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Two different types of Fe-base shape memory alloys (SMAs), obtained by different processing methods, were
comparatively analyzed from the point of view of: (i) structural characterization, (ii) morphologic aspects and (iii) mechanical
behaviour. For this purpose, heat treated specimens of Fe-9Cr-4Ni-0.33C and in Fe-28Ni-17Co-11.5 Al-2.5 Ta (mass. %)
were produced and prepared for X-ray diffraction (XRD) and scanning electron microscopy (SEM) observations, which
enabled to detect the presence of o' thermally induced martensite and y austenite and to observed their respective
morphologies. By means of micro-indentation tests, the variations of load vs. depth were recorded and the presence of
pseudoelastic behaviour was confirmed, being ascribed to the presence of stable o’ martensite. When o’ martensite was
stress-induced from y austenite, being unstable upon unloading, a superelastic response was obtained, as was the case for

Fe-28Ni-17Co-11.5 Al-2.5 Ta alloy.
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1. Introduction

The term shape memory alloys (SMAs) comprise a
group of metallic materials that demonstrate the ability to
return to some previously defined shape or size when
subjected to the appropriate thermal procedure [1]. Iron-
based shape memory alloys have been extensively studied
in the last years due to their good shape recovery
properties compared to other materials [2]. Fe-based shape
memory alloys can be divided into three groups based on
their austenite and martensite structures: (i) those
exhibiting a face-centred cubic (fcc) (austenite)-body-
centred cubic tetragonal (bcc) (martensite) transformation,
such as Fe-Pt base SMAs; (i) those with a fcc (austenite)—
hexagonal close-packed (hcp) (martensite) transformation,
such as Fe-Mn base SMAs and (iii) those showing the fcc
(austenite)-  body-centred cubic tetragonal (bct)
(martensite) transformation, such as Fe-Ni base SMAs [3].

Even if martensite has bcc structure in binary Fe-Ni
alloys, due to very large thermal hysteresis (approx. 400
K), a certain tetragonality degree was observed, and as an
effect of complex alloying, martensite structure became
bet in some SMA systems [4]. Among alloying elements,
the most common have been C [5]; Mn [6]; Nb [7]; Cr [8]
and Co associated with Mo [9], Ti [10] or Al [11].

Besides shape memory, which is directly related to
one way (IWE) and two way (2WE) shape memory
effects, through a reversible martensitic transformation
[12] Fe-Ni alloys are also characterized by superelasticity
(SE). The superelastic response of a SMA is typically
emphasized by the presence of a stress plateau on the
unloading portion of a stress-strain curve, being caused by

a reversible stress-induced martensitic transformation [13].

The observation of superelastic behaviour in Fe-base
SMAs has been a constant preoccupation, ever since the
1980’s, when these materials have started to be
systematically characterized [14].

Unlike the beginning of 1990’s, when 2 WE and SE
were still considered as “unlikely” in Fe-based SMAs [15],
at the end of the respective decade, a certain extent of SE
was admitted to exist being favoured by low deformation
rates and elevated test temperatures [16]. These
encouraging results enabled the obtainment of a limited
“pseudoelastically recovered strain” [17] without stress
plateau during unloading [18], for Fe-28Mn-6Si-5Cr. On
the other hand, in Fe-Ni based alloys experiencing 7.
(austenite) - o’y (martensite) transformation, large
superelastic strains were predicted in Fe-Ni-Co-Ti, as an
effect of high-temperature aging, causing the formation of
(CoNi);Ti disperse particles of y'-phase. These particles
have ordered atomic structure and are coherent with
austenitic matrix which they reinforce through the increase
of tetragonality degree [19]. The actual achievement of
superelastic strains larger than 10 %, exceeding the
customary thresholds reported in Ni-Ti base SMAs, was
obtained in a Fe-28Ni-17Co-11.5A1-2.5Ta-0.05B with a
strong {035}<100> recrystallization texture [11] which
had the potential to trigger an expansion of SMA
repertoire [20].

Aiming to replicate the “huge superelasticity” values
(approx. 13 %) reported by Tanaka et al, intense
endeavours were spent for the development of Fe-Ni-Co-
Al-Ta SMAs. Thus, aging heat treatment was optimized in
such a way as to produce y'-phase precipitates with an
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average size of 5 nm, which however enabled superelastic
strains lower than 4.5% [21]. With increasing aging time,
at 923 K, up to 72 x 3.6 ks, y'-phase precipitates changed
their shape from 3-5 nm lamella to 10-15 nm granule [22].

The present paper aims to comparatively analyse the
structures and related mechanical properties of two
different Fe base alloys, Fe-Ni-Cr-C and Fe-Ni-Co-Al-Ta
in aged state. The alloys were obtained by different
processing routines, conventional casting and melt
spinning, with the purpose to connect phase structure with
pseudoelastic response.

2. Experimental details

An Fe-9Cr-4Ni-0.33C (mass. %) alloy was prepared
by induction melting under Ar atmosphere, cast into
cylindrical moulds and homogenized for 8 x 3.6 ks at 1300
K. Feu9sNigCo7Al sTassBgos ribbons were been
prepared by melt spinning technique and subjected to a
complex heat treatment [23] comprising aging for 72% 3.6
ks at 873 K.

The specimens were embedded into could mounting
and prepared for scanning electron microscopy (SEM)
observations, performed by means of a SEM—VEGA 11
LSH TESCAN microscope, coupled with an EDX—
QUANTAX QX2 ROENTEC detector as well as a JEOL
JSM 6390 microscope. X-Ray diffraction measurements
were performed using a D8 Advance - Bruker AxS GmbH
diffractometer with Cu-K, radiation, radiation intensity
[=40mA and Voltage= 40KV. Micro-indentation tests
were performed with a UMT-CETR universal tester at a
maximum load of 13.5 N. Load-depth indentation curves
were recorded, at a position precision of 1 x 107m, by
means of the CETR data viewing software.

3. Results and discussion

The XRD pattern, recorded for aged Fe-9Cr-4Ni-
0.33C (mass. %) alloy is shown in Fig. 1.
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Fig. 1. XRD pattern of aged Fe-9Cr-4Ni-0.33C (mass.
%) alloy, illustrating the presence of o’ thermally-
induced martensite and y retained austenite. The
diffraction peaks of austenite and martensite overlap

The main diffraction maximum can be ascribed to
martensite as a’(110). The other maxima belonging to
martensite are a’(200) and o’(211). In addition, there are
three diffraction maxima which can be ascribed to retained
austenite, as y(020), y(200) and y(220) [18]. The main
diffraction maximum of austenite, y(111), overlaps on
o’(110), the main peak of martensite but it is located to
slightly lower 20 angles [24].

In Fig. 2 the representative XRD pattern of aged
Fe40495Ni28C0|7A1] 145Taz'5B0.05 ribbons is illustrated.
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Flg 2. XRD pattern ofaged F€4()_95Ni28C0]7A11]_5TCI2_5B()_()5
ribbons, illustrating a fully austenitic structure

It is noticeable that the entire structure is austenitic,
which was expectable after 72x 3.6 ks at 873 K. This long-
term holding was required by the possibility to preserve
dendritic structure, in some Fe-Ni base alloys, even after
12x 3.6 ks maintaining at 923 K [25].

The morphological aspects of the structures of the two
aged Fe base alloys under study were revealed by SEM
observations coupled with EDX measurements. The
representative SEM micrograph of aged Fe-9Cr-4Ni-0.33C
alloy is illustrated in Fig.3.

The presence of stacks of thin martensite plates, in the
aged condition of a Fe-Cr-Ni-C alloy, was also observed in
heat treated Fe-7.4Mn-4.6Si-13.12Cr-6.35Ni-12.18Co-
0.4Ti-0.03C [26]. On the other hand, the preservation of
dendritic character of y retained austenite represents a
serious drawback of classical processing technologies
based on casting. For this purpose alternative processing
routines, such as powder metallurgy (PM) or melt spinning
were developed.

PM was eventually associated with mechanical
alloying (MA). Thus, stress induced formation of
martensite in pre-strained [27] or mechanically cycled [28]
hot rolled specimens, obtained from a PM-MA Fe-18Mn-
3Si-7Cr-4Ni SMA, was reported. PM-MA alloys seemed
unaffected by the small fraction of amorphous phase
which partially crystallized during cyclic heating [29].
However, MA enabled the formation of a’-martensite in
solution treated state, with detrimental effects on SM
behaviour [30]. On the other hand, in the course of
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developing a technology for obtaining porous Fe-Ni-Co-Ti
powder alloys  with  thermoelastic = martensite
transformation, it was observed that both porosity and
grain size have to be increased, in order to improve the
properties [31].

SEMHV: 30.00 KV WD: 17.60mm | VEGAWTESCAN

iew field: 18.99 pm Det: SE

Fig. 3. Typical SEM micrograph of aged Fe-9Cr-4Ni-

0.33C, illustrating an area with very fine a’ martensite

bands surrounded by y retained austenite with dendritic
aspect.

Melt spinning typical morphologic aspects of aged
Fe40_95Ni28C017A111_5Ta2,5B0,05 ribbons are illustrated in
Fig.4.
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Fig. 4. Typical SEM micrograph of aged ribbons of
Fey95sNizsCoyrAl1 5Taz sBy.os

Here, again, some very fine platelets are noticeable,
within some of y-austenite grains, but they cannot be
ascribed to martensite, as it will be shown later.

The surface relief of y-phase was systematically
observed by Benke ef al., through differential interference
contrast imaging [32] being a peculiar morphologic aspect
of the deformation at martensite transformation in Fe-Ni
base SMAs [33]. It is noteworthy that, for thermally-
induced martensite to form, liquid nitrogen cooling had to
be applied, such as was the case of an Fe-Ni-Co-Ti-Cu
alloy [34]. However, in order to obtain a superelastic

response, it is not thermally-induced martensite but stress-
induced martensite that has to be obtained from -
austenite. Moreover, o’ stress-induced martensite has to be
unstable, such as to revert to y-phase during isothermal
unloading [13].

Chumlyakov et al determined the main two
conditions necessary to obtain a superelastic response in
FeNiCoTi single crystals: (i) the critical temperature of the
end of martensite reversion to austenite, Ay should
decrease below largest critical temperature where
martensite formation is allowed by diffusion, My and (ii)
the critical stress for martensite stress-induced formation
should be 5-7 times lower at M (critical temperature for
martensite ~ formation on  cooling) than  at
Mda Gcr(Md) 2 (5'7)Gcr(Ms) [35]

On the other hand, in the specific case of FeNiCoAlTa
single crystals, Chumlyakov et al. recently reported that,
for superelasticity occurrence, ageing time at T=973K
should be limited to 7 x 3.6 ks in such a way that y'-phase
precipitates not to exceed the size of 5 nm. When these v’
particles were uniformly distributed ordered in austenite
matrix, with interparticle spacing comparable to their size,
superelastic strains in tension as large as 14 % can be
obtained. These values recommend superelastic Fe-Ni
alloys as potential candidates for novel applications, such
as power executive devices, meant to store large amounts
of elastic energy [36].

The micro-indentation curves of the two alloys under
study are shown in Fig.5

Load (N)

Micro-indentation depth (pum)

Fig. 5. Micro-indentation curves, at a maximum load of
13.5 N, illustrating the increase of pseudoelastic
response of the alloys under study: (a) Fe-9Cr-4Ni-0.33C
revealing pseudoelasticity; (b)
Fey95sNiygCoyrAl1; 5Ta, sBy gs revealing superelasticity

Due to the pre-existence of o’ thermally-induced
martensite, aged Fe-9Cr-4Ni-0.33C alloy, experienced
only a pseudoelastic response, during unloading, without
any evidence of a stress plateau or even of a “pop-out
event”  [37]. Conversely, aged ribbons of
Fe40‘95Ni28CO 17A11 1,5Ta2'5B0_05, with flllly austenitic
structure,  experienced a  superelastic  response,
characterized by two distinctive stress segments on both
loading and unloading portions. Fig.2 allows determining
a proportion of approximately 47 % of crystallites oriented
along (111),, which could be an explanation of incomplete
superelasticity observed in Fig.5 [38]. The superelastic
character of the curve of Feso5NingCo;7Al 1 5Tas5Bg0s
ribbons is much more pronounced in comparison to other
results reported, for instance, at superelastic NiTi [39].
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4. Conclusions

The pseudoelastic character, associated with o’
martensite, was revealed by means of micro-indentation
curves, as follows:

e No superelasticity was observed when o’ thermally-
induced martensite was already present in the
structure of aged Fe-9Cr-4Ni-0.33C alloy.

e A superelastic recovery of micro-indentation depth
larger than 70 % was obtained at aged melt spun
Fe40A95Ni28C017A111A5Ta2‘5B0A05 ribbons, being
associated with the presence of y-austenite which
reversible transformed to o’ stress-induced martensite.
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