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Abstract. FesssMnssAlisNizs shape memory alloys (SMAs), have drawn considerable
attention from the part of scientific community due to its superelastic behaviour, stable over a
large thermal range (from -50 to +150°C) [1]. After cyclic heat treatment, solution treatment
and ageing, the specimens became oligocrystalline and were reinforced by NiAl
nanoprecipitates. The typical thermomechanical processing routine, before cyclic heat
treatment of FeMnAINi alloys, involves hot rolling, annealing and cold rolling [2]. The present
paper discusses the effects of + 1.5 at. % aluminium substitution with nickel, by correlating
tensile behaviour with microstructural observations. The SMA specimens with chemical
composition Fes3sMnssAlis:1sNizsT15 were subjected to tensile tests, comprising loading-
unloading cycles, based on which recoverable strain and energy storage efficiency were
calculated. Considering that, in each cycle, a permanent strain was obtained, it follows that not
all of the amount of stress induced martensite completely reversed to austenite, but a small part
of it was accumulated in each cycle. By optical and scanning electron microscopy, the
microstructural changes correlated with stress induced martensite accumulation were
emphasized, while considering the effects of + 1.5 at. % Al substitution with Ni.

1. Introduction

FesssMnssAlisNiz s shape memory alloys (SMAS), experiencing superelastic strains over 12 % within a
thermal range from -50 to +150°C (with negligible changes of the critical stress for martensitic
transformation), have been developed since the beginning of the present decade, as potential
candidates for superelastic, damping and sensor materials [1].

The superelastic behaviour of FeMnAINi based alloys is caused by the reversible formation of y’-
face centred cubic (fcc) martensite, stress induced from an a-body centred cubic (bcc) austenite,
strengthened by coherent precipitation of ordered B-NiAl-bcc [2]. In addition, the superelastic
behaviour is enhanced by the obtainment of oligocrystalline structure characterized by the absence of
triple junctions between grains, which improves the reversibility and suppresses grain boundary
constraints during loading [3]. The superelastic behaviour involves the presence of one obvious stress
plateau or an inflection point, on the unloading path of a loading-unloading curve [4] which can cause
recoverable strains as large as 25 % [5].

The superelastic behaviour can be described by means of two parameters: (i) recoverable strain
(erec) and (ii) energy storage efficiency (n). These parameters are described as follows:
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erec = (er- ep)l (&t £0)*100 (1)
Where & — total strain; g, — permanent strain; go — initial strain.
n = Ea/ E1)x100 (2)

Where E; — total energy consumed on loading, proportional to the area under the loading curve and
E» — unloading-released energy, proportional to the area under the unloading curve [4].

In the case of an ideally superelastic SMA, stress induced martensite is fully reversible and no
permanent strain () is obtained. However, in actual cases, there is always an amount of permanent
strain which accumulates with the increase of the number of cycles. This gradual increase of
permanent strain is equivalent to an amassment of stress induced martensite which no longer
transforms to austenite during mechanical cycling.

The present paper aims to evaluate de effects of + 1.5 at. % Al substitution with Ni within
FesssMnssAlis: sNizss15 SMAS, upon the accumulation of untransformed stress induced martensite. In
this purpose, the evolution of recoverable strain and energy storage efficiency will be correlated with
the successive microstructural changes observed during thermomechanical processing, by optical and
scanning electron microscopy.

2. Materials and methods

Three ingots, with chemical compositions FesssMnasAlissNis, FesssMnasAlisNizs — and
FesssMnssAlissNig, respectively, were subjected to the following thermomechanical processing
routine [6]: (i) melting in a cold crucible induction furnace; (ii) casting into copper moulds; (iii) rough
machining to cylindrical shapes; (iv) longitudinal cutting by wire spark erosion; (v) hot rolling at
1060°C; (vi) annealing at 900°C/ 1h/ water quenching and (vii) cold rolling with up to 92 % thickness-
reduction.

“Dog bone” specimens were cut, by wire spark erosion, with gauge dimensions of 3x2x0.7 mm?®.
Tensile loading-unloading cycles were applied on an INSTRON 3382 testing machine with a
crosshead displacement rate of 0.5 mm/ min. The surface areas under the loading (E:) and unloading
(E2) curves were calculated. For each cycle, the values of recoverable strain and energy storage
efficiency were determined.

Samples of each of the three above mentioned processing state, hot rolling, annealing and cold
rolling, were metallographically prepared for optical microscopy (OM) and scanning electron
microscopy (SEM), the latter including energy dispersive spectroscopy (EDS). For OM, the specimens
were ground, polished and etched with a solution of 8.5 %o CuSQa, 8.5 %y H20, 33 %o CH3-CH,-
OH and 50 %.,, after being heating to about 50°C with a hot-air gun. For SEM, samples were ground
down to 5 pum grit size and finally vibration-polished using colloidal SiO; suspension with 0.02 pm
particle size.

3. Experimental results and discussion

3.1 Tensile cycling
The loading-unloading curves, recorded with the three types of specimens in cold rolled state, up to
the maximum strain of 4 %, are summarized in Figure 1.

It is noticeable that the specimen FesssMnssAlisNizs, from Figure 1(b), underwent a maximum
stress with 75 % larger than the other two. The loop closed much quicker, at this specimen, since
permanent strain g, increased only with 0.13 % in the 3 cycle and 0.11 % in the 4™, At each of the
three specimens under study permanent strain increased slower and slower, with the increase of the
number of cycles, in such a way that a closed loop was obtained after five cycles. The shape of the
tensile curves corresponding to FesssMnssAlissNis, from Figure 1(a) is different from the other two. In
the 1% cycle two inflection points are noticeable, marked with orange and blue arrows, on the loading
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and unloading portions of the curve. As mentioned above, any inflection point could correspond to a
stress induced martensitic transformation. With increasing the number of cycles, only the lower-stress
inflection point persists. The deformational and energetic parameters are summarized in Table 1.

~] 500

g 8
Stress, MPa

7] 200

7] 100

1 g 0
Figure 1. Tensile loading-unloading curves recorded during mechanical cycling, at
specimens in cold rolled state, with different chemical composition:
(@) FeazsMnzsAlis sNis; (D) FesssMnssAlisNizs and (€) Feas sMnzsAlissNis.

Table 1. Summary of tensile parameters from Figure 1.

Alloy Cycleno g, % g, % gp, % E1, MIIm® E; MI/m?

1 0 297 054 479 372
= 2 054 355 079 593 499
<_;§ 3 0.79 3.79 0.96 614 540
2 4 096 397 11 634 566
3 5 11 4.1 122 639 577
& 6 122 423 134 655 589

7 134 435 145 667 605
s 1 0 301 03 1136 933
= 2 0.3 331 043 1173 1033
E 3 043 344 056 1160 1038
3 4 056 356 067 1167 1045
& 5 067 368 078 1167 1045
r 1 0 301 045 58 453
E 2 045 347 064 637 554
2 3 064 364 076 642 576
3 4 076 377 087 645 585
i 5 087 387 097 645 593
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Analysing these values enables to formulate the following observations:
o the specimen FesssMnssAlsssNis enabled the largest total strain, 4.1 %, after 5 cycles;

e the specimen FesssMnssAlisNizs enabled the lowest permanent strain, 0.78 % but required the
highest amount of energy, 1167 MJ/m?, after 5 cycles;

o the 5" cycle became reproducible at specimens FesssMnssAlisNizs and FesssMnssAlissNio, since
loading-consumed energy, E, did not vary from the 4" to the 5% cycle.

Based on the parameters listed in table 1, the values of recoverable strain and energy storage
efficiency were determined. Their evolution with the number of cycles is illustrated in Figure 2.
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Figure 2. Variations of recoverable strain and energy storage efficiency with the number of
mechanical cycles: (a) FesssMnaAlissNis;  (b)

FesssMnasAlisNizs  and (C)
FesssMnasAlizsNig.

The variation range of energy storage efficiency, n, is the same for all the three alloys under study
but the initial recoverable strain is much larger at FesssMnssAl1sNizs, in contrast to the other two. This
difference is in good agreement with the higher maximum stress underwent by this specimen.
Considering the values of permanent strain, from table 1, it is expectable that the specimen
FesssMnssAlis sNis to accumulate the highest amount of untransformed stress induced martensite.

3.2 Microstructural analysis

After hot rolling and annealing, oxygen contamination was noticed at the edge of the specimens but
did not exceed 100 um in depth, as demonstrated by the EDS profiles summarized in Figure 3.
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Figure 3. SEM-EDS line-scans at specimens in hot rolled condition: (a) FesssMnzsAlss sNis;
(b) FeszsMnssAlisNizs and (€) FesssMnssAlizsNig and in annealed condition: (d) FesssMnssAlissNis;
(e) FeazsMnzsAlsNizs and (f) FeszsMnzaAliz sNig.

Therefore, by simple mechanical grinding over a depth of 0.1 mm on both frontal surfaces of the
specimens, the oxidized layer was removed.

The typical OM micrographs, with characteristic insets, are shown in Figure 4 which summarizes
all the representative microstructural particularities of the three alloys under study.

Figure 4. Typical OM micrographs with inset details of the specimens in cold rolled state:
(@) FesssMnzsAlis sNis; (b) FeazsMnaaAlisNizs and (€) FeazsMnssAlissNio.
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By summarizing the results OM analysis of the three specimens passing through the first three
processing steps, hot rolling, annealing and cold rolling, as compared to “classical” Fea3sMnzsAlisNizs
alloy:

o FesssMnasAlissNis have large a-bee grains with allotriomorph y-fcc islets and arrays of parallel
martensite plates are noticeable in the inset of Figure 3(a);
o FesssMnasAlissNig display elongated y-fcc grains that cause fibering structure after cold rolling.

As previously reported [7], fibering could be the cause of higher stiffness of specimen
FesssMnssAlisNiz s which sustained larger stresses, displayed larger initial recoverable strain and lower
permanent strain, as compared to the other two.

4. Conclusions

As compared to “classic” FesssMnssAlisNizs, the microstructure of FesssMnssAlissNis alloys
consisted of o — bcc phase, stabilized by the higher amount of Al, while that of FesssMnssAlizsNig
alloys comprised y-fcc grains.

At FesssMnssAlisNizs an obvious fibering structure was developed after cold rolling that could
explain the highest stiffness, as compared to the other two specimens.

Simple mechanical grinding enabled to completely remove oxygen contamination caused by hot
rolling and annealing without protective atmosphere.

A larger amount of accumulation untransformed stress-induced martensite was observed at
specimen FesssMnssAlissNis the tensile curves of which displayed inflection points, typical to
superelastic behaviour.

The presence of inflection points on the loading portions of specimen FesssMnssAligsNis, in Figure
1(a), confirms the repetitive occurrence of stress induced martensitic transformation and reinforces the
hypothesis the gradual increase of permanent strain is caused by martensite accumulation and not by
plastic deformation, during mechanical cycling.
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