and Ni to FeMnSi
SMAs results in the onset of FeMnSiCrNi SMAs,
which possess good corrosion resistance. Many
literatures have reported the involved investigations
with respect to FeMnSiCrNi SMAs [9—14]. Since
stress-induced martensitic transformation played a
significant role in shape memory effect of FeMnSi-
based SMAs, many researchers performed the
outstanding investigations with regard to stress-
induced martensitic transformation. BERGEON
et al [15,16] investigated the formation mechanism
for stress-induced martensite of an Fel6Mn5Si9Cr-
4Ni (wt.%) SMA, which was attributed to the
introduction of stacking faults based on the motion
of Shockley partial dislocation, and they found that
the width of stress-induced martensite band
increased with increasing strain, which had an
adverse influence on shape memory alloy.
DRUKER et al [17-19] found that plenty of
stacking faults appeared and y austenite possessed
sufficient strength after an Fel5Mn5Si9Cr5Ni
(wt.%) SMA was subjected to the appropriate
thermo-mechanical treatment, which facilitated
the occurrence of stress-induced martensitic
transformation rather than plastic deformation for
dislocation slip. MAJI and KRISHNAN [20] found
that stress-induced ¢ martensite was observed when
Fel5Mn7Si9Cr5Ni (wt.%) SMA was subjected to a
pre-strain of 2% and there was very little interaction
between martensite plates, which contributed to
subsequent shape recovery of the alloy. KIRINDI
et al [21] stated that stress-induced & martensite
band appeared in the Fel2.5Mn5.5Si9Cr3.5Ni
(Wt.%) SMA undergoing a pre-strain of 3% and it
was generated via overlapping of stacking faults,
where ¢ martensite and overlapped stacking faults
were difficult to be identified since overlapped
stacking faults could be continuously formed into &
martensite. CHEN et al [22] found that the
addition of more C to FeMnSiCrNi SMA led to
the remarkable increase of the difference between
the critical stress for dislocation slip and that
for inducing & martensite transformation, which
was able to significantly improve shape memory
effect.

In the present study, the originality of the work
focuses on investigating stress-induced martensite
transformation of FegMn;sSisCroNis (wt.%) SMA

subjected to mechanical vibrating polishing, which
has never been reported in the literatures. On one
hand, vibrating polishing makes FeMnSiCrNi SMA
be in a complicated stress state, which is of great
significance to richen stress-induced martensite
transformation of FeMnSiCrNi SMA. On the other
hand, vibrating polishing should be avoided to be
used for fabricating the samples for micro-
structure observations of FeMnSiCrNi SMA due
to the occurrence of stress-induced martensite
transformation.

2 Experimental

The as-received FegMn;sSisCroNis (wt.%)
SMA was firstly made into a cast ingot through
vacuum induction melting. Subsequently, the cast
ingot was subjected to homogenizing annealing for
12 h at 1000 °C. Then, the cast ingot was subjected
to plastic working with the help of free forging. As
a consequence, it was made into a bar preform.
Finally, the forged bar preform suffered from
solution treatment at 850°C for 2h and
subsequently it was quenched into water at room
temperature.

The as-received FeMnSiCrNi SMA sample
was subjected to mechanical vibrating polishing for
3 h at 30% vibration amplitude by means of a
Buehler VibroMet 2 Vibratory Polisher, where
polishing solution was MasterPrep alumina
suspension with 0.05 pm. Subsequently, the micro-
structures of the as-received and polished
FeMnSiCrNi SMA samples were characterized by
electron back scattered diffraction (EBSD). EBSD
specimen for the as-received FeMnSiCrNi SMA
was subjected to electropolishing in an electrolyte
of 80% acetic acid and 20% perchloric acid. EBSD
observations were carried out on an EDAX Hikari
Plus, where the scanning area was 300 umx300 pm
and the step size was 0.7 pm.

The microstructures of the as-received
FeMnSiCrNi SMA sample were characterized
by transmission electron microscopy (TEM). The
samples for TEM observations were mechanically
ground to 70 pum and twin-jet electropolished with
an electrolyte containing 90% acetic acid and 10%
perchloric acid. TEM observations were carried out
on a Talos F200X microscope which was operated
at an accelerating voltage of 200 kV.
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3 Results and discussion

3.1 TEM observation of as-received FeMnSiCrNi
sample

TEM micrographs of as-received FeMnSiCrNi
SMA are indicated in Figs. 1 and 2. The distribution
characteristics of Fe, Mn, Si, Cr and Ni elements
are observed according to high angular annular dark
field (HAADF) image. It can be noted from Fig. 2
that the as-received FeMnSiCrNi SMA is composed

(a)

of y austenite and ¢ martensite. In particular, plenty
of stacking faults are found to be located in the
matrix of y austenite. Many researchers have
demonstrated that FeMnSi SMAs possess low
stacking fault energy, and thus stacking faults are
easy to be formed [23,24]. In particular, ¢
martensite variants can be captured, as illustrated in
Fig. 2(c). The phenomenon indicates that ¢
martensite is thermally-induced rather than stress-
induced [25]. It can be deduced that the martensite
start phase transformation temperature (M) of the

(b)

Fig. 1 HAADF micrograph and element distributions of as-received FeMnSiCrNi SMA: (a) HAADF image; (b) Fe;
(¢) Mn; (d) Si; (e) Cr; (f) Ni
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Fig. 2 TEM micrographs of as-received FeMnSiCrNi SMA: (a) Bright field image indicating distribution of &
martensite in matrix of y austenite; (b) Diffraction pattern of selected area in (a); (c) Bright field image indicating ¢

martensite variants (¢; and &,) and stacking faults (SFs); (d) Diffraction pattern of selected area in (c)

as-received FeMnSiCrNi SMA is higher than room
temperature, whereas the martensite finish phase
transformation temperature (My) of the as-received
FeMnSiCrNi SMA is lower than room temperature.
As a consequence, an incomplete martensite phase
transformation occurs in the as-received
FeMnSiCrNi SMA during cooling [26].

3.2 Microstructures of as-received and polished

FeMnSiCrNi samples

Figure 3 shows phase composition distributions
of the as-received and polished FeMnSiCrNi SMA
samples by means of EBSD analysis. It can be
found from Fig. 3 that y austenite in the as-received
FeMnSiCrNi  sample is completely
transformed into ¢ martensite phase during
mechanical vibrating polishing. It is very obvious
that stress-induced martensite transformation occurs

almost

when the as-received FeMnSiCrNi sample is
subjected to mechanical vibrating polishing.

As mentioned in the previous text, y austenite
with FCC structure is transformed into ¢ martensite
with  HCP  structure during stress-induced
martensitic transformation of FeMnSiCrNi SMA.
Therefore, the change of the crystal structure must
have a significant influence on grain morphology of
FeMnSiCrNi SMA, as shown in Fig. 4. It can be
found from Fig. 4 that stress-induced martensitic
transformation does not substantially change the
sub-grain boundaries of FeMnSiCrNi SMA. As for
the as-received FeMnSiCrNi SMA, the fraction of
sub-grain boundaries with 2°-5° is 14%, and the
fraction of sub-grain boundaries with 5°—15° is 4%.
Therefore, the total fraction of low angle grain
boundaries in the as-received FeMnSiCrNi SMA
is 18%. However, as for the polished FeMnSiCrNi
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Fig. 4 Microstructure morphologies (a, ¢) and grain boun

(a, b) As-received; (c, d) Polished

SMA, the fraction of sub-grain boundaries with
2°-5° is 14%, and the fraction of sub-grain
boundaries with 5°—15° is 2%. Therefore, the total
fraction of low angle grain boundaries in the
polished FeMnSiCrNi SMA is 16%. It is well
known that the sub-grain boundaries are generated
by introducing plenty of dislocations. However, in
our work, the transformation of y austenite to ¢
martensite is induced by introducing plenty of
stacking faults along with the motion of Shockley
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partial dislocations. Therefore, the stress-induced
martensitic transformation does not have a
significant influence on the structures of grain
boundary in the FeMnSiCrNi SMA. However, it
can be observed from Fig.5 that the grain
orientation distributions for the as-received and
polished FeMnSiCrNi SMA samples show a great
difference due to the occurrence of completely
stress-induced martensitic transformation for the
latter.
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3.3 Textures of as-received and polished
FeMnSiCrNi samples
To further clarify the orientation characteristics
of the grains in the as-received and polished

FeMnSiCrNi SMA samples, the corresponding
pole figure, inverse pole figure and orientation
distribution function are generated on the basis of
EBSD data, as illustrated in Figs. 6—10, respectively.

100 101 0001

2110

Fig. 5 Grain orientation distributions of FeMnSiCrNi SMA samples: (a) As-received; (b) Polished (Color-coded inverse
pole figure on left side corresponds to y austenite phase of (a), and color-coded inverse pole figure on right side

corresponds to ¢ martensite phase of (b))

(110)

RD
Fig. 6 Pole figures of FeMnSiCrNi SMA samples: (a) y austenite of as-received sample; (b) ¢ martensite of as-received
sample; (c) € martensite of polished sample
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Fig. 7 Inverse pole figures of FeMnSiCrNi SMA samples: (a) y austenite of as-received sample; (b) & martensite of

as-received sample; (c) ¢ martensite of polished sample
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Fig. 8 Orientation distribution function (¢=45°) of y austenite in as-received FeMnSiCrNi SMA sample:
(a) Experimental values; (b) Standard stereographic projection of some key orientations

In general, the pole figure or inverse pole figure is
frequently employed to describe the texture of
polycrystalline metal materials, whereas it is not
capable of accurately delineating the texture
components since two-dimensional stereographic
projection has a certain limitation. However,
orientation distribution function is able to
characterize the texture of polycrystalline metal
materials in a three-dimensional orientation space,

namely Euler space. In the present study, standard
stereographic  projection of & martensite is
calculated according to the Bunge system, where
each component g(¢, ¢, ¢) is expressed by the
angles ¢, ¢ and ¢, which correspond to a rotation
with regard to Z—X—Z axes [27]. As a consequence,
the crystal planes {/ki/} and the crystal directions
(uvtw) used for describing the texture can be
described by g( @, &, @), namely
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Fig. 9 Orientation distribution function ($=60°) of ¢ martensite in as-received FeMnSiCrNi SMA sample:
(a) Experimental values; (b) Standard stereographic projection of some key orientations

(b)

Fig. 10 Orientation distribution function (#$=60°) of & martensite in polished FeMnSiCrtNi SMA sample:
(a) Experimental values; (b) Standard stereographic projection of some key orientations
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Figure 6 shows the pole figures of

FeMnSiCrNi SMA samples including y austenite
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and ¢ martensite of as-received FeMnSiCrNi SMA
sample and ¢ martensite of polished FeMnSiCrNi
SMA sample. However, it can be found from Fig. 6
that the pole figures are not able to clearly capture
the texture characteristics of the two FeMnSiCrNi
SMA samples. For the purpose of further
interpreting  the  texture characteristics of
FeMnSiCrNi SMA samples, Fig. 7 shows the
inverse pole figures of FeMnSiCrNi SMA samples
including y austenite and ¢ martensite of as-received
FeMnSiCrNi SMA sample and ¢ martensite of
polished FeMnSiCrNi SMA sample. In addition, as
for y austenite of as-received FeMnSiCrNi SMA
sample, ¢ martensite of as-received FeMnSiCrNi
SMA sample and ¢ martensite of polished
FeMnSiCrNi SMA sample, the corresponding
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orientation distribution functions are illustrated in
Figs. 8—10, respectively. It can be noted from Fig. 7
that {001}(010) cubic texture is dominant in the
grains with y austenite, which can be further
confirmed by the orientation distribution function
in Fig. 8, whereas {1122}(1010) and {1120}(1102)
textures can be observed in the grains with ¢
martensite, which can be further validated by the
orientation distribution function in Fig. 9. However,
on the whole, the austenitic grains in the as-
received FeMnSiCrNi SMA are distributed at
random. In the polished FeMnSiCrNi SMA, it can
be found that the {1122K1010) texture is still
observed, whereas {1120}(1102) texture disappears.
Furthermore, {1120}(0001) texture appears in the
polished FeMnSiCrNi SMA, as shown in Fig. 10.
The phenomenon indicates that mechanical
vibrating polishing has a certain influence on the
surface texture of & martensite of FeMnSiCrNi
SMA. The texture change induced by the
mechanical vibrating polishing is attributed to the
fact that the mechanical vibrating polishing leads to
the stress-induced martensitic transformation of
sample surface.
3.4 Physical mechanism of stress-induced

martensitic transformation

As is mentioned in the previous section,
whether  stress-induced or thermally-induced
martensitic transformation in the FeMnSi-based
SMAs, there exists a certain orientation relationship
between y austenite and & martensite, which is
determined as (111),//(0001), and [110],//[2110],
by LAI et al [28]. In addition, stress-induced or
thermally-induced & martensite transformation in
FeMnSi-based SMAs is closely associated with
the occurrence of stacking faults because
FeMnSi-based SMAs possess low stacking fault
energy. Therefore, in our work, the transformation
mechanism of austenite to martensite in
FeMnSiCrNi SMA subjected to mechanical
vibrating polishing can be explained according to
Fig. 11. It is well known that y austenite possesses
FCC structure, in which the normal stacking
sequence is **ABCABC:** on the crystal plane of
(111), where A, B and C represent the positions of
atoms in the first, the second and the third layer
atoms, respectively. As a consequence, every three
layers of atoms form a repeated structure, as shown
in Fig. 11(a). However, normal stacking sequence

of HCP structure is ***ABABAB-*‘* on the crystal
plane of (0001), as indicated in Fig. 11(b). When
martensitic shear transformation is induced on the
(111) crystal plane of FCC, stacking structure is
converted from --*ABCABC-:* to *-*ABABAB-**
It can be observed that Shockley partial dislocations
are able to slip along the three different directions
on the crystal plane of (111). Consequently,
martensitic transformation of FeMnSiCrNi SMA
probably occurs along three different shear
directions. When atoms in every layer at the
position C move to the position A on the crystal
plane of (111) in FCC structure along the same
direction as Shockley partial dislocation with
Burgers vector component of bs slips, martensitic
transformation possesses the largest macroscopic
shear strain, as shown in Fig. 11(c). Therefore, the
martensitic transformation mechanism in Fig. 11(c)
is closely related to stress-induced & martensite.
It is generally accepted that stress-induced ¢
martensite transformation in FeMnSi-based SMAs
is characterized by the monopartial nature and the
martensite plate is sheared by the stacking fault
located on the crystal plane of (llT);, austenite,
where a single variant is more easily generated in
stress-induced ¢ martensite [29]. When atoms in
every layer at the position C alternatively move to
the position A on the crystal plane of (111) in FCC
structure along the three different directions which
correspond to the Burgers vector components by, bs
and bg of Shockley partial dislocations, respectively,
the macroscopic shear strain will not be generated
during martensitic transformation, as indicated in
Fig. 11(d). However, the mechanism for thermally-
induced ¢ martensite transformation in FeMnSi-
based SMAs also results from the overlapping of
stacking faults on the different {111} planes of y
austenite, where multiple ¢ martensite variants are
able to be formed in the thermally-induced &
martensite. Accordingly, the mechanism for the
thermally-induced & martensite transformation more
probably agrees with Fig. 11(d).

In fact, the stress-induced martensite
transformation of FeMnSiCrNi SMA is closely
related to the orientation of externally applied
stress [11]. In other words, stress-induced
martensite transformation is more readily to be
induced when the applied stress is favorable to the
motion of Shockley partial dislocation. According
to Ref. [30], the mechanical driving force for the
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Fig. 11 Schematic diagrams for mechanism of stress-induced martensite transformation in polished FeMnSiCrNi
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sample: (a) Normal stacking sequence of FCC structure; (b) Normal stacking sequence of HCP structure; (c) Martensitic

transformation induced from slip of Shockley partial dislocations along single direction; (d) Martensitic transformation

induced from slip of Shockley partial dislocation along three different directions

martensite transformation induced by the applied
stress can be expressed as follows:

U :%o-[;/sin%’cosaig(1+c0529)] 3)

where U is the mechanical driving force for
martensite transformation, o is the applied stress, y
is the shear component for transformation strain, ¢
is the normal component for transformation strain,
o is the angle between the shear direction of
transformation and the maximum shear direction of
the applied stress on the habit plane, 6 is the angle
between the axis of the applied stress and the
normal to the habit plane, and “+” and “-”
represent tension stress and compression stress,
respectively. When the value of a is zero, the
critical mechanical driving force for martensitic
transformation U is expressed as follows:

Ue = %a[}/ in 20+ £(1+ cos 20)] )

It can be found from Eq. (4) that when the
critical mechanical driving force for martensitic
transformation Ucis given, whether stress-induced
martensite transformation is able to occur is
dependent upon the applied stress ¢ and the angle 6.
As for FeMnSiCrNi SMA, y austenite is not able to
be completely transformed into & martensite in the
case of uniaxial compression or tension since
austenitic grains are randomly distributed in the
as-received FeMnSiCrNi sample. Some austenitic
grains exhibit the preferential orientations with
respect to the loading direction, whereas other
austenitic grains show the opposite situation. In
other words, stress-induced martensite appears
firstly in the austenitic grains with the orientations
causing the mechanical driving force for martensite
transformation U to possess the maximum value. In
the present work, FeMnSiCrNi SMA sample was
subjected to mechanical vibrating polishing and
consequently its surface suffered from plastic
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deformation in the case of compressive stress.
However, the compressive stress state is very
complicated since it is different from either uniaxial
compressive stress or uniaxial tensile stress. There
is a three-dimensional compressive stress state even
in the local zone of FeMnSiCrNi SMA sample
subjected to mechanical vibrating polishing. When
FeMnSiCrNi SMA sample is subjected to uniaxially
compressive stress or uniaxially tensile stress,
single ¢ martensite variant is able to be induced by
stress. The phenomenon indicates that stress-
induced martensite exhibits a certain orientation,
which can be confirmed by the aforementioned
texture. However, as for FeMnSiCrNi SMA sample
subjected to mechanical vibrating polishing, the
multiple orientations of the externally complicated
applied stress contribute more to making all
the austenitic grains experience complete stress-
induced martensite transformation. Unlike uniaxial
compression or tension loading, mechanical
vibrating polishing leads to very complicated stress
state, which is difficult to induce a single ¢
martensite variant. It can be deduced that
mechanical vibrating polishing is able to lead to the
occurrence of multiple & martensite variants since
no macroscopic shear strain occurs in the involved
polished sample. Further experimental evidence
needs to be given in the future.

4 Conclusions

(1) Almost complete ¢ martensite trans-
formation is found to occur in FeMnSiCrNi sample
subjected to mechanical vibrating polishing, where
stress-induced martensitic transformation plays a
predominant role. Transformation of y austenite to ¢
martensite is induced by introducing plenty of
stacking faults along with the motion of Shockley
partial dislocations.

(2) The multiple orientations of the external
applied stress contribute more to making all
the austenitic grains experience complete stress-
induced martensite transformation. Mechanical
vibrating polishing is able to lead to the occurrence
of multiple ¢ martensite variants since no macro-
scopic shear strain occurs in the involved polished
sample.

(3) For the as-received FeMnSiCrNi SMA,
{001}(010) cubic texture is dominant in the
grains with y austenite, and {1122}1010) and

{11203(1102) textures can be observed in the grains
with ¢ martensite. In the polished FeMnSiCrNi
SMA, the {1122}1010) texture is still observed,
whereas {1120}(1102) texture disappears.
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