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a b s t r a c t 

Acoustic emission (AE) measurements were conducted in situ during cyclic compressive loading on an 

[ 00 ̄1 ] orientated single crystal of Fe-Mn-Al-Ni shape memory alloy to study functional degradation of 

its superelastic response. The acoustic investigations were corroborated by optical microscopy, employing 

video imaging, and transmission electron microscopy. The analysis of acoustic emissions recorded during 

repeated loading and unloading sessions revealed two categories of AE signals that are differed by their 

characteristics in time and frequency domains. These two distinct types of AE signals were related to 

two underlying mechanisms: (i) the nucleation and reverse transformation of stress-induced (twinned) 

martensite, and (ii) the lateral growth and shrinkage of one dominant martensite variant and related dis- 

location activities, respectively. In addition, an asymmetry in the AE activity during forward and reverse 

transformation during mechanical loading and unloading was detected. In particular, an unexpected high 

AE activity was observed during the superelastic unloading of martensitic microstructure from the point 

of maximum load/strain. This effect was attributed to the reverse transformation of small, tiny areas of 

martensite as well as to unpinning and annihilation effects related to dislocations. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The superelastic behavior (also commonly referred to as "pseu- 

oelasticity") of shape memory alloys (SMAs) sets in at a criti- 

al stress when elastically loaded austenite undergoes the phase 

ransformation into martensite [1] . Unloading initiates the reverse 

ransformation of the metastable martensitic phase because only 

ustenite is stable in the stress-free state at a given temperature 

bove the austenite finish temperature A f . The critical transforma- 

ion stress on unloading is lower than that on the loading path, 

ausing energy dissipation associated with a hysteretic stress-strain 

esponse commonly known as the superelastic effect. 

Ni-Ti-based shape memory alloys are among the commercially 

ost successful SMA systems exhibiting superelasticity [ 2 , 3 ]. Since 

heir invention in the early 60s, plenty of applications have bene- 

ted from the superelastic behavior of these materials; these in- 
∗ Corresponding author. 
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lude, for example, medical devices or actuators [ 2 , 4 ]. However, 

igh processing and material costs still prevent the wider adoption 

f Ni-Ti-based alloys, in particular, in material-intensive applica- 

ions [ 4 , 5 ]. Therefore, the development of cost-efficient alternatives 

o Ni-Ti is among the challenges to be addressed to broaden the 

pplication range of SMAs. To this end, iron-based SMAs are con- 

idered promising [6–15] . Specifically, these materials are thought 

o be used for joining elements or damping applications in civil 

ngineering. Besides the lower costs, the advantage of these alloy 

ystems is the comparatively simple processing route bearing its 

rigin from the steel industry [16] . Up to now, two different alloy 

ystems have been developed showing large superelastic transfor- 

ation strains at room temperature: (i) Fe-Ni-Co-Al based SMAs 

roposed by Tanaka et al. [17] in 2010, and (ii) Fe-Mn-Al-Ni based 

MAs introduced by Omori et al. [18] in 2011. Both alloy systems 

xhibit a disordered parent phase with ordered, coherent precipi- 

ates having a size of a few nanometres. The precipitation of such 

hases is crucial to observe thermoelastic martensitic transforma- 

ions [ 19 , 20 ] in iron-based SMAs. Such precipitates strengthen the 

https://doi.org/10.1016/j.actamat.2021.117333
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117333&domain=pdf
mailto:weidner@ww.tu-freiberg.de
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c

b

i

t

atrix via the formation of coherent stress fields, impede dislo- 

ation slip and reduce the temperature hysteresis by several hun- 

red Kelvin [ 9 , 20–22 ]. Moreover, the size and the volume fraction

f precipitates exert a strong influence on the transformation tem- 

eratures and the superelastic behavior by affecting the chemical 

nd non-chemical contribution of the free Gibbs energy [23–27] . 

he significant role played by precipitates was also observed in 

unctional fatigue experiments revealing a strong interaction be- 

ween the martensitic phase and precipitates [28,29] . The under- 

tanding of functional fatigue and its mechanisms is essential for 

otential industrial applications. Recently, an unusual degradation 

echanism in Fe-Mn-Al-Ni was reported by some of the authors 

f the present study [ 28 , 30 ]. It was shown that the phase transfor-

ation in formerly transformed areas was strongly inhibited. In- 

tead, new previously untransformed areas were activated in the 

ubsequent cycles. The post mortem TEM studies revealed that (i) 

he lattice misfit between the parent bcc α-phase and the marten- 

itic fcc γ ′ -phase, (ii) the interaction of martensite variants, and 

iii) the interaction between martensite and β precipitates are the 

ey factors responsible for the pronounced functional degradation. 

owever, it is still unclear in which specific order the contributing 

lementary mechanisms dominate the transformation pathway in 

he course of the superelastic cycle. 

The martensitic transformation is a first-order diffusionless, dis- 

lacive solid-state phase transition. It occurs with notable local 

tress relaxation by rapid coordinated lattice deformation giving 

ise to detectable acoustic emission (AE) [31] . The AE method, 

herefore, has long been recognized as a tool of choice for con- 

inuous in situ monitoring and investigation of the evolution of 

icrostructure occurring during martensitic transformations. Us- 

ng the elastodynamic approach and considering the smallest dis- 

lacements detectable by an AE transducer being of the order of 

0 −14 m, Simmons and Wadley [31] have estimated the minimum 

etectable volume of the transformed martensite to be as small as 

 μm 

3 . According to their mechanistic modeling approach based 

n Green’s function formalism, the AE signal amplitude at the sen- 

or output appears to be proportional to the transformed volume 

n a homogeneous elastic media. In fair agreement with this pre- 

iction, Kannatey-Asibu and Pingsha [32] has shown that the total 

E root mean square is directly proportional to the mass or volume 

ransformed. 

The use of the AE technique allows for discriminating be- 

ween different transformation stages [33] and/or different forms 

f martensite [34] . Thus, the plethora of experimental results 

 35 , 36 ] backed by theoretical considerations [31] indicates that a 

lose relationship exists between the transformation kinetics and 

E. Furthermore, the activation of different mechanisms of stress 

elaxation during loading or thermal cycles can be potentially ac- 

ounted for by the advanced statistical analysis of AE time series 

37–39] . Using the AE technique paired with microscopic optical 

bservations [ 33 , 40 ], two stages can be discerned with regard to

he behavior of the martensitic phase: (i) the rapid nucleation and 

ongitudinal growth of thin martensite plates (Stage I) followed 

y (ii) the subsequent thickening of the martensite plate by the 

ransverse movement of the interfaces (Stage II). After nucleation, 

he martensite grows very fast at a sizable fraction of the veloc- 

ty of sound. Nishiyama [41] has classified the rate of martensitic 

rowth into three different velocity regimes. The quickest process 

s associated with athermal martensitic transformations, which oc- 

urs at approximately 10 3 m/s. However, this estimation is very 

rude. Using a combination of magnetic measurements and the 

requency-dependent media attenuation in the AE measurements, 

u and Clapp have obtained that the martensite growth velocity 

onsistently ranges from 0.25 to 0.65 of the shear wave velocity in 

he material [42] (see also references therein). This is by far higher 

han the estimation by Takashima et al. [43] , who found the trans- 
2 
ormation propagation velocity to be of 160–200 m/s in metastable 

04 stainless steel according to the analysis of AE frequency spec- 

ra. Lateral growth (thickening) of the martensitic phase occurs at 

ubstantially lower average velocity, resembling the evolution of 

wins in hcp metals [39] . 

The aim of the present paper is to unveil the kinetics of marten- 

itic transformation and degradation of the superelastic effect in 

he Fe-Mn-Al-Ni iron-based shape memory alloy. For this purpose, 

sothermal (room temperature) cyclic compression tests were con- 

ucted on the [ 00 ̄1 ] -orientated Fe–Mn–Al–Ni single crystal. The 

echanical test was instrumented with the in situ AE measuring 

ystem and direct optical microscopic (OM) video recorder. The 

esults of in situ observations were corroborated by post mortem 

ransmission electron microscopy (TEM) investigations. 

. Materials and methods 

.1. Specimen preparation and mechanical testing 

A single crystal of Fe–34.8 Mn–13.5 Al–7.4 Ni (at.-%) SMA 

as grown by the Bridgman technique, and the specimens with 

 × 3 × 6 mm 

3 dimensions were wire-cut by electro-discharging. 

he specimens were ground to 5 μm grit size, sealed into fused sil- 

ca under argon atmosphere and homogenized at 1200 °C for 20 h. 

ubsequent quenching was carried out in warm water at 70 °C. 

geing at 200 °C for 3 h was performed to adjust nanometre-sized 

B2-type precipitates enriched by Al and Ni and avoid room tem- 

erature ageing of the microstructure. The size of these precipi- 

ates was about 10 nm (see [ 30 , 44 ] for details). For further testing,

he specimens were again ground to 5 μm grit size and vibration- 

olished to a mirror-like finish. 

The crystallographic orientation of the loading axis of the single 

rystal was double-checked by the electron backscattered diffrac- 

ion (EBSD) technique using a field-emission scanning electron mi- 

roscope (Mira 3 XMU, Tescan, Brno, Czech Republic) equipped 

ith the EDAX/TSL detector and software. Based on this analysis, 

he loading axis was close to [ 00 ̄1 ] and the surface plane normal 

irections corresponded to [ ̄1 ̄1 0 ] and [ 1 ̄1 0 ] . 

The specimen was mounted between two parallel tungsten- 

arbide platens in a rigid 10 kN testing module (Kammrath and 

eiss, Dortmund, Germany). The cyclic loading was performed 

long the [ 00 ̄1 ] direction in a zero-compression mode to 25 cy- 

les with a constant crosshead velocity of 5 μm/s. The loading was 

onducted up to a nominal total strain value of 7.5% per cycle. 

During testing, the surface was continuously monitored by an 

ptical microscope (Nikon Eclipse ME 600) equipped with a digital 

amera (Leica DFC 280), allowing for imaging with 1280 × 1024 

ixels resolution at the frame rate of 100 s −1 . 

A piezoelectric AE sensor Pico (Mistras, USA) with a frequency 

and of 30 0–10 0 0 kHz was attached with a rubber band to one

f the platens in close proximity to the specimen. Vacuum oil was 

sed as coupling media. The AE signals were amplified by 60 dB 

y a low-noise pre-amplifier 2/4/6 and acquired by a 16-bit PCI-2 

oard (Mistras, USA) operated in a continuous mode at the sam- 

ling rate of 2 Msamples/s. 

The microstructure of the tested specimen was investigated af- 

er the 25th cycle using transmission electron microscopy on TEM 

amellae prepared by focused ion beam milling and taken by the 

ift-out technique (Helios Nanolab 600i, FEI, USA). For the TEM in- 

estigations, a JEM 2200 FS (JEOL, Japan) microscope operating at 

00 kV was used. The conventional bright-field (BF) examination 

ombined with the selected area diffraction (SAED) analysis was 

acked by the scanning transmission electron microscopy (STEM) 

maging and high-resolution (HR) TEM observations powered by 

he Fast Fourier transformation (FFT) analysis. 



A. Weidner, A. Vinogradov, M. Vollmer et al. Acta Materialia 220 (2021) 117333 

2

s

t

r

f

a

r

G

A

u

t

u

t

n

s

a

m

r

q

r

a  

g

t

s

d

k

m

c

f

t

s

[

j

c

t

f

v

t

i

d

U

b

t

a  

a

e

3

3

p

F

f

a

t

Fig. 1. (a) Compressive stress-strain response of the [ 00 ̄1 ] -orientated Fe–Mn–Al–Ni 

SMA single crystal deformed in zero-compression mode up to 25 cycles. (b) Hys- 

teresis loops in stress vs. plastic strain coordinates calculated by using linear slopes 

A for austenite and M for martensite. Critical stresses for SIM for the 1st, 5th and 

10th cycle are indicated in (b). 
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.2. AE analysis 

Following the strategy proposed in [45] , the continuously 

treamed AE data acquired during each loading cycle were sec- 

ioned into consecutive realizations of 8192 readings (of 4.1 ms du- 

ation) without overlapping. The AE Fourier power spectral density 

unction (PSDF) G i ( f ) was calculated for each i th realization using 

 non-parametric Welch’s method and normalized to the total (per 

ealization) power P AE = 

∞ 

∫ 
0 

G ( f ) df as given by Eq. (1) [45] : 

˜ 
 ( f ) = G ( f ) / P AE (1) 

s a result of this procedure, a set of PSDFs was obtained and 

sed for the classification of different types of soures of acous- 

ic emission. A reasonable assumption, which serves as a prereq- 

isite for the successful AE data partitioning and classification, is 

hat different local stress relaxation mechanisms produce AE sig- 

als with different waveforms and, consequently, with different 

hapes of PSDFs [48] . Since multiple mechanisms of stress relax- 

tion are anticipated during forward and reverse phase transfor- 

ations upon loading cycles of the tested SMA single crystal, the 

ecorded AE data were analyzed by a non-supervised adaptive se- 

uential k -means (ASK) clustering algorithm [45] aiming at sepa- 

ating the contributions from different underlying processes (see 

lso [ 39 , 46 , 47 ] for case studies). Mathematical details of the al-

orithm are presented in [45] . At variance with the conventional 

hreshold-based signal detection, the ASK procedure identifies the 

ignal as a fragment of the streaming data, which is statistically 

ifferent from the pre-recorded background noise [45] . 

Two distinct and most important features, which highlight the 

ey advantages of the ASK classifier if compared to many other 

ethods such as the popular hierarchical k -means or c -means pro- 

edures, should be noted: (i) the number of clusters to be derived 

rom a dataset is not specified a priori but is data-driven, and (ii) 

he process is non-iterative, i.e. the AE signals are sequentially as- 

ociated with a particular cluster as they arrive one after another 

45] . 

The primary goal of any clustering is to group similar and dis- 

oint dissimilar objects. Therefore, a classifier requires a statisti- 

al measure of similarity/dissimilarity between objects. To this end, 

he normalized power spectra, Eq. (1) , were used as input vectors 

or a pair-wise comparison and clusterization with a symmetrical 

ersion of the Kulback-Leibler (KL) divergence d KL chosen as a sta- 

istical measure of similarity between two vectors ˜ G i and 

˜ G j , which 

s defined as [49] : 

 KL = 

N ∑ 

m =1 

(
˜ G im 

− ˜ G jm 

)
log 

(
˜ G im 

˜ G jm 

)
(2) 

sing this metric, the algorithm calculates the mean distance D̄ 

etween all the class members D ( ̃  G i , ˜ G j ) , and its standard devia- 

ion σGG . A measure R of the intra-cluster distance is introduced 

s R = D̄ + ασGG , where α is a constant having a value between 0

nd 3. Finally, the AE signal is either assigned to an existing near- 

st cluster or becomes a seed for a new one. 

. Results 

.1. Stress-strain response 

Fig. 1 represents the stress-strain response for different com- 

ressive loading cycles applied to the tested SMA single crystal. 

ig. 1 a reveals that the stress-strain behavior changes significantly 

rom cycle to cycle. During the first cycle, pronounced irregularities 

re observed on the loading curve above the elastic limit, where 

he forward martensitic transformation occurs. These jerky features 
3 
end to reduce with cycling and, finally, vanish after the fifth cy- 

le. A plateau-like region due to the superelastic effect is observed 

ith a certain slope in the loading curves until the fifth cycle. At 

 larger number of cycles, the plateau-like region shortens and fi- 

ally disappears, indicating the progress in the cyclically-induced 

egradation of the superelastic effect. 

For cycles 10 to 25, a non-symmetrical response with the evolu- 

ion of a pronounced residual strain is seen in the stress-strain hys- 

eresis. Concurrently, an increased significance of strain hardening 

an be recognized with the increase in the number of cycles. Fur- 

hermore, it becomes obvious that the slopes of the elastic regimes 

f the loading path and of the unloading path (i.e., at the load re- 

ersal point corresponding to the maximum strain value) are sig- 

ificantly different. This can be deduced from the stress vs. plastic 

train plot ( Fig. 1 b). This plot was obtained after subtraction of the 

lastic component from the total strain; the slope within the linear 

egime of the austenite during loading corresponds to pure austen- 

te during the 1st cycle, and autensite plus retained marteniste for 

ll other cycles. However, the evaluated slope A (11.2 GPa for 1st 

ycle) clearly deviates from what is known from the literature re- 

orted for the austenite in a similar SMA alloy [50] (104 GPa and 

1 GPa for the 〈 013 〉 and 〈 001 〉 orientations, respectively). This dis-
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Fig. 2. Optical micrographs revealing typical surface features observed by microscopic video imaging during loading cycles 1, 5, 10 and 25, respectively. The loading direction 

is horizontal. The surface normal is aligned with the [ 1 ̄1 0 ] direction. Red regions labelled as 1 and 2 are areas where FIB lamellae were taken from for TEM investiagtions. 
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repancy is caused by the way how the strain was measured via 

he crosshead displacement of the loading stage. Nevertheless, it is 

oticeable that the slope of the unloading part ( M in Fig. 1 a) is sig-

ificantly different from A . For the first cycle, the linear slope M is 

bout 15.2 GPa. As cycling proceeds, the slope of the linear loading 

art ( A ) increases to 13.5 GPa eventually pointing at the mixture 

f austenite and retained martensite being present already in the 

arly stages of cycling. On the contrary, the slope of the unloading 

art ( M ) remains unchanged from cycle to cycle. 

From the stress vs. plastic strain plot ( Fig. 1 b), it is possible to

etermine the critical stress ( σ SIM 

) for the stress-induced marten- 

itic phase transformation (SIM). Evidently, the critical stress de- 

reases with the increase of the number of cycles ( Fig. 1 b). 

hereas the critical stress σ SIM 

is about 360 MPa in the 1st cy- 

le, this value reduces to 250 MPa and then to 200 MPa in the 5th

nd 10th cycle, respectively. In cycle 25, it is no longer possible to 

stimate the critical stress from the mechanical data. 

A series of images shown in Fig. 2 illustrates the evolution of 

he transformation microstructure on the specimen’s [ 1 ̄1 0 ] surface 

n the macroscale for both loading and unloading paths during cy- 

les 1, 5, 10, and 25. In all cases, the crystal surface is shown at

he start ( t s ) and the end ( t f ) of the loading cycle. The images at

 2 correspond to the end of the loading path (maximum strain), 

nd images at t 3 were recorded shortly after the beginning of elas- 
4 
ic unloading. Corresponding video records are provided in Supple- 

entary Material Video 1 (1st cycle), Video 2 (5th cycle), Video 3 

10th cycle) and Video 4 (25th cycle). 

Upon the initial loading, the first needle-like features related to 

he martensitic lath appeared on the crystal surface (pointed by 

rrows labelled with 1) with the inclination angle of α = 57 °
with positive values counterclockwise) to the loading axis at ap- 

roximately t = 35 s. With good accuracy, this observation cor- 

esponds to the onset of the forward transformation regime on 

he stress-strain curve after elastic loading. Upon the increase in 

he compressive strain, more and more martensitic laths emerge 

n the crystal surface, as indicated by arrows 2 and 3 pointing to 

he traces of martensite variants having different orientations with 

espect to the loading axis (inclination angles of α = 121 ° and 

= 108 °, respectively). As it is commonly observed in austenite–

artensite phase transformations, the martensitic crystals nucleate 

eterogeneously and tend to appear in groups, i.e., the probabil- 

ty of nucleation is greater in the vicinity of a previously formed 

artensitic plate, cf. [35] . Before reaching the maximum compres- 

ion load (at t = 98 s), a major martensitic lamella (indicated by 

rrow 3) forms and starts to grow smoothly in the lateral direction, 

preading over a fairly large area. During unloading, numerous tiny 

reas within this sizeable transformed region start to transform 

ack (cf. t 3 = 115 s, marked by the white rectangle). At the end



A. Weidner, A. Vinogradov, M. Vollmer et al. Acta Materialia 220 (2021) 117333 

o

w

o

t  

a

c

s

v

i

F  

t

t

F

c

p

b

t

u

d

w

e

t

s

o

a

l

i

s

s

2

3

m

t

c

f

i  

p

c

t

t

f

t

a

b

i

r

a

c

t

s

α
m

a

a

t  

m

F

v

i  

s

Fig. 3. TEM micrographs taken from FIB-milled lamella 1 after the 25th loading 

cycle in compression. (a) Different martensite variants (marked by arrows) interact- 

ing with each other. (b) Martensite variant with correspondent variant pairs (lower 

right corner) and dislocations pinned at the interface austenite/martensite (marked 

by the arrow). (c) Two intersecting martensite variants (V1, V2); the intersection 

area is marked by an ellipse. 
f cycle 1, only one small area with prominent remaining features, 

hich can be most likely associated with retained martensite, was 

bserved (cf. the elliptical mark, cycle 1, t f ). 

At cycle 5, the first martensitic lath appeared on the crys- 

al surface at t = 52 s. At the maximum load, which is reached

t t = 92 s, the volume fraction of martensitic laths is signifi- 

antly increased compared to the first cycle. Moreover, the marten- 

itic phase transformation occurs being characterized by good re- 

ersibility during the first five cycles since only few macroscop- 

cally detectable small martensitic areas (indicated by arrows in 

ig. 2 , t f = 187 s) remain visible on the crystal surface af-

er unloading. The irreversibly transformed martensitic region re- 

ained after the first cycle again is indicated by the ellipse in 

ig. 2 ( t f = 187 s). However, with the increasing number of cy- 

les, the amount of martensite retaining after unloading increases 

rogressively, cf. t f in cycle 10. At cycle 25, virtually no changes, 

esides the small lateral movements of austenite/martensite in- 

erfaces, were observed on the surface during either loading or 

nloading. Thus, the in situ optical observations demonstrate evi- 

ently that martensitic transformation occurs in a non-reversible 

ay towards a steady-state microstructure achieved after sev- 

ral loading cycles. This is fully corroborated by the evolution of 

he mechanical hysteresis showing a gradual transition from the 

trongly asymmetrical shape of the hysteresis loop characteristic 

f the superelastic behavior towards the almost symmetrical, but 

t zero load still fully closed hysteresis loop with a width of at 

east 1%. Thus, despite the preserved hysteretic behavior, the stud- 

ed SMA single crystal exhibits a distinct functional degradation of 

uperelasticity, continuously and rapidly evolving during compres- 

ive cyclic loading. The steady-state microstructure achieved after 

5 loading cycles is discussed in the following section. 

.2. Microstructure after cyclic loading up to 25th cycle 

The TEM and HR-TEM investigations carried out on FIB lamellae 

illed from regions with massive martensite transformation after 

he 25th loading cycle revealed a quite complex deformation mi- 

rostructure. The regions where the two FIB lamellae were taken 

rom were located at the left side of the region of interest shown 

n Fig. 2 (see red areas marked as 1 and 2). Both lamellae were cut

erpendicular to the austenite/martensite interfaces macroscopi- 

ally visible in Fig. 2 (cycle 25 at maximum load). At this stage, 

he macroscopic optical observations reveal a high amount of re- 

ained martensite in the test specimen. Since more than two dif- 

erent martensite variants were activated, intense interaction be- 

ween different variants as well as between martensitic lamellae 

nd dislocations occurred. Consequently, finding a correspondence 

etween the macroscopic surface features and microscopic TEM 

mages is hardly feasible. Thus, the TEM images shown below only 

epresent an overview of the characteristic complex microstructure 

nd details of individual features observed after 25 compressive 

ycles. Fig. 3 summarises the characteristic microstructural fea- 

ures observed on FIB lamella 1. Foremost, two major γ ′ marten- 

ite variants dominate the deformation microstructure of the bcc 

−austenite matrix (cf. Fig. 3 a marked by white arrows). These re- 

aining martensite variants are quite thin (below 50 nm) and have 

 length of up to 1 μm. Some minor short martensitic segments are 

lso visible in the TEM images (cf. light-grey arrows in Fig. 3 a). 

Austenite/martensite interfaces are pinned by parallel disloca- 

ions, as shown in Fig. 3 b (white arrow), which is in good agree-

ent with the results reported in [30] . The lower right corner in 

ig. 3 b represents a martensite lamella consisting of correspondent 

ariant pairs (CVPs). The interaction between martensite variants 

s observed ( Fig. 3 a,c), which is supposed to be another factor (be-

ides the parallel dislocations at the austenite/martensite interface) 
5 
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Fig. 4. HR-TEM images from the specimen after the 25th loading cycle. (a) FIB lamella 1: Martensite lamella (fcc) embedded in the bcc austenitic matrix, including FFTs of 

both areas. (b) FIB lamella 2: Martensite lamella (fcc) containing partial dislocations or nanotwins resulting in the streaks visible in the FFT image of the fcc martensite area. 
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ffecting functional degradation of the superelastic effect in the in- 

estigated SMA single crystal. 

Fig. 4 shows HR-TEM micrographs and corresponding FFT im- 

ges of both the austenitic matrix (bcc) and a martensite (fcc) vari- 

nt ( Fig. 4 a) as well as the internal structure of the martensite vari-

nt ( Fig. 4 b). Fig. 4 b unveils the presence of partial dislocations or
6 
n indication of nanotwinned martensite [51] . These microstruc- 

ural effects yield the streaking of the diffraction pattern shown 

y the FFT of the area marked by the red rectangle within the fcc 

artensite lamella. However, the individual dislocations and their 

nteraction with precipitates can be hardly observed in the heavily 

istorted microstructure. 
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Fig. 5. Bi-modal histogram of AE amplitudes detected during cycle 1 (a) and two corresponding typical waveforms of AE signals on the background of laboratory noise: high 

amplitude transient signal (blue) and low amplitude signal (red) (b). 
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.3. AE features in time and frequency domain 

Remarkable changes in the deformation behavior and related 

echanisms due to repeated loading are obvious not only from the 

echanical data and microscopic observations, but also from the 

E data. The distribution of the AE amplitudes detected through- 

ut the first cycle appears to be bi-modal, see Fig. 5 a. The exper-

mental histogram can be reasonably approximated by a sum of 

wo log-normal functions with different mean and variances char- 

cterizing two different populations of sources: (i) a high ampli- 

ude transient signal (blue) and (ii) a low amplitude signal (red) as 

hown in Fig. 5 b. 

AE records and their changes with cycling are represented in 

ig. 6 separately for the loading and unloading paths. Fig. 6 a shows 

wo branches of the superelastic hysteresis loop, whereas Fig. 6 b,c 

hows the corresponding raw AE data ( Fig. 6 b; note that only 

he positive parts of the streams are shown), and the AE activity 

 Fig. 6 c), respectively, vs. time for cycles 1, 5, 10 and 25. One can

otice that the AE streams consist of transient signals with broadly 

arying amplitudes. For all cycles, the amplitude scale remained 

he same (the incremental 2 V shift was applied for better visibility 

f individual plots). The AE activity λ was calculated as the num- 

er of AE events N detected by the ASK algorithm per unit time. 

or the 1st cycle, the stress-strain response and, independently, the 

E analysis reveal three regions ( A, B and C with subscript indexes 

 or U denoting loading or unloading parts of the hysteresis loop, 

espectively), which can be distinguished according to the features 

f the deformation curves or AE activity, and are indicated by ver- 

ical dashed lines. 

On the loading part, 

(i) Stage A L is assigned to the elastic loading of the austenite. 

The AE is low and represented primarily by few weak signals 

similar to the noise level. 

(ii) Stage B L starts at the critical stress for martensitic phase 

transformation σ SIM 

, 1 = 360 MPa and is assigned to stress- 

induced martensite transformation accompanied by pro- 

nounced serrations on the loading diagram and the high am- 

plitude transient AE signals. The AE activity λ is quite high 

in this region, and peaks are revealed between 3 and 6% 

strain. 

(iii) Stage C L is characterized by a progressive, nearly linear in- 

crease in the stress accompanied by the rapidly increasing 

activity of AE transients peaking again between 6.5 and 7.5% 

strain. 

In a similar way, the unloading path can also be conventionally 

ivided into three regions: 
7 
i) Stage C U is related to the unloading of the stress-induced 

martensite. This part is surprisingly characterized by a large 

number of AE transients. However, their amplitudes are notably 

smaller than those during loading. The AE activity is maximal 

at the onset of the unloading stage, and then it decreases with 

the decreasing stress/strain. 

ii) Region B U corresponds to the plateau region of the superelas- 

tic hysteresis loop, which is generally assigned to the reverse 

transformation of SIM [52] . This part is characterized by con- 

tinuous AE signals of the scale comparable to the background 

noise resulting in the low detectable AE activity. 

ii) Finally, A U is the elastic unloading of the austenite, which is 

accompanied again by low amplitude transient AE signals re- 

sulting in an increase of the AE activity in this region. 

As cycling proceeds, significant changes occur in the 

eformation-induced processes as is witnessed by the AE data: 

he number and the amplitude of AE transient signals decrease 

rastically, and, concomitantly, the distribution of these transients 

long the loading and unloading paths changes too. High ampli- 

ude transient signals, which are abundantly present in region B L 

n cycle 1, are much less significant during further cycling, and 

hey disappear entirely at cycle 25. In region C L , i.e., close to the 

aximum strain and stress, a large number of transient signals 

merge during cycle 1, which then vanish with cycling. On the 

5th cycle, only few low amplitude transient signals were recorded 

n the loading path. Similar behavior is reflected by the AE activity, 

hich progressively decreased with cycling. It is important to no- 

ice that, in contrast to the loading path, a substantial contribution 

f AE transients was systematically recorded for all cycles upon 

nloading in region C U while region B U is characterized primarily 

y continuous signals resulting in very low overall activity. Finally, 

nly during the first five cycles, the appreciable amount of low 

mplitude transients was also recorded in region A U resulting in 

ome measurable AE activity. 

One should bear in mind that the integral AE activity incor- 

orates contributions from all possible sources regardless of their 

rigin. In order to get a deeper insight into the structure of the 

E time series and to discriminate between different mechanisms 

overning the mechanical behavior, the signal clustering algorithm 

SK [45] was applied to all data streams. This procedure revealed 

hat the AE time series were not homogeneous for all investigated 

ycles. The AE signals fall naturally into three statistically represen- 

ative groups characterized by their specific waveforms and cor- 

esponding PSDFs. Multiple descriptive features can be extracted 

rom both time and frequency domains [53] . The example of data 

ategorized in the AE energy E vs. median frequency f m 

coordinates 
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Fig. 6. Stress-strain responses (a) and AE data (b,c) for 1st (black), 5th (purple), 10th (green), and 25th (orange) cycles separated into loading (left) and unloading (right) 

parts. (b) Positive components of raw AE data streams showing AE amplitudes as a function of strain. (c) AE activity λ cacluated as a fucntion of strain. Stages of the 

deformation process are designated as follows: A L -elastic deformation of austenite, B L -stress-induced martensitic phase transformation, C L -formation of SIM or (de)twinning, 

C U -superelastic unloading of martensite, B U -back transformation of martensite, A U -elastic unloading of austenite (and retained martensite for the larger number of cycles); 

subscript L stands for loading and U for unloading. 
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s shown in Fig. 7 for cycles 1 and 25. The good separation be-

ween two classes of signals is apparent, i.e. the differences in the 

hoosen features are significant enough to conclude that Clusters 1 

nd 2 are statistically different. Of course, other coordinates can be 

sed for the 2D representation of the clustered data structure (see 

upplementary Material S1 for respective examples). However, one 

hould bear in mind that the ASK classifier is based on the entire 
a

8 
SDF shape and not on any combination of descriptive variables 

hosen for illustrative purposes. 

The waveforms corresponding to laboratory noise were pre- 

ecorded before the test, and their characteristic features remained 

nchanged until the test was terminated. They were, thus, auto- 

atically identified by the ASK algorithm and removed from the 

nalysis. Two clusters differed from the noise and from each other 

ccording to their PSDFs were systematically discriminated by the 
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Fig. 7. Bi-variate E vs. median frequency f m scatter-plots revealing the clustered 

data structure based on the PSD shape classifier for cycle 1 (a) and cycle 25 (b); 

data points are coloured with respect to their cluster numbers assigned during clas- 

sification. 
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lustering algorithm during the entire testing campaign. Signals 

elonging to Cluster 1 (blue symbols, cf. Fig. 7 ) are high amplitude 

ransients with the PSDF characterized by the high energy (power) 

nd the median frequency around 470 kHz, whereas the signals 

rom Cluster 2 (red symbols) appear primarily as low-amplitude 

ursts embedded into the continuous background noise (compare 

ig. 5 ) yielding a wider PSDF with low energy (power) and wide- 

pread median frequencies as shown in Fig. 7 . Since the ASK algo- 

ithm is based on the data-driven clustering procedure, the analy- 

is of the behavior of different AE clusters was first performed in a 

on-supervised way without pre-justice and pre-interpretation of 

he labelled data. Once the features of each cluster have been es- 

ablished and their evolution with cycling is understood, the as- 

ociation and interpretation of underlying mechanisms are con- 

ucted. 

Besides the two different AE sources being related to the two 

learly distinct categories of AE signals, the cluster analysis re- 

ealed significant variations in the AE behavior during the loading 

nd unloading stages. These differences can be easily traced by the 

volution of E vs. f m 

distributions as shown in Fig. 8 for Cluster 

 and Cluster 2 plotted separately for loading (filled symbols) and 
9 
he unloading (open symbols) sections of different cycles (note the 

astly different AE energy scales for the two clusters). 

One can notice that not only the frequency ranges and the com- 

actness of the clusters, which is determined by the variance of 

requencies, are strikingly different for both major AE clusters–cf. 

ompact Cluster 1 centred around f m 

= 470 kHz and wide-spread 

luster 2 – but also the AE energy associated with the members of 

hese clusters is remarkably different. The average energy of sig- 

als from Cluster 2 is significantly lower compared to those from 

luster 1 in each cycle. Besides, Cluster 1 exhibits significant dif- 

erences in the AE energy for the loading and the unloading paths: 

he AE energy during unloading is significantly lower (by up to two 

rders of magnitude or more) than upon loading. 

Both AE clusters evolve in response to the cyclically-induced 

icrostructural changes, though apparently in different ways and 

o a different extent as represented in Fig. 9 through the average 

per cycle) of the median frequency and the cumulative (per cy- 

le) AE energy E � plotted versus the number of cycles for both 

lusters. Although both clusters exhibit a gradual reduction of the 

nergy of their members, the kinetics of these changes is notably 

ifferent. The ener gy of Cluster 1 members reduces slowly during 

he first 7 cycles when the superelastic effect is most pronounced. 

owever, in the subsequent cycles, the cumulative AE energy of 

luster 1 reduces steadily in parallel with the degradation in the 

uperelasticity (although E � does not diminish entirely). The cu- 

ulative energy of members of Cluster 2 drops significantly after 

he first cycle, and then it changes only slightly up to cycle 10 be- 

ore it turns to decrease notably again. The frequency content of 

he Cluster 1 members remains practically unchanged (see the be- 

avior of f m 

in Fig. 9 a). This behavior is in sharp contrast to that of

luster 2, which shows the considerable shift of the AE PSDF to a 

igher frequency domain as reflected by the progressively increas- 

ng spectral median frequency f m 

with the increasing number of 

ycles, cf. Figs. 8 and 9 b. 

.4. AE data and deformation mechanisms 

Fig. 10 summaries the behaviors of both AE clusters for the rep- 

esentative cycles 1, 5, 10 and 25 in terms of the cumulative AE 

nergy E � (bold lines) together with the loading and unloading 

arts of the hysteresis loops (thin lines). It should be noted that 

 � is displayed with logarithmic scales identical for the loading 

nd the unloading paths for better comparability. In cycle 1, sig- 

als from both clusters appear with the beginning of region B L in 

erfect agreement with the initiation of the stress-induced marten- 

itic phase transformation ( Fig. 10 a, b). The most rapid accumula- 

ion of members in Cluster 1 coincides with the serrations in the 

tress-strain diagram, which are accompanied by high amplitude 

ursts of high activity, cf. Fig. 6 . A second much less pronounced 

ncrease in E � is observed in region C L up to the maximum strain 

alue of 7.5%. For Cluster 2, E � increases only moderately in re- 

ion B L ; however, it exhibits a more pronounced increase in region 

 L. During unloading, E � increased as well, however, to a smaller 

xtent as compared to the loading part. Clearly, the highest activ- 

ty is observed in both clusters immediately after the load rever- 

al (region C U ). Due to literature, this stage is associated with the 

lastic unloading of martensite [52] . However, the AE behavior rep- 

esented in Fig. 6 does not leave any doubt that this stage is not 

ntirely elastic. Thus, some microstructural processes reflected by 

igh-energy transient signals occur in region C U despite its "elas- 

ic" appearance. Interestingly is that in region B U , related to the 

everse phase transformation with a large amount of strain, the ac- 

ivity of both clusters reduces significantly. Finally, only minor AE 

s observed for both clusters in region A U during the elastic un- 

oading of austenite. 
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Fig. 8. Bi-variate scatter-plots of the AE energy E vs. median frequency f m representing Cluster 1 (a,c,e,g) and Cluster 2 (b,d,f,h) separated for the loading (filled symbols) 

and the unloading (open symbols) paths for different cycles: (a,b) cycle 1, (c,d) cycle 5, (e,f) cycle 10, and (g,h) cycle 25. 
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As cycling proceeds (cf. cycle 5), the onset of both AE clus- 

ers is still observed in region B L ; however, it shifts to the lower

tress values. The increase of E � in region B L is only moderate for 

oth clusters. However, a more pronounced increase is observed 

or both clusters in region C L . Concurrently, E � was significantly 

maller for both clusters compared to cycle 1. The cumulative en- 
10 
rgy E � of Cluster 1 dropped in cycle 5 ( Fig. 10 a) by more than

ne order of magnitude compared to cycle 1. During unloading, in 

egion C U for both clusters again, an increase in cumulative energy 

 � can be observed, which is zero in regions B U and A U . 

The situation changes significantly in cycle 10. Here, in region 

 only small activity of Cluster 2 is detected. Cluster 1 starts to 
L 
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Fig. 9. Evolution of the median frequency f m (filled symbols) of the centroids of two clusters and the cumulative AE energy E � (open symbols): (a) Cluster 1; (b) Cluster 2. 

Fig. 10. Evolution of the cumulative AE energy E � of Cluster 1 (a) and Cluster 2 (b) during cycles 1 (black), 5 (purple), 10 (green) and 25 (orange) over the entire loading 

cycles separated into the loading and the unloading path. The stress-strain hysteresis parts are indicated as well (thin coloured lines). In addition, stages of the deformation 

process are indicated, compare Fig. 6 . Note the logarithmic scale for the cumulative AE energies of both clusters. 

11 
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Fig. 11. Correlation of AE results and martensite formation. (a) Optical micrograph 

of the surface of the single crystal showing martensite lamellae formed during the 

1st loading cycle up to maximum compressive load. Individual lamellae are num- 

bered. (b) Probability density functions vs. normalized parameters of AE peak am- 

plitude U p and width of martensitic lamellae w m . 
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ppear only at the end of region B L and is more pronounced in re-

ion C L . Compared to cycle 5, E � was again by one order of mag-

itude smaller. However, during unloading, a remarkable increase 

n E � of both clusters is observed in region C U . As before, the E �
agnitude of Cluster 2 is significantly lower as compared to Clus- 

er 1. 

At cycle 25, the activity of both clusters is reduced to a very 

ow level during the loading path, though it is not nullified. Both 

lusters are observed only in region C L very close to the maxi- 

um strain of 7.5%. Surprisingly, both clusters exhibit some non- 

egligible amount of cumulative AE energy E � generated immedi- 

tely after the reversal point in the unloading path in region C U . 

. Discussion 

.1. General remarks 

Considering the distinct differences between the features in the 

E signals belonging either to Cluster 1 or 2, their sources must be 

ubstantially different, too. The consensus seems to be reached in 

he community that acoustic emission signals with high-frequency 

ontent and high power (energy) are related to fast dynamic pro- 

esses such as brittle crack initiation, twinning or diffusionless 

artensitic phase transformations [31] . In contrast, signals with 

ower frequencies and relatively low energies are related to the 

rocesses with slower dynamics such as dislocation motion or 

üders band propagation [54] . 

In the present case, the signals belonging to Cluster 1 are most 

ikely related to martensitic phase transformation and, possibly, 

winning. Cluster 1 starts during cycle 1 precisely at the critical 

tress of the SIM transformation and is observable only in region 

 L close to the maximum strain value of 7.5% at the larger num- 

er of cycles. This hypothesis is further corroborated by the sta- 

istical analysis of the AE amplitude distributions compared to the 

istribution of surface features related to martensitic lamellae, as 

emonstrated in Fig. 11 . Fig. 11 a shows the martensite laths (dark 

ontrast) formed during the 1st cycle up to the maximum com- 

ression load. The distinct martensite features were labeled one 

y one, and their width was measured in the direction perpendic- 

lar to the austenite/martensite interface (the open-source ImageJ 

mage processing and analysis software package was used for this 

urpose). Fig. 11 b reveals the probability density function distri- 

utions obtained independently for both the width of martensite 

amellae (orange) and the amplitudes of AE signals (blue) ascribed 

o Cluster 1. The random variables (AE amplitude, U p , and the 

idth of the martensite plate, w m 

) have been normalized to unity, 

.e., related to the maximum value in the entire dataset. One can 

otice that the log-normal law can reasonably approximate both 

istograms. The fact that both empirical histograms are similar, yet 

ot identical quantitatively, is neither surprising nor disappointing 

ince AE is more sensitive to the rapid martensite phase initiation 

han to the relatively slow thickening stage. That is why the dis- 

ribution peak for the AE amplitudes appears at slightly lower val- 

es when compared to the distribution of w m 

. Even though this 

uxtaposition of two probability density functions cannot serve as 

roof of the assumption that both distributions have been gener- 

ted by the same underlying process, Fig. 11 b rather supports than 

ontradicts this hypothesis. At the higher number of cycles, reli- 

ble determination of the width of individual martensite lamellae 

ased on optical micrographs becomes impossible and, thus, has 

ot been carried out. 

Signals belonging to Cluster 2 show, however, a marked shift of 

he median frequencies from lower to higher values with cycling 

cf. Figs. 8 and 9 ). This is what is typically observed and plausibly

xpected for dislocation-mediated plasticity and can be understood 

n terms of the reduction of the mean free path of dislocations 
12 
55] . In a similar way, the observed behavior of Cluster 2 can be 

nterpreted in terms of the progressive fragmentation of the mi- 

rostructure by the increasing fraction of martensite upon cycling. 

hus, Cluster 2 can be attributed to the propagation of the austen- 

te/martensite interfaces of martensite variants and coupled dislo- 

ation motion. In both cases, the mean free path is reduced due to 

he rapid fragmentation of the microstructure in the course of SIM. 

Finally, it can be stated that at least two fundamentally differ- 

nt microstructural mechanisms have been identified by the AE 

nalysis. The marked functional degradation of the superelastic ef- 

ect within 25 compressive loading cycles is undeniably reflected 

y AE data. A conclusive discussion on AE findings in conjunction 

ith the evolution of the cyclic stress-strain response and the sur- 

ace topography will be given in Section 4.3 . 

.2. Interpretation of microstructural observations in relation with 

he stress-strain responses 

The microstructure of the investigated Fe-Mn-Al-Ni single crys- 

al consists of the bcc austenitic phase with fine β-precipitates 

enriched in Ni and Al) exhibiting a B2 structure [30] . Ojha and Se- 

itoglu have suggested that the martensitic phase transformation 

n this microstructure is an inverse fcc-bcc transformation, which 
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ccurs by a two-step shear mechanism [ 56 , 57 ]. Since the phase

ransformation proceeds from bcc α-austenite to fcc γ ’-martensite, 

he two-step shear processes involve partial dislocations moving 

n different slip planes. Thus, a perfect dislocation of the bcc lat- 

ice has to split into three partial dislocations according to the 

ollowing reaction: a 
2 [ 1 ̄1 1 ] = 

a 
8 [ 0 ̄1 1 ] + 

a 
4 [ 2 ̄1 1 ] + 

a 
8 [ 0 ̄1 1 ] . The

rst shear operation is carried out by the movement of partial 

islocations of type b = 

a 
8 [ 0 ̄1 1 ] on each { 110 } lattice plane, and

he { 110 } bcc plane transforms into { 111 } fcc , accordingly. This is fol- 

owed by a second shear operation of partial dislocations with 

 = 

a 
6 [ 1 ̄2 1 ] on each third { 111 } fcc lattice plane [55] . However, the 

attice structure created after this martensitic phase transforma- 

ion does not represent the perfect fcc lattice [58] . Recently, Fischer 

t al. [59] showed by extensive EBSD analyses that the martensite 

n Fe-Al-Mn-Ni SMA can be described as a nanotwinned fcc lattice 

tructure, which is tetragonally distorted (presumably face centred 

etragonal-fct). Tseng et al. [ 51 , 60 ] reported a strong dependence of

he reversibility of the martensitic transformation on the formation 

f twinned or detwinned martensite. Orientations showing single 

detwinned) martensite variants exhibit poor reversibility, whereas 

rientations where twinned martensite is observable show good 

eversibility. According to Tseng et al. [61] , the theoretical values 

f the formation strain of CVPs and the detwinning strain under 

ompression are identical (10.5% for the 〈 001 〉 orientation). Thus, 

he crystal with the [ 00 ̄1 ] orientation investigated in this study is 

ble to accommodate the compression strain by at least two equiv- 

lent variants resulting in good reversibility [61] . 

Considering the fact that the microstructure contains nanosized 

recipitates, the role of these precipitates during martensitic phase 

ransformation has to be taken into account as well. To this end, 

wo scenarios are discussed in the literature depending on the 

ize of precipitates, which were proposed by Maki and Wayman 

62] , who considered the martensitic phase transformation of γ ’- 

recipitates in the Fe-Ni-Ti-C alloys. The first scenario assumes that 

he precipitates also undergo a martensitic phase transformation 

62] . According to the second scenario, the precipitates remain in 

heir initial (austenitic) lattice structure [62] . The critical factor 

riggering the martensitic phase transformation of precipitates is 

heir size [62] . As long as the precipitates are small enough, they 

end to transform into martensite. Maki and Wayman [62] sug- 

ested a critical size of about 5 nm for γ ’-precipitates in Fe-Ni-Ti 

ystems. Precipitates with dimensions above 5 nm should remain 

ustenitic. In line with these discussions, Omori et al. [63] showed 

or the alloy Fe-Mn-Al-Ni that ß-precipitates (B2) with a size of 

0 nm do not transform into martensite during thermal cycling. Al- 

hough these precipitates do not transform, they exhibit coherency 

o the fcc martensite. They are, however, slightly distorted, and the 

istortion angle remains the same in the fcc martensite. Therefore, 

o misfit dislocations are observed at the interfaces of precipitates 

uring thermal cycling between austenite and martensite. The in- 

ernal stresses caused by β-precipitates are elastically accommo- 

ated by nano-twinning of the martensite [63] . However, the re- 

ent investigations by Walnsch et al. [64] on thermally induced 

artensite on Fe-Mn-Al-Ni SMAs with different chemical composi- 

ions gave new insights into this topic by showing that the coher- 

nt B2 precipitates transform together with the austenitic matrix. 

he resulting martensitic microstructure consists accordingly of fct 

atrix and precipitates with the L1 0 crystal lattice structure [64] . 

The results of the present study concerning the stress-strain re- 

ponse at a constant temperature above the austenite finish tem- 

erature A f during the first cycle are in good agreement with abun- 

ant literature data. For the investigated alloy, it is plausibly to 

xpect that misfit dislocations, as well as partial dislocations, ap- 

ear during the formation of stress-induced martensite. Partial dis- 

ocations are readily seen on the TEM images shown in Fig. 4 b. 

he misfit dislocations generated during mechanical loading in the 
13 
ustenitic phase in the vicinity of martensite variants emerged as 

 consequence of the partial irreversibility and are manifested by 

arallel dislocation arrangements seen in TEM micrographs shown 

n Fig. 3 b. However, due to the highly distorted microstructure af- 

er 25 loading cycles, their individual features can hardly be re- 

olved. Thus, more detailed cycle-by-cycle TEM examinations are 

equired for the in-depth understanding of the microstructural 

volution, which are beyond the scope of the present study. 

The cycle-dependent stress-strain response of the single crys- 

al tested in the present work can be divided into three consecu- 

ive stages, cf. Fig. 1: Stage 1-cycles 1 to 5, Stage 2-cycles 6 to 15,

nd Stage 3-cycles 16 to 25 based on the visual difference between 

he shapes of the cyclic hysteresis curves indicating the progress 

f functional degradation. In Stage 1, the classical SE hysteresis 

oop is observed. In the 1st cycle, the critical stress for martensitic 

ransformation is reached at about 360 MPa. Beyond this point, 

 distinct superelastic strain region (see B L in Fig. 6 a) is formed, 

hich is featured by distinct serrations accompanied by an audi- 

le sound. These serrations are caused by the formation of large 

artensitic plates extending throughout the entire cross-section of 

he specimen, leading eventually to significant stress fluctuations 

s reported in [65] . At around 5% strain corresponding to a stress 

alue of 400 MPa, no further serrations are seen. However, a pro- 

ounced increase in the stress is observed, accompanied by the 

mooth lateral growth of the martensitic plates being present. Af- 

er deformation to the maximum pre-set strain of 7.5%, the un- 

oading starts, and the reverse transformation stress is reached at 

bout 300 MPa. The superelastic plateau during the reverse trans- 

ormation is smooth, and austenite appears in response to the 

everse transformation in numerous small areas within the large 

artensitic plates. From cycle 1 to cycle 5, the forward transforma- 

ion stress decreases progressively from 360 to 250 MPa. The irre- 

ersible strain accumulated during the first five cycles is relatively 

mall (i.e., about 0.5%). The characteristic serrations during the for- 

ard transformation decrease in number and magnitude with cy- 

ling and, finally, disappear entirely within 5th cycle. These experi- 

ental findings are in good agreement with the results reported in 

he literature [ 55 , 60 , 65 , 66 ]. According to Tseng et al. [26] , 400 MPa

orresponds to the critical stress for martensitic transformation in 

 001 〉 -orientated FeMnAlNi SMA single crystals under compression 

oading. Combining the present findings with the literature data, it 

an be assumed that the SIM (of twinned martensite) is the main 

ctive process responsible for the superelasticity during the first 

ve cycles. However, the decrease in the critical stress for marten- 

itic transformations and remaining martensite undeniably indicate 

he beginning of functional degradation, for which several reasons 

re known: (i) pinning of the martensite/austenite interfaces by 

recipitates, (ii) pinning of martensite/austenite interfaces by dis- 

ocations formed at the interface for strain compensation, and (iii) 

nteraction between differently orientated martensite variants [30] . 

Stage 2 is characterized by the significant reduction of the su- 

erelastic plateau strain, which is accompanied by the further de- 

rease in the critical SIM stress down to 200 MPa (at 10th cycle), 

ignificant strain hardening up to the final stress of 500 MPa and 

 pronounced increase in the irreversible strain. The reverse trans- 

ormation stress remains stable at 300 MPa. 

In stage 3, the superelastic strain plateau vanishes. No trans- 

ormation stress can be determined anymore, and the irreversible 

train increases to the maximum of 2.5% for a given number 

f loading cycles. The peak stress increases by 60 MPa (up to 

10 MPa), which is likely linked to the martensitic phase transfor- 

ation of new areas as it has been reported in [ 28 , 30 ]. In cycle

5, the superelastic effect is practically exhausted. Nevertheless, 

ome superelasticity beyond the Hooke’s law region can still be 

ecognized, yielding a markedly opened stress-strain hysteresis and 

ventually reversible strain of about 1%. A similar effect was ob- 
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erved in NiTi SMA and termed "twinning elasticity" or "twinning- 

nduced elasticity" (TIE) [67] . In the past, it was also reported as 

linear superelasticity’ [ 68 , 69 ] or ’twinning pseudoelasticity’ [70] . 

ornbogen [70] argued that TIE in NiTi relies on the growth and 

hrinkage of stabilized martensite variants. The hypothesis made 

y Hornbogen is that this effect is not related to the phase trans- 

ormation anymore. Instead, it is supposed to be caused by the sta- 

ilization of martensite twins and the mobility of twin boundaries. 

n consequence, the martensite twin variants with favourable ori- 

ntations grow at the expense of others during loading. This reori- 

ntation process occurs when the external stress becomes larger 

han the internal stress fields caused by the stabilizing dislocation 

ubstructure. With a decrease in stress during unloading, the dis- 

ocations stress fields again dominate and eventually restore the 

riginal twinned martensite. Birk et al. [67] reported on 3% of re- 

ersible strain caused by TIE in pre-deformed NiTi wires. Zheng 

t al. [68] confirmed by in situ TEM investigations on NiTi wires 

hat twinning and detwinning (microtwins) occurring in stabilized 

artensite variants during loading and unloading, respectively, is 

he microscopic mechanism for the TIE effect. However, the mech- 

nism of TIE has not been well understood yet. In the present 

ork, the studied Fe-Mn-Al-Ni alloy seems to show an effect simi- 

ar to the TIE at the larger number of compression cycles ( N > 15).

ere, it can be assumed that internal stress fields affect the forma- 

ion of variants [28] . This implies an increasing dislocation activity 

eading to the stabilization of twinned martensite, eventually lead- 

ng to TIE. However, further investigations are crucially needed to 

eveal the prevailing mechanisms since it is not clear at this point 

hy the alloy should show TIE in this particular orientation since 

o additional elongation can be accommodated due to detwinning. 

Undoubtedly, the stress-strain response of the [ 00 ̄1 ] orientated 

e–Mn–Al–Ni single crystals undergoes a cycle-dependent change 

rom a fully reversible superelasticity ( N = 1) to partially-reversible 

uperelasticity (2 < N < 5) followed by a high degree of irre- 

ersibility (6 < N < 15) and, finally (and presumably) TIE ( N > 15).

The above-described characteristics of the stress-strain response 

f Fe-Mn-Al-Ni single crystals strained under compressive load for 

5 cycles are supported by the video observations of the surface 

f the specimen and the independent acoustic emission measure- 

ents. In this regard, the video surface observations reveal signif- 

cant changes in the transformation behavior after the first load- 

ng cycle already. Fig. 12 shows characteristic surface images of 

he same field of view from the video streams at t = 65 s (load-

ng path) for the first cycle ( Fig. 12 a) in comparison to cycles 2

 Fig. 12 b) and 10 ( Fig. 12 c). The crystallographic orientation of the

ingle crystal during the surface observations is shown on the in- 

et in Fig. 12 c. During the first cycle, two habit plane variants on 

early symmetrically arranged planes ( 10 ̄1 ) and ( 011 ) with trace 

ngles of α = 121 ° (dashed white line) and α = 57 ° (bold 

hite line) with respect to the loading axis were observed macro- 

copically on the specimen surface (positive trace angles α, coun- 

erclockwise). Both systems ( 10 ̄1 )[ 111 ] and ( 011 ) [ 11 ̄1 ] show the 

ighest calculated Schmid factors of μ = 0.45. The thickness of 

hese two habit plane variants is relatively tiny. In addition to 

he two symmetrical habit plane variants, one more system is ob- 

erved, which becomes dominant upon further loading. 

The trace angle for this variant at the specimen surface is 

= 108 ° with respect to the loading axis, and thus can be cor- 

elated with the ( ̄1 10 ) plane. However, the Schmid factor is very 

ow for the system ( ̄1 10 )[ 111 ] ( μ = 0.13). In contrast to the two 

ymmetrical variants, the laths seen are much thicker. They dom- 

nate the later deformation process by growth and shrinkage (see 

ig. 12 b and c, and video1 in the Supplementary Material). In addi- 

ion, Fig. 12 d–f show three sequential images of the surface taken 

uring the first cycle at 66 s, 67 s, and 68 s, respectively, at the

osition marked in Fig. 12 a. It is obvious that the very tiny lamel-
14 
ae parallel to the ( 011 ) plane appear prior to those on the plane 

 ̄1 10 ) . In the region of interaction, the appearance of the SIM ar- 

anged parallel to ( ̄1 10 ) is fan-shaped. With the increase of strain 

uring the first loading cycle, this SIM variant dominates and ex- 

ibits a pronounced lateral growth (cf. Fig. 2 ). With the increasing 

umber of cycles, the occurrence of the two symmetrical variants 

 10 ̄1 ) and ( 011 ) becomes rare on the macroscopic scale. Finally, 

hey are no longer activated after the fifth cycle. Instead, the vari- 

nt with the inclination angle of α = 108 ° becomes dominant on 

he macro-scale. In cycle 10 shown in Fig. 12 c, mainly this vari- 

nt is visible in optical microscopy. The activation of the marten- 

itic variant with the lower Schmid factor can only be understood 

n terms of the complex local internal stress state most proba- 

ly caused by the nanosized β-precipitates and by the previously 

ransformed martensite [ 28 , 30 ]. 

However, another interpretation could arise from the fact that 

he trace angle of this variant is close to the trace angle of α = 94 °
f a ( ̄1 11 ) plane (for the sake of clarity not indicated in Fig. 12 a).

he { 111 } planes are involved in the motion of partial dislocations 

ith b = 

a 
4 〈 112 〉 during the second shear operation step neces- 

ary for the bcc/fcc phase transformation [55] . The Schmid factor 

or the system ( ̄1 11 )[ ̄1 1 ̄2 ] is μ = 0.5, and is, therefore, higher than

hat for SIM on the systems ( 10 ̄1 ) [ 111 ] and ( 011 ) [ 11 ̄1 ] , respec-

ively ( μ = 0.45). This could implicate that these very pronounced 

amellae belong most probably to the slip system of Shockley par- 

ial dislocations in the formed martensite that is almost fcc in na- 

ure. 

The video surface observations during the unloading part reveal 

nother important fact: the reverse transformation sets in already 

t the very beginning of unloading. Fig. 13 a shows the loading and 

nloading path of cycle 1 plotted in combination with the calcu- 

ated AE activity λ (compare Fig. 6 a, c). The high AE activity during 

nloading in region C U can be at least in part directly correlated 

ith the onset of reverse transformation right at the beginning of 

he unloading. The surface images shown in Fig. 13 b were taken at 

he points indicated on the load-time curve. Whereas points 1 and 

 are related to the end of the loading and the onset of the unload-

ng stages, respectively, points 3 to 6 are located in the unloading 

art C U , which is expected to be the elastic unloading of the SIM. 

owever, the images in points 3 to 6 clearly reveal numerous tiny 

reas where the reverse transformation already occurred. 

.3. Interpretation of AE sources 

Many differences in the acoustic emission signals generated 

uring forward and reverse transformations have been noticed in 

umerous prior publications. Planes and Vives [71] discussed the 

pparent asymmetry of the AE activity during forward and back- 

ard transformations in CuZnAl and FePd single crystals occurring 

oncurrently with differential scanning calorimetry (DSC) measure- 

ents in terms of the difference between the nucleation in the for- 

ard austenite → martensitic transformation and the fast shrink- 

ge of martensitic domains in the reverse martensite → austen- 

te transformation. In other words, these authors argued that the 

symmetry originated from the differences in the nucleation pro- 

esses. On the other hand, Beke et al. [72] suggested an alter- 

ative energy-based interpretation of the observed asymmetry in 

he forward/reverse transformations during DSC experiments. The 

ast majority of results confirm that AE during the forward austen- 

te → martensite transformation was less pronounced in terms of 

he number of counts/events and their amplitudes than those mea- 

ured during the reverse martensite → austenite transformation for 

arious SMA systems [ 33 , 40 , 73–80 ]. 

A clear asymmetry in the forward and reverse transformations 

as also observed in the AE data of present study (cf. Figs. 6 , 8 ,

0 ). However, new insights can be uncovered in AE data by using 
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Fig. 12. Surface images illustrating the changes in activation of martensite variants in a [ 00 ̄1 ] single crystal of Fe-Mn-Al-Ni SMA under compressive cyclic loading. (a) Cycle 

1. (b) Cycle 2. (c) Cylce 10. (d–f) Higher magnification of the area marked in (a) at t = 66 s (d), t = 67 s (e), and t = 68 s (f) in cycle 1. 

Fig. 13. Surface images (b) illustrating the onset of the reverse transformation at the selected points during the load history of cycle 1 (a) combined with the calculated AE 

activity λ. 
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he statistical clustering procedure, which will be discussed in the 

ontext of the mechanical and microstructural behavior in the re- 

ainder of this work. 

Fig. 14 provides a schematic description of changes in the su- 

erelastic response of the studied Fe-Mn-Al-Ni single crystal and 

he related interpretation of AE data in the context of functional 
15 
egradation for the first cycle with superelasticity and a later cycle 

fter high functional degradation. 

Starting with the first cycle ( Fig. 14 a) and the initial austenitic 

icrostructure (point 1) containing nanosized coherent precipi- 

ates, the elastic deformation of austenite occurs in region 2. Two 

ymmetric SIM variants ( μ = 0.45) appear on the crystal surface 
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Fig. 14. Schematic description of changes in the superelastic behavior of Fe-Mn-Al-Ni SMA under compressive loading combining stress-strain response, surface observations 

and acoustic emission measurements. (a) Cycle 1. (b) Cycle N > 15. 
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mmediately when the transformation stress σ SIM 

is reached (point 

). This process is accompanied by audible sound, which is also de- 

ected by the high-frequency AE sensor. Soon after the formation 

f the two symmetric variants, a third variant starts to develop un- 

er a trace angle of α = 108 ° (being different from the former 

nes), which interacts with the previously formed symmetric SIM 

ariants. 

With high confidence, the AE Cluster 1 can be related to the 

ormation of SIM. This cluster comprises members with the high 

nergy E in a very narrow band of median frequencies f m 

around 

70 kHz (cf. Fig. 8 ). The frequency distribution of this cluster prac- 

ically does not change with cycling, while the energy and the 

umber of events decrease significantly. However, only one of the 

IM variants seems to be favourably orientated for lateral move- 

ent of the austenite/martensite phase boundary: only for the 

IM variant with the angle of α = 108 ° the lateral movement of 

ustenite/martensite interfaces is observed (point 4). 

The movement of the interface resembling the Lüders-like be- 

avior results in the appearance of AE Cluster 2 featured by its 

ow energies. These low energy signals spread widely in the fre- 

uency domain (cf. Cluster 2, Fig. 8 ) and shift to higher frequen- 

ies as cyclic deformation proceeds. Low energies of AE signals are 

elated to the relatively low velocity of the lateral interface mo- 

ion. The observed shift within Cluster 2 to higher median fre- 

uencies is caused by the reduction in the mean free path for 

oving interfaces since the amount of martensite retained after 

ach cycle steadily increases. Cluster 2, therefore, is deemed to 

e caused by the movement of transformation partial dislocations. 

he video records taken during the loading and unloading defor- 

ation stages unveil that the forward and reverse transformations 

ccur strongly asymmetrically. As opposes to the above-described 

cenario for the loading path, the movement of the whole inter- 

ace of the favourably orientated large SIM variant is not observed 

pon unloading. Instead, the backward transformation occurs at 

ifferent sites within the large martensitic plates; it is, therefore, 

estricted to small volumes. This process leads to the splitting 

f the large favourably orientated SIM variants into smaller frag- 

ents. The comparison of video sequences with the stress-time 

lots shows that the SIM fragmentation process commenced im- 

ediately after the onset of unloading (cf. point 5 in Fig. 14 a). 
16 
his process is again associated with the high-amplitude AE Cluster 

 exhibiting the temporal evolution in excellent agreement with 

he video data. In addition, the shrinkage of fragmented regions 

s observed (indicated by red arrows at point 5). After reaching 

he stress level for the backward transformation in the superelas- 

ic hysteresis loop (point 6 in Fig. 14 a), the shrinkage of the re- 

aining martensitic areas prevails in the deformation region and 

overns the stress-strain response. In parallel, the activity of dis- 

ocations stabilizes the martensite. Both these mechanisms can be 

ollectively ascribed to low-energy Cluster 2. Finally, the stabilized 

artensite remains in the austenite and the fraction of retained 

artensite increases cycle-by-cycle. 

With the increase in the number of cycles ( Fig. 14 b; N > 15),

he favourably orientated SIM variant ( α = 108 °) tends to prevail 

ver the others, whereas the thickness of the individual marten- 

ite lamella reduces progressively, indicating the degradation of the 

uperelasticity caused by the stabilization of this favourably orien- 

ated SIM. This is obvious from (i) the decrease in the AE energy 

f Cluster 1 and (ii) the shift of members of Cluster 2 to higher 

requencies. 

The stable and compact Cluster 1 reflects the martensitic phase 

ransformation causing the superelastic effect that determines re- 

ion B L of the hysteresis loop. Some members of the same clus- 

er can also be associated with the twinning processes accompa- 

ying SIM formation. Since more and more martensite retains in 

he matrix after unloading due to martensite stabilization, the ac- 

ivity of Cluster 1 in region B L reduces and, eventually, disappears 

ith the increasing number of cycles (cf. cycle 25). Nonetheless, 

luster 1 is persistent in region C L in harmony with the forma- 

ion of martensite in new areas, as it has already been reported 

n [ 28 , 30 ]. It seems reasonable due to the increased peak stress

t 7.5% strain, which could provide the additional driving force for 

ucleation of martensite in previously untransformed areas. How- 

ver, it could also herald the aforementioned TIE effect, which is 

till questionable and has to be investigated in more detail in the 

uture. 

Although the amplitude (or energy) of the Cluster 1 members 

educes steadily with cycling, the distribution of the AE energy 

ver the entire frequency band in the PSD remains unaffected. The 

tability of the frequency distribution in the PSD implies that al- 
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hough the intensities of transformation-related processes reduce 

ith cycling (most probably due to functional degradation and sta- 

ilization of martensite), the dynamics of the underlying processes 

o not change substantially. Thus, these processes, i.e., martensitic 

hase transformation and/or twinning/detwinning processes, occur 

t essentially the same spatial and temporal scales, which makes it 

hallenging to distinguish between them (at least, with the current 

xperimental setup). 

The behavior of Cluster 2 resembles the characteristics of dis- 

ocation slip during strain hardening of ordinary pure metals and 

lloys [ 54 , 55 ]. The AE caused by the stochastic dislocation motion 

s featured by a low-amplitude waveform and a wideband noise- 

ike spectrum, which evolves to a high-frequency domain [ 54 , 55 ]

hen the dislocation mean free path decreases with strain hard- 

ning. Similar behavior is seen for Cluster 2 in Fig. 9 b: (i) the shift

f the signal to high frequencies, and (ii) the sharp initial drop of 

he average AE activity (per cycle) and the cumulative energy af- 

er the first loading cycle followed by the progressive decrease of 

hese variables with cycling. However, the superposition of opti- 

al microscopic observations with the AE time series suggests that 

he fluctuating lateral movement of the austenite/martensite inter- 

ace can account for the observed low amplitude wideband signals 

orming Cluster 2, cf. the movement of austenitic/martensitic inter- 

aces of the major martensitic lamella labelled as 3 in Fig. 2 . The

ideo imaging was performed at a slow frame rate (100 fps) that 

id not allow resolving the details of the propagation of interface 

oundaries. However, this motion of the austenite/martensite inter- 

ace is often described in analogy with the Lüders band collective 

henomenon, e.g. in the NiTi shape memory alloys [ 81 , 82 ]. Thus,

imilarly to Cluster 1, there are two mechanisms related to Cluster 

 - dislocation slip and lateral movement of austenite/martensite 

nterfaces - and it is hard to distinguish between them in the AE 

rocess since both mechanisms are similar in their dynamics, re- 

ulting in essentially the same class of signals. 

Finally, it is conceivable that AE clusters are related to the fol- 

owing primary mechanisms operating at different times within 

he superelasticity hysteresis loop: 

1) Cluster 1 is related to SIM operating in regions B L and C L . 

2) Cluster 1 also receives members from the reverse transforma- 

tion of small volume elements of SIM in region C U. 

3) Cluster 2 originates primarily from the intermittent lateral 

propagation of martensite/austenite interfaces operating in re- 

gions B L /C L and B U . 

4) Cluster 2 is also related to dislocation activities (movement, an- 

nihilation, unpinning from precipitates) in regions C U and A U 

(the distinction between these possible dislocation reactions is 

not possible with the present setup). 

. Summary 

Superelasticity of the [ 00 ̄1 ] orientated Fe-Mn-Al-Ni single crys- 

al was investigated by in situ measurements of acoustic emission 

nder compressive loading up to a nominal strain of 7.5% and 25 

ycles. The pronounced functional degradation during cyclic load- 

ng was interpreted based on optical and transmission electron mi- 

roscopy observations in combination with detailed AE data analy- 

is in the frequency domain. The main findings can be summarized 

s follows: 

1) The investigated single crystal exhibits excellent superelasticity 

up to 7.5% of strain, which is, however, accompanied by a pro- 

nounced degradation; the degradation process is appreciable al- 

ready during the first five loading cycles, which becomes more 

pronounced with further cycling until the last cycle, where the 

reversible strain is only of 1%. 
17 
2) Both the stress-induced martensitic phase transformation, as 

well as functional degradation, were detected by acoustic emis- 

sion. 

3) Two different types of AE signals with respect to their fre- 

quency and energy properties were unravelled: (i) high-energy 

signals within a narrow frequency band of about 470 kHz re- 

maining constant over 25 cycles, and (ii) low-energy broadband 

signals tending to shift to higher frequencies with the increase 

in the number of cycles. 

4) Whereas signals belonging to the group (i) are related to 

SIM/twinning/detwinning, the signals of the group (ii) are re- 

lated to the lateral movement of martensite/austenite interfaces 

and dislocation activities such as unpinning from precipitates or 

annihilation. 

5) A distinct asymmetry of the forward and reverse transforma- 

tions was detected by acoustic emission measurements. Al- 

though the signals related to SIM/twinning/detwinning de- 

crease significantly with the increasing number of cycles due to 

the increase in the irreversibility of SIM, the AE activity during 

the unloading path remains at a surprisingly high level, which 

is attributed to both dislocation activities and reverse transfor- 

mation. 

6) Operating mechanisms responsible for functional degradation 

are known from the literature [ 28 , 30 ]. They include (i) the 

interaction of different martensite variants, (ii) generation of 

dislocations and their interaction with martensite/austenite in- 

terfaces, and (iii) the interaction of austenite/martensite inter- 

faces with B2 precipitates. Even though these reactions can be 

reflected in the AE signal, the acoustic emission is an indi- 

rect method, and the direct TEM observations were performed 

only after the 25th cycle. Therefore, it is not possible yet to 

state conclusively where individual irreversible processes initi- 

ated and interacted. Thus, the individual contribution of each 

elementary mechanism to functional degradation has to be as- 

sessed in follow-up work. 

Finally, the present investigations backed by the acoustic emis- 

ion measurements and analysis provide the first insights into el- 

mentary processes including their temporal activation underlying 

uperelasticity in FeMnAlNi SMA. However, further detailed inves- 

igations are required to clarify the kinetics of the irreversible pro- 

esses and the asymmetry in the transformation behavior. To this 

nd, TEM studies will be conducted after each loading cycle, and 

ifferent types of iron-based SMAs will be examined for the sake 

f generality. 
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