
Arch. Metall. Mater. 68 (2023), 3, 1157-1164

DOI: https://doi.org/10.24425/amm.2023.145488

A. Wójcik 1*, R. chulist 1, A. szeWczyk 1, j. DutkieWicz 1, W. MAziARz 1

The Influence of γ' PrecIPITaTes on The sTrucTural sTabIlITy of fenIcoalTa and fenIcoalTab sIngle 
crysTals afTer cyclIc suPerelasTIc deformaTIon

two single crystals with compositions Fe-Ni-co-Al-ta and Fe-Ni-co-Al-ta-B were selected and fabricated by Bridgman 
method. subsequently, ingots were homogenized, oriented and subjected to a two-step heat treatment process in order to obtain 
fine and coherent γ' precipitates. subsequently, superelastic cycling experiments were performed at 77 k. the next step included 
detailed microstructural characterization using transmission electron microscopy and high-energy synchrotron X-ray diffraction 
measurements together with Rietveld refinement. the results show that the number of fully reversible superelastic strains is very 
sensitive to the size of γ' precipitates. the smaller (3 nm) γ' precipitates ensured more superelastic response compared to material 
with larger γ' particles size (5 nm), in which the material did not receive its original shape after 10 cycles even after being heated.
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1. Introduction

Among the intensively studied groups of functional ma-
terials, such as Nitinol or Ni-Mn-Ga, Ni-Mn-sn and Ni-Fe-Ga 
heusler alloys, Fe-based alloys are attractive due to: (i) low 
production cost, (ii) high strength, (iii) good cold formability 
and workability, and (iv) high magnetization change between the 
austenitic and martensitic phases. Moreover, Fe-based materi-
als show excellent ability to accommodate plastic deformations 
without brittle fracture, ensuring high repeatability of superelas-
tic and elastocaloric cycles [1-7]. Martensitic transformation in 
Fe-based alloys takes place between the high-temperature aus-
tenitic phase γ (fcc) and the low-temperature martensitic phase 
l10 (bct) whereas is strictly controlled by the γ′ (l12) phase 
precipitates introduced by additional heat treatment changing the 
character of martensitic transformation from non-thermoelastic 
to thermoelastic type [8,9]. Moreover, the size, volume fraction 
and degree of coherency of the γ′ precipitates have a signifi-
cant influence on the occurrence and the temperature range of 
martensitic transformation and consequently the magnitude of 
superelastic effect. tanaka et al. showed that the polycrystalline 
alloy with a strong {035} <100> recrystallization texture, after 
rolling process exhibits a large superelastic strain of about 13.5%. 
this value is twice as high as that obtained for materials based on 
Ni-ti [10]. in turn, kainuma et al. investigated a Fe-Ni-co-Al-

Nb-B polycrystalline alloy in which a superelastic effect of over 
5% was observed [11]. Many studies concerned the influence of 
heat treatment on the morphology, size and volume fraction of 
the γ′ phase, as well as the formation of additional phases, which 
directly affects the size of the superelastic effect [12-20]. it has 
been reported that Fe-Ni-co-Al-ta single crystal, heat treated 
at 973 k for 0.5 h shows the maximum value of the superelas-
tic effect of about 15.7% [18-20]. such a level of superelastic 
strain can be obtained in material with the γ′ precipitate size of 
approx. 5 nm and volume fraction close to 4 vol.%. it was also 
found that extending heat treatment time increases the size and 
volume fraction of the γ′ precipitates, which in time leads to the 
formation of an additional, brittle β phase. this phase is unco-
herent and negatively influences the magnitude and reversibility 
of the superelastic effect [18]. in turn, a small addition of boron 
(0.05 at.%) in NcAtB single crystals strongly inhibits the forma-
tion of the β phase, even in single crystals annealed over longer 
times (24 h). Moreover, the B doping reduces the average size 
of the γ′ precipitates to about 3-4 nm having a positive effect on 
the magnitude and reversibility of the superelastic effect [18,19]. 
A thorough analysis of the γ′ precipitates was performed by Ma 
et al. using atom probe tomography and transmission electron 
microscopy in order to determine its size, volume fraction, and 
distribution. it was found that the formation of an additional γ′ 
and β phases influences the chemical composition of the matrix, 
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changing the concentration of valence electrons (e/a), and thus 
leading to a change in the temperature range of martensitic trans-
formation [13,14 ]. similar conclusions were made by  czerny et 
al. [18], which indicate a strong shift of the martensitic transfor-
mation temperature towards higher temperatures along with the 
formation of a large amount of β phase. this was caused by the 
change in the value of e/a (depletion of Ni and Al and enrichment 
in Fe and co in the matrix) [18,20].

in this work, two single crystalline alloys: Fe-28Ni-17co-
11.5Al-2.5ta (NcAt) and Fe-28Ni-17co-11.5Al-2.5ta-0.05B 
(NcAtB) with various volume fraction and size of γ′ precipita-
tions were selected. samples were chosen in such a way that 
they exhibit different superelastic responses. Based on the graph 
shown in [21], three characteristic areas (super-elastic, mechani-
cal stabilization, and elasto-plastic) can be marked depending 
on the size of the γ′ precipitates. Precipitates within the range of 
3-5 nm are beneficial for fully reversible superelastic behaviour 
while the larger ones stabilize martensite structure giving rise 
to the so-called mechanical stabilization [21]. this effect is 
directly related to the single variant state in martensite which 
on the microstructure level requires formation of a compatible 
austenite/twinned martensite interface increasing the nucleation 
barrier for austenite. in simple terms, it shifts the austenite start 
temperature to higher values. Nevertheless, such samples exhibit 
superelastic effect, however, in addition to stress release they 
require heating. hence, two alloys from the superelastic range 
were selected for further research. the main aim of the work 
was to investigate the impact of the lack of austenite/twinned 
martensite interfaces on cyclic stability of Fe-based single crys-
talline shape memory alloys.

2. experimental

the single crystals with compositions of Fe-28Ni-17co-
11.5Al-2.5ta (NcAt) and (ii) Fe-28Ni-17co-11.5Al-2.5ta-
0.05B (all it at.%) (NcAtB) were grown by Bridgman method. 
the preparation of alloys was described in our previous works 
[18-21]. the single crystalline samples of [100](001) orientation 
of the fcc austenite phase were cut into 3×3×10 mm3. subse-
quently, single crystals were subjected to two-step heat treatment: 
(1) annealing at 1573 k/1h followed by water quenching and (2) 
aging treatment at 973 k/0.5 h followed by cooling in ice water.

high-energy X-ray diffraction measurements were used in 
order to determine the phase composition and volume fraction 
of the individual phases. the X-ray diffraction measurements 
were performed at Petra iii Desy hamburg synchrotron using 
beamline P07B (87.1 keV, λ = 0.0142342 nm) and 2D Mar345 
image Plate detector in the so-called continuous mode allow-
ing for investigation in transmission geometry which ensure 
good statistic (beam size 0.8 × 0.8 mm2) [22,23]. Moreover, 
the samples were continuously rotated 180° around the ω-axis 
(about 6° away from <100>) during the measurements to get 
rid of the texture (orientation) effect. subsequently, 2D diffrac-
tion patterns were converted into 2theta/intensity profiles with 

Fit2D software. the microstructure and chemical composition 
were investigated by tecnai G2 operating at 200 kV equipped 
with an energy dispersive X-ray (eDX) microanalyzer and a high 
angle annular dark field detector (hAADF). thin foil samples 
for teM observations were prepared with tenuPol-5 double 
jet electropolisher using an electrolyte of perchloric acid (20%) 
and ethanol (80%) at 253 k with a voltage of 20 V. Additionally, 
just before the observations, the samples were thinned with the 
leica eM Res 101 ion milling machine. superelastic cycling 
experiments (up to 10 cycles) were performed at temperature 
of liquid nitrogen. the preliminary compression tests for both 
single crystals were performed and published in our previous 
works [18-21].

3. results and discussion

3.1. superelastic properties

Fig. 1 shows the cyclic stress-strain response of the NcAt 
alloy recorded at liquid nitrogen temperature (the insert shows 
the stress-strain curve after the first superelastic cycle [21]). the 
NcAt initial alloy shows a fully reversible superelastic strain of 
about 15% [21]. this value exceeds subtly the theoretical strain 
indicating that the entire sample volume, including matrix and 
γ′ precipitates, transformed into martensite indicating that lattice 
parameters of NcAt single crystal may slightly vary from that 
measured at room temperatures. the stress-strain curve shows 
two “humps” with maximum values at 500 MPa and 400 MPa. 
the first one corresponds to the onset of martensitic transforma-
tion while the second one may be related to the reorientation of 
the martensite variants. interestingly, the deformation is perma-
nent at the temperature of liquid nitrogen, and the sample returns 
to its original state when heated to 123 k. this effect is called 
mechanical stabilization and as it was mentioned is connected 
with the single variant state of martensite. Additionally, the stress 
for the onset of martensitic transformation after each cycle was 
determined and presented in table (Fig. 1b). it can be clearly 
visible that the stress onset of the martensitic transformation 
decreases steadily with each cycle being a consequence of the 
mechanical training. it should be noted that the reverse marten-
sitic transformation in NcAt single crystals is fully reversible 
and occurs rapidly when heating the sample.

the NcAtB single crystal was also subjected to cyclic 
stress-strain tests. Fig. 2 shows a set of stress-strain curves for 
NcAtB single crystals up to 10 superelastic cycles, the inset 
presents the superelastic response of the initial alloy [22]. the 
value of a superelastic strain is found to be 14.3%. the addi-
tion of a small amount of boron increases the onset stress of the 
martensitic transformation from about 500 to 600 MPa for the 
sample after the first superelastic cycle. Moreover, the addition 
of B allows for a fully reversible superelastic response at the 
temperature of 77 k. similarly to NcAt, with each cycle, the 
onset stress of the martensitic transformation decreases reach-
ing 218 MPa after 10 superelastic cycles (table: Fig. 2b). the 
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stress-strain curve after the release of an applied load was not 
registered because after loading the sample was taken out to 
measure the As temperature.

3.2. microstructure

the NcAt base alloy shows a two-phase microstructure 
consisting of γ austenite (fcc) and γ′ precipitates (l12, Ni3Al-
type). Based on Rietveld and teM analysis, the volume frac-
tion of γ′ phase is estimated to be 4 vol.% while the mean size 

of precipitates reaches of about 5 nm (2-6 nm). in the case of 
NcAtB single crystal, the size of γ′ precipitates is determined 
to be 3 nm with the volume fraction at the level of 2 vol.%. 
here, the vol.% of γ′ phase is two times lower compared to the 
NcAt single crystal which is related to the B addition located 
in the interstitial positions and consequently inhibiting diffusion 
during the aging process. 

Fig. 3 presents Rt high energy X-ray diffraction patterns 
of NcAt alloy after 7 (green curve) and 10 (black curve) super-
elastic cycles as well as NcAtB after 10 (red curve) superelastic 
cycles. the NcAt sample after 7 compression cycles (the sample 

Fig. 1. (a) cyclic superelastic response of NcAt alloys, (b) dependence of onset stress of Mt on the number of superelastic cycles

Fig. 2. (a) cyclic superelastic response of NcAtB alloys, (b) dependence of onset stress of Mt on the number of superelastic cycles
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returned to its initial state at room temperature) is characterized 
by a two-phase microstructure consisting of the γ austenite and 
an additional γ′ phase. Moreover, the Rietveld analysis shows 
a greater amount of γ′ phase at the level of about 6.7 vol.% with 
respect to the initial alloy. however, in the case of the sample 
subjected to 10 compression cycles the sample does not recover 
its original shape, even when heated up to the temperature of 
773 k. it seems that each cycle, connected with very abrupt 

back transformation, produces a number of defects (mostly 
dislocations) which impeds austenite nucleation. For instance, 
this sample subjected to 8th cycle transforms back recovering 
fully the initial shape at about 323 k and after 9th cycle at about 
473 k. however, heating up even to 773 k after 10th cycle does 
not initiate martensite back transformation. A very short heat-
ing (10 min) at 773 k leads instead to the formation of β phase. 
Diffraction pattern given in Fig. 3 shows high-intensity peaks 
identified in accordance with the β phase structure (bcc, NiAl-
type) while low intensity peaks are assigned to the austenitic γ, 
γ′ and martensitic (bct) phases. the volume fraction of individual 
phases, estimated by the Rietveld method, amounts to: β – 80.5%, 
γ – 9.9%, γ′ – 2.1% and martensite – 7.5%. in the case of  Fe-based 
alloys, the existence of the β phase is unfavourable due to large 
constant misfit giving rise to coherency losses. this in turn re-
duces the mechanical and superelastic properties. Moreover, the 
β phase, due to its brittleness, causes degradation of the material. 
on the other hand, the NcAtB sample after 10 superelastic cy-
cles (red curve) is characterized only by γ austenite and γ′ phase 
with a precipitate volume fraction of 4.1 vol.%.

Fig. 4a shows a set of bright field (BF) teM images and 
corresponding selected area electron diffraction (sAeD) patterns 
for the NcAt sample after 7 superelastic cycles. sAeD confirms 
the two-phase structure in which yellow reflections correspond 
to γ austenite while the green ones to the γ′ phase. Moreover, 
the teM micrographs show a large number of dislocations and 
a plate of residual martensite (pink arrow) and slip bands. Based 

Fig. 4. (a) BF teM images and corresponding sAeD patterns and (b) hRteM FFt and iFFt images of NcAt sample after 7 superelastic cycles

Fig. 3. high energy X-Ray diffraction patterns of NcAt and NcAtB 
alloys after 7 and 10 superelastic cycles collected at Rt
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on the dark field (DF) teM observations, taken from the (100) 
γ′ reflection and high-resolution (hRteM) images, the aver-
age crystallite size is estimated to be 5 nm, which is consistent 
with the results obtained for the initial sample. Fig. 4b shows 
the hRteM together with Fast Fourier transform (FFt) and 
inverse Fast Fourier transform (iFFt) images, for the NcAt 
sample after 7 compression cycles, taken from two areas. the 
yellow square is generated from the area without precipitates 
while the FFt image shows reflections corresponding only to γ 
austenite. however, fine γ′ precipitates are clearly visible in the 
region marked by green, which is confirmed in the FFt image 
where the additional {100} peaks belong to the ordered γ′ phase. 
the iFFt taken from the green area shows an extra {100} plane 
with 3.61 Å lattice parameter while the iFFt image generated 
from the yellow presents only {200} planes with 1.8 Å spacing. 
Moreover, hRteM images confirm a good coherency between 
the precipitates and the matrix. As demonstrated by synchrotron 
X-ray diffraction measurements, the microstructure of NcAt 
alloy after 10 superelastic cycles consists of the β phase, with 
a small amount of residual austenite and martensite. 

A series of BF teM and sAeD images (Fig. 5a) confirms 
the presence of the β-phase with the [001] zone axis (the same 
as the orientation of matrix). Moreover, BF teM images present 
the martensitic plates and bright areas showing residual austen-
ite. Fig. 5b shows a steM hAADF micrograph and eDX and 
the elemental mapping of the NcAt sample after 10 superelastic 

cycles. the eDX map indicates β plates enriched in Ni and ta 
and depleted in Fe and co, with a homogeneous distribution 
of Al. the chemical composition analysis is consistent with 
the literature data, where the composition of the β phase is 
(Ni)(Al, ta).

Fig. 6a shows BF teM and sAeD images for the NcAtB 
sample after 10 superelastic cycles, indexed as γ austenite, with 
additional {100} reflections corresponding to γ′ phase. similarly 
to the NcAt alloy, NcAtB alloy also shows a dense dislocation 
microstructure, typical for materials subjected to cyclic defor-
mation. however, the dislocation density is much smaller than 
for NcAt sample. the hRteM image and the corresponding 
FFt as well as iFFt taken from the marked area are presented 
in Fig. 6b. the hRteM image indicates the existence of fine γ′ 
precipitates, as evidenced by a different contrast pointing to the 
lattice parameters change. Based on the FFT image, the γ phase 
with {200} reflections is identified, while the weak peaks are 
related to the {100} superstructure of the ordered γ′ phase. the 
areas of γ′ phase are marked with a green dashed line (iFFt), 
where the extra {100} plane with a lattice spacing of 3.61 Å can 
be seen. Nevertheless, in the other places only the {200} atomic 
planes with 1.80 Å lattice spacing were noticed. Additionally, 
the hRteM image also shows a very good coherency between 
precipitations and the matrix. Furthermore, the average diameter 
of γ′ precipitates, calculated based on DF and hRteM observa-
tions, is found to be about 3 nm.

Fig. 5. (a) BF teM images and corresponding sAeD patterns and (b) steM-hAADF image and eDX elemental mapping of NcAt sample 
after 10 superelastic cycles
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3.3. discussion

the increase of dislocation density (visible in teM mi-
crographs) after each superelastic cycle leads to the gradual 
degradation of the material subjected to cyclic superelastic 
deformation. in the case of Ni-ti alloys, the gradual degradation 
of the material is related to the stabilization of martensite caused 
by the anchoring of dislocations at the austenite-martensite inter-
face. the increase of dislocation density, leading consequently 
to the irreversibility of the stress-induced martensitic trans-
formation, results from the partly plastic (irreversible) nature 
of the deformation, which is caused by the high critical stress of 
the nucleation of the new phase [24-28]. however, the formation 
of residual martensite may be associated with a higher disloca-
tion activity at the austenite/martensite interface, since small 
dislocation stress fields may pin the stress-induced martensite. 
on the other side, simon et al. show that dislocations resulting 
from cyclic superelastic deformation have the mechanical energy 
required to retain/stabilize martensite [29]. kroß et al. proposed 
two mechanisms accompanying the gradual cyclic degradation 
of Fe-based alloys. the first one concerns the increasing density 
of dislocations at the austenite/martensite interface, which cause 
mechanical anchoring of martensite plates – martensite stabili-
zation. With the increasing number of dislocations, the volume 
fraction of the martensitic phase rises. the second mechanism 
is related to the pinning of martensite plates at the interfaces  

of γ′ precipitates/matrix [30]. our results show that mechanical 
stabilization (complete compression which leads to single variant 
state of martensite) and related to that abrupt back transforma-
tion significantly increase the number of dislocations. this, in 
turn, degrades the functional properties of the material shifting 
As temperature with each cycle towards higher values. on the 
other hand, in NcAtB single crystal which possesses smaller 
γ′ precipitates (3 nm), the density of dislocation also increases, 
however, to a substantially lesser degree giving rise to more 
stable operation. 

4. conclusions

in this work, the influence of size and volume fraction of the 
γ′ precipitates on the structural stability of two monocrystalline 
NcAt and NcAtB alloys was investigated. the base NcAt 
alloy was characterized by a two-phase structure consisting of 
austenite and the γ′ phase. the size of γ′ precipitates was esti-
mated at about 5 nm while the volume fraction was found to be 
4 vol.%. the value of superelastic deformation was estimated 
at approx. 15%. in the case of the NcAtB single crystal, the 
structure was also identified as two-phase: austenite + γ′ phase. 
the size of the precipitates was 3 nm while the volume frac-
tion was 2 vol.%. the size of the superelastic effect reached 
about 14%.

Fig. 6. (a) BF teM images and corresponding sAeD patterns and (b) hRteM FFt and iFFt images of NcAtB sample after 10 superelastic cycles
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in both cases, with the increase in the number of superelas-
tic cycles, the size of γ′ precipitates remained unchanged while 
the volume fraction slightly increased. Moreover, the effect of 
training on the onset of martensitic transformation was clearly 
visible, with each successive superelastic cycle the martensitic 
transformation was induced by lower stress. As evidenced by 
microstructural observations, the dislocation density increased 
significantly. NcAt material returned to its original shape up to 
9 superelastic cycles, whereas after 10 cycles it did not regain its 
original shape even after heating up to 773 k for 10 minutes. the 
annealing led to the formation of the β phase, which adversely 
affects the superelastic properties. in turn, the NcAtB sample 
returned to its original shape at liquid nitrogen temperature even 
after 10 superelastic cycles. According to the obtained results and 
literature data, two mechanisms were found to be responsible 
for the cyclic degradation: the first one related to the increase of 
dislocations at the austenite/martensite interface, which causes the 
anchoring of martensite plates; the second is related to the pinning 
of the martensite plates at the austenite/γ′ precipitates interface.
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