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Abstract. Hot rolled specimens of low-manganese Fe-Mn-Si-Cr-Ni shape memory alloys, produced by classical and 
by powder metallurgy (CM and PM) with mechanical alloying, respectively, were analysed by tensile loading-
unloading tests (TENS), by dilatometry (DIL), by X-ray diffraction (XRD) and scanning electron microscopy (SEM). 
Solution annealed specimens had two- - -martensite. 

-stress-induced martensite during TENS was ascertained by SEM and XRD being accompanied 
by rounded loading portions on stress-strain curves, characteristic to transformation induced plasticity, which 
preceded long stress plateaus with low tilt. Even if loading behaviour changed from transformation induced plasticity,
on first loading, to slip induced plasticity, during subsequent ones, the specimens maintained their pseudoelastic 
behaviour on each unloading. DIL responses of the elongated CM and PM specimens emphasised a thermally-
induced reversion, noticeable only during first heating, which w -
stress-induced martensite.

1. Introduction

Fe-Mn-Si based shape memory alloys (SMAs), were discovered as single crystals by Sato et al [1], were 
developed as polycrystals by Murakami et al. based on Fe-30 Mn-6 Si (mass. %, as all compositions will be 
listed hereinafter) [2], gained corrosion resistance as an effect of Cr and Ni additions performed by Otsuka et al.
and finally became potential candidates for low price (as compared to NiTi base alloys) SMA applications, under 
the form of: Fe-28 Mn-6 Si-5 Cr [3] and Fe-14 Mn-5 Si-9 Cr-5 Ni [4].

Since Fe-Mn-Si based SMAs experience a (hexagonal close packed, hcp) 
martensitic transformation, shape memory effect (SME) 
on deformation and on its thermally induced reversion on heating [5]. Considering its crucial role in SME-
occurrence, the stress- -9] and its reversion 
to -14] or as an effect of simple 
mechanical unloading [15-17] or even by going further, to compression, in such a way that a mechanism for 
reversible plasticity was proposed based on the sequence tensile compression [18].

(body centre cubic, bcc) ferromagnetic martensite is 
stress induced [19] the presence of which is undesirable from the point of view of transformation reversibility 
[20]. It is noticeable that martensite can be thermally induced in low-Mn Fe base alloys [21] or can be 
stress- its formation being ascribed to 
variants [23]. Essentially, it was reported that , is different from 
that directly formed from
thermally induced [24] under the form of lenticular plates [25]. Nevertheless, it is generally accepted that in Fe-
Mn- e on heating, regardless it is thermally or stress 
induced.
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Most of the reports on Fe-Mn-Si based SMAs refer to specimens produced by classical metallurgy (CM), 
comprising ingot obtainment by means of melting, alloying and casting, while only scarce reports refer to 
alternative manufacturing technologies such as rapid solidification [26]. The general opinion is that Fe-Mn-Si 
based SMAs are useful as long as their manufacturing costs, including the price of metallic components and the 
costs of technological processing, are less than those of Ni-Ti based SMAs. However, CM processing involves 
several drawbacks, such as Si incorporation into melt, manganese loss on melting, chemical composition 
homogenization, cooling contraction of ingots and during quenching, etc., which render technological flow 
rather complicated [27]. For this reason the present paper aims to introduce powder metallurgy (PM) as 
alternative manufacturing technology for Fe-Mn-Si based SMAs-obtainment, and to compare the results with 
those obtained by CM. It is noticeable that, as far as the knowledge of authors goes, such a comparative study 
was not reported yet in literature.

2. Experimental procedure

An Fe-18Mn-3Si-7Cr-4Ni SMA was produced by classical metallurgy (CM) and by powder metallurgy (PM).
CM manufacturing technology involved high frequency induction melting under Ar atmosphere and casting into 
a cylindrical mould with inner diameter of 8 10-3 m. PM manufacturing involved pressing and sintering at 1390 
K, under cracked ammonia (75 % N2 + 25 % H2), of mechanically alloyed (MA) commercial powders, with zinc 
stearate binder. In order to decrease thickness down to about 1 10-3 m and to increase compactness, 
homogenization annealing, (1370K/ 1 hr. /water) and hot rolling, 1270 K were applied both to CM and PM
specimens. The above mentioned chemical composition was confirmed by spectrogravimetry, the amount of 
carbon being determined as 0.06 C. This composition meets the alloy design criteria given by eq. (6) in [28], 
which require that the composition of an alloy must be located in -phase zone of the Schaeffler phase diagram.

Both CM and PM specimens were analyzed by tensile loading-unloading tests (TENS), by dilatometry
(DIL), by X-ray diffraction (XRD) and by scanning electron microscopy (SEM). TENS were performed on an 
INSTRON 3382 tensile testing machine with a deformation rate of 2.77 10-4 sec-1. Dilatometry was carried out
on a NETZSCH DIL 402 CD dilatometer, at a heating rate of 8.33 x 10-2 K/s up to 870 K, under He atmosphere, 
using fused silica and alumina as sample holder material and standard calibration material, respectively. XRD 
observations were done on a BRUKER AXS D8 Advance diffractometer with Cu K SEM analysis was
conducted on a SEM VEGA II LSH TESCAN scanning electron microscope, coupled with an EDX 
QUANTAX QX2 ROENTEC detector.

3. Experimental results and discussion

3.1 Mechanical response

Two representative tensile stress-strain curves for CM specimens are illustrated in Fig. 1.

Fig.1 Stress-strain curves recorded during tensile loading-unloading tests of Fe-18Mn-3Si-7Cr-4Ni (mass. %) SMA obtained 
by CM: (a) up to 6 % total strain, during two cycles; (b) up to 25 % total strain, during two cycles

As compared to typical slip induced plasticity of plain carbon steels, with Hookian initial region, the 
deformation illustrated in Fig. 1 reveals plastic regions which are more rounded, being characterized by higher 
work hardening rate. This deformation behaviour, which misses the well defined stress plateaus noticeable in -
type SMAs [29], is characteristic for transformation induced plasticity (TRIP) [30].

However TRIP occurred only during first loading which suggests that, for CM specimens, stress induced 
martensitic transformation is the governing deformation mechanism only during first loading while slip becomes 
prominent during subsequent loadings. On the other hand, in both cases illustrated in Fig. 1 unloading is 
accompanied by additional spring back which is the main of characteristic pseudoelasticity [31], being obvious 
even after 25 % straining, in Fig. 1(b). Regardless loading behaviour, unloading behaviour remained unchanged,
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and pseudoelasticity is noticeable during subsequent cycles, even after applied strains as high as 25 %. After 
cutting their fastening ends, tensile CM specimens, subjected to total strains of 4; 8 and 12 %, were analysed by 
dilatometry, while other set of specimens subjected to total strains of 4; 5 and 6 % were analysed by XRD.

TRIP-characteristic deformation behaviour during first loading is also noticeable in the case of PM 
specimens as shown in the representative tensile stress-strain curves illustrated in Fig. 2.

Fig.2 Stress-strain curves recorded during tensile loading-unloading tests of Fe-18Mn-3Si-7Cr-4Ni (mass. %) SMA obtained 
by PM: (a) up to 5 % total strain; (b) up to 4 % total strain, during five cycles

As in the case of CM specimens, PM specimens revealed TRIP behaviour only during first loading while 
slip-induced plasticity behaviour became obvious during subsequent loadings, as in Fig. 2(b). As compared to 
CM specimens, PM specimens revealed much less pseudoelastic character but appeared to be tougher. This 
could be an effect of mechanical alloying (MA) which, in the case of low-Mn Fe based alloys, enhances 
deformation hardening due to the formation of brittle After cutting their fastening ends, the
specimens elongated with 4; 5 and 5.6 % were analysed by dilatometry and XRD.

3.2 Thermal response

Dilatometry enabled accurate monitoring of relative elongation (dL/ L0) and of 
during temperature variation on heating. Both for CM and PM specimens, solid state transitions were 
accompanied by loc as shown in Fig.3.

Fig. 3 Variations with temperature of relative elongation (dL/ L0, with solid line) and of thermal expa
with dashed line), on the dilatograms recorded during the heating of strained specimens of Fe-18Mn-3Si-7Cr-4Ni (mass. %) 
SMA: (a) CM specimen pre-strained with 4 %; (b) CM specimen pre-strained with 8 %; (c) CM specimen pre-strained with 
12 %; (d) PM specimen pre-strained with 5 %;
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Both CM and PM specimens revealed more prominent thermally induced transformations during the first 
heating as compared to second heating, the difference being more obvious in the variation of The 
transitions became more prominent with increasing maximum applied strain, from 4 to 8 and finally to 12 %, as 
noticeable from Fig. 3(a) to (b) and (c), respectively.
specimen, Fig. 3(d), it is obvious that the transition has been less prominent in the latter.

A better insight on the solid state transition occurring in elongated specimens during first heating is 
obtained in Fig. 4, by comparing the variation of relative elongation (dL/ L0) with temperature of the three CM 
specimens elongated with 4; 8 and 12 %, respectively and that of a PM specimen elongated with 5 %.

Fig. 4 Comparison of the thermal responses of Fe-18Mn-3Si-7Cr-4Ni SMA specimens, obtained by CM and by PM with 
MA, illustrating the variation with temperature of relative elongation: (a) during first heating; (b) during second heating 

It is obvious that the transition has been enhanced by increasing maximum applied strain but had the lowest 
intensity in the case of the PM specimen, Fig. 4(a). On the other hand, Fig. 4(b) shows that the same comparison 
performed during the second heating revealed that the differences between CM and PM specimens and between 
differently elongated CM specimens became negligible.

This observation ascertains the assumption that a solid state transition occurred only in pre-strained 
specimens, during first heating, being enhanced by the increase of applied strain and being more obvious at CM 
than at PM specimens. 

3.3 Structural analysis

The XRD patterns of CM specimens, shown in Fig. 5, revealed the presence of only four diffraction 
maxima.

Fig. 5 XRD patterns recorded on the gauges of tensile CM specimens of Fe-18Mn-3Si-7Cr-4Ni (mass. %) SMA, after being 
subjected to tensile loading-unloading tests, up to various maximum strains
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In accordance to phase indexing performed by means of EVA software, the most probable phase 
. The quantitative 

analysis, displayed in Table 1 ascertained the augmenting tendency of d interplanar spacings with increasing 
maximum applied strain. 

Table 1. Quantitative analysis of XRD patterns shown in Fig. 5, corresponding to CM specimens

Maximum 
strain, % 0 4 5 6

d, nm % d, nm % d, nm % d, nm %

(111)

(0002)
0.207224 60.2 0.207208 53.5 0.207063 55.3 0.208096 53.8

(110) 0.203519 5.1 0.20354 7.2 0.203687 4.5 0.203562 5.6

(200) 0.18032 24.5 0.180244 27.5 0.18029 32.1 0.180867 27.5

(220) 0.127256 10.2 0.127287 11.8 0.127114 8.1 0.127596 13.1

The spacings listed for (110), ranging between 0.203519 and 0.0203687 nm, are close enough to the value 
found in literature, d = 0.02026 nm [33]. For all of the phases d had larger values at 6 % strain than at 0 % 
strain. The general tend

The XRD patterns of PM specimens revealed the same main four diffraction maxima ascribed to the same 
e from the smoothened diagrams 

shown in Fig. 6. The results of corresponding quantitative analysis are listed in Table 2.

Fig.6 Smoothened XRD patterns recorded on the gauges of tensile PM specimens of Fe-18Mn-3Si-7Cr-4Ni (mass. %) SMA 
after being subjected to tensile loading-unloading tests, up to various maximum strains

Table 2. Quantitative analysis of XRD patterns shown in Fig. 6, corresponding to PM specimens

Maximum 
strain, % 0 4 5 5.6

d, nm % d, nm % d, nm % d, nm %

(111)

(0002)
0.20928 56.3 0.209002 49.5 0.20893 49.5 0.20911 44.8

(110) 0.203577 12 0.203519 11.3 0.203219 10.7 0.203745 13

(200) 0.181994 17.8 0.18184 25.3 0.181308 28 0.181716 28.2

(220) 0.127746 13.9 0.127719 13.9 0.127827 11.8 0.127847 14
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When comparing the results for CM and PM specimens, it seems that not all of the metallographic phases 
present in PM specimens had larger d values at 5.6 % strain than at 0 % strain. It is noticeable that the amount of 

t least double, as compared to CM specimens, but revealed the same general tendency to 
increase with increasing the applied strain. 

Summarizing the results obtained by XRD it appears that no thermally or stress induced martensite has 
been identified, yet e was readily observed, owing to its (110) main diffraction peak [34]. This means 
that the solid state transition observed by dilatometry would simply correspond to the reversion to austenite of 
stress induced martensite, on heating, since there is no other martensitic phase in both CM and PM alloys. The 
fact that the transition occurred only during first heating, of pre-strained specimens sustains this assumption. 
However the presence of martensite has to be further confirmed.

Four representative SEM micrographs recorded on CM and PM specimens in unstrained and strained states 
are shown in Fig. 7.

Fig. 7 SEM micrographs illustrating the structure of Fe-18Mn-3Si-7Cr-4Ni (mass. %) SMA: (a) CM specimen in unstrained 
state; (b) CM specimen pre-strained with 6 %; (c) PM specimen in unstrained state; (d) PM specimen pre-strained with 5 %

No he micrograph of CM unstrained specimen in Fig. 
7(a), in spite of its approx. 5 % proportion displayed in Table 1. However, the micrograph of PM unstrained 

ESOMAT 2009

05003-p.6



specimen, Fig. 7(c), reveals scarce 5], since this 
phase would represent an amount of 12 %, in accordance to Table 2.

Recently Maji et al. reported that, in a Fe-14 Mn-6 Si-9 Cr-5 Ni SMA, the formation of
was favoured by the increase of the amount of thickness-reduction by cold rolling, which induced a strong 
texture effect and that also favoured by the application of an annealing heat 
treatment after cold rolling. All their conclusions sustained the formation of 

the interaction of martensite plate variant [36].
However though the alloy under study, with the nominal composition Fe-18 Mn-3 Si-7 Cr-4 Ni, respects

alloy design criteria given in [28], it enables the formation of thermally induced martensite directly from 
austenite as an effect of homogenization annealing. Moreover, dilatometric observations revealed that stress 
induced martensite reverts to austenite during first heating.

4. Summary and conclusions

Both CM and PM specimens of Fe-18Mn-3Si-7Cr-4Ni alloy revealed transformation-induced plasticity during 
the first tensile loading and slip induced plasticity during subsequent ones and pseudoelasticity, characterized by 
additional spring backs present even after 25 % straining, during unloading. The pseudoelastic character was 
more prominent at CM specimens as compared to PM specimens yet the latter experienced higher stress levels,
which were associated with larger amounts of On the other hand, CM 
specimens were more ductile since they experienced strains as high as 25 % while all PM specimens failed at 
strains above 6 %. Therefore, from the point of view of mechanical response it seems that CM and PM 
specimens behave similarly yet the former are more ductile and pseudoelastic while the latter are tougher due to 
larger amounts of 
Both CM and PM pre-strained specimens experienced a solid state transition during first heating, which was 
absent during second heating. Considering that the 

his transition could be ascribed to thermally-
induced reversion to austenite of stress-induced martensite, on heating.

-corresponding peaks were noticed on the XRD patterns of the pre-strained specimens, it 
can be ite 
increased with increasing the applied strain, both in CM and PM specimens, and its presence was ascertained by 
XRD and SEM.
The present results are the first report on PM-manufactured Fe-Mn-Si-Cr-Ni alloys experiencing a thermally 
induced reversion of stress induced martensite. However, additional work is necessary in order to check the 
occurrence of shape memory effect as an effect of training.
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