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A Novel Training-Free Processed
Fe-Mn-Si-Cr-Ni Shape Memory Alloy
Undergoing ¢ — y Phase
Transformation

HUABEI PENG, GAIXIA WANG,
YANGYANG DU, SHANLING WANG,
JIE CHEN, and YUHUA WEN

We not only suppress the formation of twin boundaries
but also introduce a high density of stacking faults by
taking advantage of 0 —y phase transformation in a
processed  Fe-19.38Mn-5.295i-8.98Cr-4.83Ni  shape
memory alloy. As a result, its shape memory effect is
remarkably improved after heating at 1533 K (1260 °C)
(single-phase region of ¢ ferrite) and air cooling due to
0 — 7y phase transformation.
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Low-cost Fe-Mn-Si-based shape memory alloys
(SMAs), possessing one-way shape memory effect, have
attracted much attention for several decades as a possible
alternative to the expensive Ti-Ni-based SMAs.l' 1 A
large recovery strain of 9 pct has been reported in a
single-crystalline Fe-30Mn-1Si alloy.!"! However, only 2
to 3 pct recovery strain is attained in ordinary polycrys-
talline-processed Fe-Mn-Si-based alloys without special
treatment.*" % There are three kinds of special treat-
ment—training,”f()] thermomechanical,”'*'" and aus-
forming!'>!3—that improve the recovery strain of
polycrystalline-processed Fe-Mn-Si SMAs to 4 to
5 pct. The preceding treatments not only increase the
production cost, but also make it difficult to fabricate the
components with complicated shape. Recently, we man-
ufactured a novel training-free cast Fe-20.2Mn-
5.6Si-8.9Cr-5.0Ni alloy by simple synthesis processing,
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consisting only of casting plus annealing, and made a
breakthrough to attain a tensile recovery strain of
7.6 pet in this cast alloy.["¥ Nevertheless, there are still
shortcomings for cast alloys as compared with pro-
cessed alloys, i.e., lower recovery stress and worse
mechanical properties. Thus, we raise an issue regarding
how to obtain training-free processed Fe-Mn-Si-based
SMAs.

Recently, we investigated the interaction between twin
boundaries and stress-induced ¢ martensite in Fe-Mn-
Si-based SMAs and found that this interaction not only
suppresses the stress-induced ¢ martensitic transforma-
tion, but also severely distorts the twin interfaces.' As
a result, a high density of twin boundaries results in a
poor shape memory effect in processed Fe-Mn-Si-based
SMAs, and a good shape memory effect could be
obtained by inhibiting the formation of twin boundaries.
Furthermore, Kajiwara indicated that a high density of
stacking faults is beneficial to obtaining a good sha]%e
memory effect for processed Fe-Mn-Si-based SMAs.!!
Indeed, the previously mentioned special treatments that
effectively improve the shape memory effect introduce
the high density of stacking faults besides reducing
the twin boundaries for processed Fe-Mn-Si-based
SMAs.B413715] Here, we also achieve the purpose of
both reducing the twin boundaries and introducing the
high density of stacking faults using 6 —7 phase
transformation in a Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni
alloy. Therefore, in the present article, a novel train-
ing-free processed Fe-Mn-Si-Cr-Ni alloy is developed
based on d — y phase transformation.

The ingot of Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni SMA
was prepared by induction melting in an argon atmo-
sphere. This ingot was then hot forged at 1373 K
(1100 °C) into a 20-mm-thick plate after homogeniza-
tion at 1373 K (1100 °C) for 15 hours. Three specimens
with dimensions of 13 mm x 20 mm x 100 mm were cut
from the plate by electric discharge machining and were
subsequently solution treated at 1373 K (1100 °C) for
50 minutes, followed by air cooling. Next, two speci-
mens were further heat treated at 1523 K and 1533 K
(1250 °C and 1260 °C) for 30 minutes, respectively,
followed by air cooling. The preceding heat treatments
were accomplished in a high-temperature furnace
equipped with a standard alumina-sheathed plat-
inum-rhodium/platinum thermocouple. To evaluate
the shape memory effect, wire samples with a cross
section of 1.5 mm x 2 mm were cut from the specimens
by electric discharge machining. Phase transformation
temperatures, i.e., M, A, and Ay, were measured by
electric resistivity—temperature curves. The shape mem-
ory effect was determined by the bending technique, as
described in Reference 16. Both a homemade mold and
the wire specimens were immersed in alcohol and cooled
to the deformation temperature by liquid nitrogen
before testing the shape memory effect. The specimens
were bent at their M plus 10 K (10 °C) by the
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homemade mold for 4 pct deformation strain and then
recovered by annealing in a muffle furnace at 8§73 K
(600 °C) for 5 minutes. An ordinary optical metallo-
graphic method was used to reveal the microstructures
undergoing ¢ — y phase transformation, and its etching
solution was 1 mL HF + 15 mL H,O, + 1 g C,H,0,4 +
15 mL H>O. A color optical metallographic method
was chosen to reveal the residual ¢ ferrite resulting from
0 — 7 phase transformation, and its etching solution was
1.2 pct K»S,05 + 0.5 pct NH4HF, in distilled water.
Microstructures were further studied using a Tecnai G2
F20 transmission electron microscope (TEM) as well as
electron backscatter diffraction (EBSD) using a FEI F50
field emission scanning electron microscope. A step size
of 1 um was used to scan the samples for EBSD. The
grain size was measured according to the results of
EBSD. In the preparation of foils for TEM observa-
tions, the specimens were mechanically ground and then
polished in a solution of sulfuric acid and methanol (1:4)
using a twin jet polisher. Stacking fault probability is in
direct proportion to the density of stacking faults. Thus,
two austenitic reflections, i.e., (111), and (200),, were
detected by a Bruker D8 Advance X-ray diffraction
apparatus with Co K, radiation, and the stacking fault
probability was calculated according to the X-ray peak
shift method described in Reference 17.

Figure 1 gives the microstructures of solution-treated
alloy before and after heating at 1533 K (1260 °C) and
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air cooling. A high density of twin boundaries exists in
solution-treated alloy at 1373 K (1100 °C) for 50 min-
utes, as seen in the ordinary and color optical micro-
graphs (Figures 1(a) and (b)). For solution-treated alloy
after heating at 1533 K (1260 °C) for 30 minutes and
air cooling, its microstructure is typical Widmanstéitten
morphology in the ordinary optical micrograph
(Figure 1(c)). Furthermore, a small amount of ¢ ferrite
is distributed in the austenite (Figure 1(d)). When
Fe-Mn-Si-Cr-Ni SMAs solidify as ferritic mode, liquid
phase first fully transforms into single-phase o ferrite;
then, the austenite nucleates preferentially at ¢ ferrite
grain boundaries and subsequently grows into the J
ferrite by the Widmanstédtten mechanism during cooling;
finally, their microstructure at room temperature con-
sists of Widmanstitten austenite and residual lathy &
ferrite because of the incomplete nature of § —y phase
transformation.'®!”! Cheng er al. also obtained the
Widmanstdtten structure due to d —y phase transfor-
mation in an austenitic Fe-25.3Mn-4.4Al alloy subjected
to heating at 1623 K (1350 °C) for 30 minutes and air
cooling, when its high-temperature equilibrium phase is
ferrite at 1623 K (1350 °C).””! Thus, the high equilib-
rium phase of Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni alloy is
o ferrite at 1533 K (1260 °C), and this alloy underwent
0 — 7y phase transformation during the air-cooling pro-
cess after heating at 1533 K (1260 °C). In addition, we
cannot observe the twin boundaries in solution-treated

L 20pm

Fig. 1—(a) and (b) Solution-treated Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni alloy at 1373 K (1100 °C) for 50 min before and after heating at 1533 K
(1260 °C) for 30 min and (¢) and (d) air cooling. (a) and (c) are ordinary optical micrographs; (b) and (d) are color optical micrographs.
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Fig. 2—Austenitic phase maps of (a) solution-treated Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni alloy at 1373 K (1100 °C) for 50 min as well as (b) one
treated at 1533 K (1260 °C) for 30 min and cooled in air and further annealed at (¢) 873 K (600 °C) and (d) 1373 K (1100 °C) for 30 min. Blue
lines are grain boundaries, while red lines are twin boundaries (Color figure online).

alloy after heating at 1533 K (1260 °C) and air cooling
according to the results of optical micrographs.

We further used EBSD to quantitatively determine the
length fraction of twin boundaries, i.e., the ratio of the
total length of the twin boundaries to the total length of
all grain boundaries (>15 deg), including the twin
boundaries (Figure 2; Table I). For solution-treated
alloy at 1373 K (1100 °C) for 50 minutes, the length
fraction of twin boundaries reached 55.4 pct (Figure 2(a)).
Note that the length fraction of twin boundaries was
observed to decrease to 8.7 pct when this alloy was further
heated at 1533 K (1260 °C) for 30 minutes and cooled in
air (Figure 2(b)). The preceding results indicate that
heating at 1533 K (1260 °C) and air cooling is an effective
heating treatment to suppress the formation of twin
boundaries. In other words, we can use d—7y phase
transformation to realize the purpose of suppressing
the formation of twin boundaries through heating the
Fe-Mn-Si-based SMAs to the ¢ ferrite phase region.
Moreover, the length fractions of twin boundaries are only
8.0 pct (Figure 1(c)) and 5.7 pct (Figure 1(d)) when this
alloy undergoing é — y phase transformation was further
annealed at 873 K (600 °C) and 1373 K (1100 °C) for
30 minutes, respectively. As a result, it is difficult to
introduce the twin boundaries by subsequent annealing
treatments for the Fe-Mn-Si-Cr-Ni alloy undergoing 6 —
phase transformation.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Annealing twins have been observed in a variety of fcc
metals and alloys with intermediate or low stacking fault
energy after deforming and subsequent annealing.”*' % In
the present article, the Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni
alloy was subjected to hot forging at 1373 K (1100 °C)
and subsequent solution treating at 1373 K (1100 °C).
Obviously, the twin boundaries (Figure 2(a)) are
annealing twins for solution-treated Fe-19.38Mn-5.29Si-
8.98Cr-4.83Ni alloy. Generally, it is difficult to control
the distribution and configurations of annealing twins.
Mahajan indicated that annealing twins form due to
growth accidents on differently inclined {111} facets
present on a migrating grain boundary.*¥ It is empha-
sized that grain boundary migration is an essential
component for the formation of annealing twins.?"*!
For solution-treated alloy after heating at 1533 K
(1260 °C), the migrating interfaces are mainly y/d inter-
faces rather than grain boundaries due to 6 —7 phase
transformation during the air-cooling process. In this
case, 0 — y phase transformation is successful to suppress
the formation of twin boundaries. Thus, the length
fraction of twin boundaries markedly decreased from
55.4 to 8.7 pct for solution-treated alloy after heating at
1533 K (1260 °C) and air cooling (Figures 2(a) and (b)).
When the alloy undergoing 6 — 7y phase transformation
was further annealed at 873 K or 1373 K (600 °C or
1100 °C), the grain size increased slightly with the
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Grain Size, Phase Transformation Temperatures, Twin Boundaries, Stacking Fault Probability, and Shape Recovery Ratio of Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni Alloy

Table 1.

After Different Heating Treatments

Length Fraction of
Twin Boundaries

(Percent)

Phase Transformation Temperatures

Stacking Fault Shape Recovery

Probability

Ratio (Percent)

Ag

107.7£32.8 215 K (—58 °C)338 K (65 °C) 363 K (90 °C)

128.7+43.1

M

Grain Size (um)

Heating Treatments

3280—VOLUME 47A, JULY 2016

0.0183

554

1373 K (1100 °C) x 50 min

53.1

228 K (=45 °C)333 K (60 °C) 379 K (106 °C)

1523 K (1250 °C) x 30 min

0.0260
0.0229
0.0179

8.7
8.0
5.7

108.64£38.3 226 K (—47 °C)328 K (55 °C) 370 K (97 °C)
11544355 218 K (=55 °C)331 K (58 °C) 388 K (115 °C)
124.3+36.9 241 K (=32 °C)343 K (70 °C) 381 K (108 °C)

1533 K (1260 °C) x 30 min plus 873 K (600 °C) x 30 min
1533 K (1260 °C) x 30 min plus 1373 K (1100 °C) x 30 min

1533 K (1260 °C) x 30 min

annealing temperatures (Table I) and the morphology of
grains was almost the same before and after annealing
(Figure 2). This result means that the grain boundary
migration is limited; thus, the twin boundaries are hardly
introduced by annealing. The reason for limited grain
boundary migration may be attributed to the pinning
effect of residual o ferrite resulting from the incomplete
nature of 0 — 7 phase transformation.

In order to further demonstrate that 6 —7y phase
transformation can suppress the formation of twin
boundaries, we investigated the microstructure of solu-
tion-treated alloy after heating at 1523 K (1250 °C) for
30 minutes and air cooling (Figure 3). Many islandlike
Widmanstétten structures are distributed uniformly in
the white structures, and some twin boundaries appear in
the white structures (Figure 3(a)). The color optical
micrograph reveals that the islandlike Widmanstitten
structures consist of austenite and ¢ ferrite (Figure 3(b)).
Obviously, the islandlike Widmanstidtten areas are o
ferrite at 1523 K (1250 °C) and resulted from the 6 —y
phase transformation during the air-cooling process after
heating at 1523 K (1250 °C). Therefore, the high equi-
librium phases of Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni alloy
consist of austenite and ¢ ferrite at 1523 K (1250 °C).
According to the preceding typical microstructure, we
determined the volume fraction of ¢ ferrite at 1523 K
(1250 °C) by measuring the islandlike Widmanstitten
areas of seven micrographs. The results show that the
volume fraction of ¢ ferrite is 72.9 pct, while that of
austenite is 27.1 pct at 1523 K (1250 °C). Note that the
morphology of twin boundaries after heating at 1523 K
(1250 °C) and air cooling is different from that of
solution-treated alloy, and few twin boundaries are
observed in the areas around ¢ ferrite (Figures 3(c) and
(d)). The ¢ ferrite results from the incomplete nature of
0—7y phase transformation; thus, the areas around o
ferrite are subjected to d — 7y phase transformation. In
this case, the preceding results further demonstrate that
0— 7y phase transformation is effective in inhibiting the
formation of twin boundaries. However, the length
fraction of twin boundaries still reaches up to 53.1 pct
for this alloy undergoing ¢ —7y phase transformation
(Table I). There is the retained austenite of 27.1 pct at
1523 K (1250 °C), and the twin boundaries also exist in
the retained austenite. Furthermore, these pre-existing
twin boundaries in the retained austenite may further
grow along the migrating interfaces of y/é during the
air-cooling process after heating at 1523 K (1250 °C). As
a result, heating in the two-phase region of austenite and
o ferrite cannot effectively inhibit the formation of twin
boundaries through § — 7 phase transformation.

The microstructures undergoing 6 — 7 phase trans-
formation before and after annealing were further
investigated with a TEM (Figure 4). Generally, a
relatively low density of stacking faults appears in
Fe-Mn-Si-based SMAs subjected to solution treatment
at around 1273 K (1000 °C).**®! Note that there are
many stacking faults and a certain amount of disloca-
tions (red arrows) distributed in the austenite for
solution-treated alloy after heating at 1533 K
(1260 °C) for 30 minutes and air cooling (Figure 4(a)).
This result indicates that 0 — y phase transformation is
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Fig. 3—(a) Ordinary and (b) color optical micrographs as well as (¢) image quality map and (d) phase map of solution-treated Fe-19.38Mn-5.29-
Si-8.98Cr-4.83Ni alloy after heating at 1523 K (1250 °C) for 30 min and air cooling. (c) and (d) Blue lines are grain boundaries, while red lines

are twin boundaries (Color figure online).

beneficial to inducing the defects, especially stacking
faults. It is well known that the proper heating treatment
can eliminate the defects, such as stacking faults and
dislocations. As a result, numerous stacking faults
still existed, while a few dislocations remained after
further annealing at 873 K (600 °C) for 30 minues
(Figure 4(b)). When annealed at 1373 K (1100 °C) for
30 minutes, the amount of stacking faults reduced and
few dislocations remained (Figure 4(c)). The results of
stacking fault probability further verify the preceding
TEM results (Table I).

Solid-phase transformation-induced defects have been
reported in various metals and alloys, i.e., y — o«l*”* or
d—7p phase transformation®>*! induced defects in
Fe-based alloys. Two factors are responsible for the
generation of defects: plastic deformation induced by
volume and shape changes as well as growth acci-
dents.*?3* The phase transformation from ¢ ferrite to
the austenite causes volume shrinkage of about 1 pct.??
Moreover, the 0 ferrite is harder than the austenite. As a
result, the plastic deformation has to be induced in the
soft austenite in order to release about I pct volume
change. The defects, therefore, are introduced into the
austenite. This is one reason for the stacking faults and
dislocations induced by 0 — 7 phase transformation for
solution-treated alloy after heating at 1533 K (1260 °C)

METALLURGICAL AND MATERIALS TRANSACTIONS A

and air cooling (Figure 4(a)). Note that growth acci-
dents are another reason for the preceding defects
induced by 60—y phase transformation. During the
migration of interfaces between parent and new phases,
atoms are removed from the side of the parent phase at
the interfaces and are added to the side of the new phase.
Growth accidents may happen if these atoms are not
placed on the lattice of the growing new ghase according
to the proper stacking sequence.’*3® As a result,
defects would be introduced into the new phase by the
growth accidents. In the case of § —y phase transfor-
mation, the y/d interfaces migrate into the ¢ ferrite by
the transfer of atoms from ¢ ferrite. Growth accidents
will occur since an atom plane containing a row of
atoms displaced from the sites occupies the perfect
lattice. In this case, the empty channels are too narrow
to accommodate another row of atoms. If the next atom
plane resumes the original stacking sequence, the defects
will be induced.

As mentioned previously, both reducing the twin
boundaries and introducing the high density of stacking
faults are beneficial for improving the shape memory
effect in Fe-Mn-Si-based SMAs. Note that we both
suppressed the formation of twin boundaries and intro-
duced the high density of stacking faults using 6 — y phase
transformation in solution-treated alloy after heating at
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Fig. 4—(a) TEM micrographs of solution-treated Fe-19.38Mn-5.29-
Si-8.98Cr-4.83Ni alloy after heating at 1533 K (1260 °C) for 30 min
and air cooling as well as subsequent annealing at (b) 873 K
(600 °C) and (c) 1373 K (1100 °C) for 30 min.

1533 K (1260 °C) and air cooling. As a result, the alloy’s
shape recovery ratio was significantly improved to 81 pct
from the solution-treated state of 63 pct when the
deformation strain was 4 pct and the deformation tem-
perature was M plus 10 K (10 °C) (Table I). After being
subsequently annealed at 873 K (600 °C), the alloy’s
shape recovery ratio further increased to 90 pct due to the
reduction in the dislocations, which inhibit the stress-in-
duced e-martensitic transformation.!'**" 3% On the con-
trary, after being subsequently annealed at 1373 K
(1100 °C), the alloy’s shape recovery ratio decreased to
76 pct because of the reduction in the amount of stacking
faults, which are beneficial to stress-induced e-martensitic

3282—VOLUME 47A, JULY 2016

transformation.'”’ For solution-treated alloy after heating
at 1523 K (1250 °C) and air cooling, a high density of twin
boundaries, which has a negative effect on the shape
memory effect, still existed (Figure 3). In this case, the
alloy’s shape recovery ratio was only 64 pct.

In conclusion, we developed a novel training-free
processed Fe-19.38Mn-5.29Si-8.98Cr-4.83Ni alloy using
0 — 7y phase transformation. The shape memory effect
could be remarkably improved by using 6 — 7 phase
transformation upon heating at a single-phase region of §
ferrite. However,  — y phase transformation exhibits no
positive effect on improving the shape memory effect
upon heating at the two-phase region of ¢ ferrite and
austenite. Accordingly, heating at the o phase region and
subsequent use of 0 —y phase transformation is a novel
idea for developing training-free processed Fe-Mn-Si-
based SMAs. It holds great promise for further improve-
ment of the shape recovery effect through modifying and
optimizing the heat treatments. Our results will further
promote the application of Fe-Mn-Si-based SMAs in
engineering areas. In addition, to our knowledge, an
equilibrium phase diagram for Fe-Mn-Si-based SMAs
has not yet been developed. Our previous study also
showed that it is invalid to calculate the equilibrium
phase diagram of Fe-(12-30)Mn-5.5Si-8.5Cr-5Ni alloys
using THERMO-CALC® software together with data-
base TCFE6.I"¥ Therefore, the prediction of the d-phase
region for using 6 —y phase transformation to fabri-
cate training-free processed Fe-Mn-Si-based SMAs is a
critical issue.
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