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A novel training-free cast Fe–18Mn–5.5Si–9.5Cr–4Ni shape
memory alloy with lathy delta ferrite
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The microstructures and shape recovery of a cast Fe–18Mn–5.5Si–9.5Cr–4Ni alloy were investigated. We attained lathy ferrite in
this cast alloy and a 94% recovery of 3.6% deformation only through annealing this alloy at 973 K. The subdivision of grains by
lathy ferrite and its resulting formation of stress-induced martensite bands in a domain-specific manner accounted for the high shape
recovery. This work provides a novel idea of developing training-free Fe–Mn–Si shape memory alloy with a high shape recovery.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Low-cost Fe–Mn–Si shape memory alloys
(SMAs) have drawn considerable attention over the past
30 years [1–22] as possible alternatives to the expensive
Ti–Ni SMAs. Disappointingly, except for some special
cases, such as single crystals or thin foil specimens
[2,14], the recovery strain (RS) of ordinary polycrystal-
line Fe–Mn–Si alloys is only 2–3% [1–22], which is far
lower than that of Ti–Ni alloys (i.e. 6–8%) [1]. To en-
hance the RS of Fe–Mn–Si alloys, factors affecting the
shape memory effect (SME), such as the alloying ele-
ments [5,6], pre-strain level [6,7], deformation tempera-
ture [5–7] and thermomechanical treatment, which is
referred to as “training” [5,7,9,11,15], have been investi-
gated. The most effective method for improving the
SME is training, i.e. the repeated deformation at room
temperature (RT) and subsequent annealing at around
923 K. After 3–4 cycles, the RS of ordinary polycrystal-
line Fe–Mn–Si alloys improves to 4–5% [5,7,9,11]. Not
only does training markedly increase the production
cost, however; it is also very difficult to perform for alloy
components with complicated shapes. Accordingly, cur-
rent research mainly focuses on developing training-free
Fe–Mn–Si SMAs [13–22].

Kajiwara succeeded in improving the RS of an
Fe–28Mn–6Si–5Cr–0.5NbC alloy to around 3.8% by
producing fine NbC precipitates through an aging pro-
cess [15]. However, this process only improved the RS
of a stainless Fe–15Mn–5Si–9Cr–5Ni–0.5NbC alloy to
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3%. Recently, through pre-rolling at 870 K and subse-
quent aging, they further improved the RS of the Fe–
28Mn–6Si–5Cr–0.5NbC and Fe–15Mn–5Si–9Cr–5Ni–
0.5NbC alloys to 4.3% and 3.5%, respectively [16].
Unfortunately, the pre-rolling and subsequent aging
procedure is essentially a training step [20].

More recently, we proposed that if an austenite grain
was first subdivided into smaller domain-specific by
crystal defects or phases, then these defects or phases
would prevent stress-induced e martensite (SIEM) bands
that belong to different smaller domains from intersect-
ing with each other [21]. Accordingly, SIEM bands
would be expected to form in a domain-specific manner
(DM). That is to say, in one domain only one group or
one dominant group of e martensite bands is induced.
As a result of the formation of SIEM bands in a DM,
the collisions between martensite bands and their resul-
tant a0 martensite, which reduced the shape recovery in
the Fe–Mn–Si alloys [3,7,8], decreased [21]. Following
this proposal, in an Fe–14Mn–5Si–8Cr–4Ni–0.16C al-
loy, we succeeded in subdividing a grain into smaller do-
mains by lots of aligned Cr23C6 carbides produced by
pre-deformation at RT and subsequent aging. During
deformation, we made SIEM bands form in a DM,
and a RS as high as 4% was attained [21]. The above
procedure, however, is still a training step.

Inspired by the result that the subdivision of grains
significantly improved the RS by producing a lot of
aligned Cr23C6 phases, we thought that if the phases
subdividing the grains could be directly introduced
during the course of preparing the alloys, and not via
sevier Ltd. All rights reserved.
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a special training step, then it would be possible to de-
velop training-free Fe–Mn–Si SMAs. It is well known
that austenitic stainless steels solidify primarily as delta
ferrite (d) when the ratio between the chromium equiva-
lent Creq and the nickel equivalent Nieq is greater than
1.5, and the RT microstructures contain residual vermic-
ular and/or lathy ferrite, depending on the Creq/Nieq va-
lue [23–25]. In terms of the morphology of lathy ferrite
inside grains, they could also subdivide the grain into
smaller domains. Thus, they would also be expected to
make SIEM bands form in a DM. Note that almost
all studies of Fe–Mn–Si alloys focus on austenitized
specimens; few studies focus on as-cast specimens be-
cause of the conventional opinion that a good SME
can be attained only in Fe–Mn–Si alloys with single-
phase austenite [26,27].

To examine this possibility, we designed an Fe–18Mn–
5.5Si–9.5Cr–4Ni alloy (in mass%) with a Creq/Nieq value
of 1.85, as calculated according to Hammar’s equivalents
[28]. The experimental alloy was melted and cast into an
approximately 6 kg Y-block mold containing sodium sil-
icate sand under an argon atmosphere in an induction -
furnace. Specimens with dimensions of 150 mm �
2.0 mm � 1.5 mm were obtained by cutting the Y-block
using a Mo filament cutter. Some of specimens were an-
nealed at different temperatures for 30 min, followed by
a water quenching.

The shape recovery ratio was examined using bend-
ing techniques [20]. An optical color etching method
was used to reveal the different phases. The color etch-
ing solution comprised 1.2% K2S2O5 and 0.5%
NH4HF2 in distilled water. The austenite appears
brown; the e martensite appears white, except that thin
plates appear as dark lines; the d ferrite appears blue;
and the r phase also appears white [12]. The substruc-
tures of the specimens were studied using a Tecnai F20
transmission electron microscope. The percentage of
ferrite by volume in the specimens was determined with
a FERITSCOPE� MP30. The phase transformation
temperatures were determined by the resistivity–tem-
perature curve.
Figure 1. Microstructures of the as-cast Fe–18Mn–5.5Si–9.5Cr–4Ni alloy.
microscopy bright-field image; (d) selected area diffraction pattern corresp
corresponding to area 2 shown in (c); (f) selected area diffraction pattern co
Figure 1a shows the optical microstructure of an as-
cast Fe–18Mn–5.5Si–9.5Cr–4Ni alloy. As expected, we
attained lathy ferrite in addition to some residual vermic-
ular ferrite at RT (black phases). The color optical image
at higher magnification (Fig. 1b) showed that some r
phase (white) precipitated inside ferrite (blue). The se-
lected area electron diffraction analyses (Fig. 1c–f) further
confirmed this result.

Figure 2 shows the effect of annealing temperature on
the shape recovery ratio of the as-cast Fe–18Mn–5.5Si–
9.5Cr–4Ni alloy after 3.6% bending deformation. Note
that the shape recovery ratio of the as-cast alloy can
reach 83% without any special treatment. The shape
recovery ratio further increased to 94% after annealing
at 973 K for 30 min. Above 973 K, it gradually de-
creased with increasing temperature up to 1173 K, then
rapidly decreased. For conventional polycrystalline
Fe–Mn–Si SMAs, such a high shape recovery can only
be attained after several cycles of training, while for this
novel cast alloy with lathy ferrite, it can only be attained
through annealing.

Figure 3 shows the 6% tensile deformation micro-
structures of an as-cast Fe–18Mn–5.5Si–9.5Cr–4Ni
alloy and the cast alloy annealed at different tempera-
tures. For the as-cast Fe–18Mn–5.5Si–9.5Cr–4Ni alloy,
the SIEM bands formed in a DM (white parallel bands),
as expected. In the I domain in Figure 3, only one group
of martensite bands was induced; in II and III domains
only one dominant group of martensite bands was in-
duced. In addition, we found that SIEM bands could
still form in a DM in specimens annealed at under
1173 K. In specimens annealed at 1273–1423 K, two
dominant groups of SIM bands were induced, and colli-
sions between martensite bands occurred more fre-
quently. Note that, as compared to the as-cast
specimen, the most SIEM was induced in the specimen
annealed at 973 K, less SIEM was induced in specimens
annealed at 1173–1273 K and the least SIEM was in-
duced in the specimen annealed at 1423 K.

Figure 4 shows the effects of annealing temperature
on the Ms temperature and the volume percentage of
(a) Optical image; (b) color optical image; (c) transmission electron
onding to area 1 shown in (c); (e) selected area diffraction pattern

rresponding to area 3 shown in (c).
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Figure 2. Effect of annealing temperatures on the shape recovery ratio
of the as-cast Fe–18Mn–5.5Si–9.5Cr–4Ni alloy after 3.6% bending
deformation.
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Figure 4. Effects of annealing temperature on the Ms temperature and
the volume percentage of ferrite in the as-cast Fe–18Mn–5.5Si–9.5Cr–
4Ni alloy.
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ferrite (VPF). The Ms temperature increased as the tem-
perature increased up to 1073 K, then decreased slightly
after annealing at 1173 K; above this temperature it re-
mained almost constant. In contrast, the VPF decreased
as the temperature increased up to 1073 K, then in-
creased after annealing at 1173 K. After annealing at
1273 K, the VPF again decreased. After annealing at
1423 K, the VPF increased significantly.

The studies showed that a good SME could be ob-
tained when the deformation occurred around the Ms

temperature [5–7,10]. In contrast, the shape recovery ra-
tio of the experimental alloy annealed at 1423 K was far
lower than that annealed at 973 K, although its Ms tem-
perature was closer to the deformation temperature, i.e.
a RT of 293 K. Obviously, the change of the Ms temper-
ature cannot account for the dramatic change in the
shape recovery ratio after annealing. Note that the most
SIEM was induced in the specimen annealed at 973 K,
while the least was induced in the onr annealed at
1423 K. Therefore, the amount of SIEM accounted for
the dramatic change in the shape recovery ratio after
annealing.

As mentioned above, in specimens annealed at 1273–
1423 K, two dominant groups of SIEM bands were in-
duced and collisions occurred more frequently. The col-
lisions prevented further SIEM transformation and thus
Figure 3. Six percentage of tensile deformation microstructures of an as-cast F
temperatures.
decreased the amount of SIEM. To allow the deforma-
tion to continue, permanent slip would inevitably be
introduced. Obviously, for a given amount of deforma-
tion, the smaller the amount of SIEM, the greater the
amount of permanent slip. This explains why the shape
recovery ratio of the experimental alloy annealed at
1423 K was far lower than that of the alloy annealed
at 973 K, although its Ms temperature was closer to
the deformation temperature. These results again re-
vealed that it was the collisions between martensite
bands that reduced the shape recovery in Fe–Mn–Si al-
loys [3,7,8]. Furthermore, the formation of SIEM bands
can reduce these collisions and thus improve the SME of
Fe–Mn–Si alloys remarkably.

In ternary Fe–Cr–Ni and Fe–Cr–Mn alloys, the r
phase appears only when the Cr content is above
approximately 15%, which is far higher than that of
our experimental alloy. In addition, in Cr–Ni austenitic
stainless steels, the r phase precipitates only after aging
for 10 h at above 873 K. However, the addition of Si can
shift the r phase region to that of low Cr content and
accelerate the precipitation of the r phase. When the
Si content reaches 2.5%, the r phase region expands
to that of 10% Cr [29]. This explains why some r phase
had already precipitated inside the ferrite in the as-cast
Fe–18Mn–5.5Si–9.5Cr–4Ni alloy. With increasing
e–18Mn–5.5Si–9.5Cr–4Ni alloy and the cast alloy annealed at different



58 Y. H. Wen et al. / Scripta Materialia 62 (2010) 55–58
annealing temperature, more and more r phase precip-
itated. Because the r phase, like austenite, is a nonmag-
netic phase, the precipitation of the r phase inside ferrite
decreased the volume percentage of magnetic phase fer-
rite. Accordingly, the VPF decreased with increasing
annealing temperature up to 1073 K. Over 1073 K, the
r phase began to redissolve into the ferrite and thus
the VPF again increased after annealing at 1173 K. Sin-
gle-phase austenite is thermodynamically in equilibrium
at approximately 1273 K, thus ferrite will redissolve in
austenite after annealing at 1273 K [23]. Therefore, the
VPF again decreased after annealing at 1273 K. When
the annealing temperature reached 1423 K, two-phase
austenite and ferrite reach thermodynamic equilibrium
[23]. As a result, in addition to the precipitation of some
ferrite, some of the existing ferrite redissolves into aus-
tenite and some small blocks of ferrite coalesce, leading
to the remarkable increase of VPF and the morphology
of ferrite evolves from lathy to island (Fig. 3). These re-
sults indicated that ferrite with lathy morphology could
remarkably improve the SME of Fe–Mn–Si alloys, while
ferrite with an island morphology could not. The reason
may be that the ferrite with island morphology cannot
subdivide grains into smaller domains very well and
make SIM bands form in a DM. As a result, the colli-
sions between SIEM bands cannot remarkably reduced.

In conclusion, we attained a high shape recovery in a
cast Fe–18Mn–5.5Si–9.5Cr–4Ni alloy with lathy delta
ferrite only through annealing, not through training.
This result again confirmed that the formation of SIEM
bands in a domain-specific manners could remarkably
improve the shape recovery of Fe–Mn–Si alloys. Our re-
sult is of great importance. Above all, it presents a novel
idea of developing training-free Fe–Mn–Si SMAs with
high RS. Secondly, it holds great promise for further
improving shape recovery of cast Fe–Mn–Si SMAs
through modifying and optimizing alloy compositions
with solidification parameters and the heat treatment
technique. Finally, casting is a versatile and cost-efficient
manufacturing technique, and thus our finding will pro-
mote the use of Fe–Mn–Si SMAs in engineering areas.
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