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Abstract
The study of the influence of the cobalt content on the cyclic stability of superelasticity (SE) was carried out in quenched 
Ni44Fe19Ga27Co10 and Ni39Fe19Ga27Co15 (at.%) single crystals under compression. It is shown that an increase in the cobalt 
content leads to embrittlement of the material and a decrease in the cyclic stability of SE. In Ni44Fe19Ga27Co10 single crystals, 
during the first 20 loading/unloading cycles, the elastic energy relaxation occurs along with the formation of dislocations 
and residual martensite, which leads to a decrease in critical stress of martensite formation and in stress hysteresis. Dur-
ing the next 80 cycles, SE becomes more stable. Stabilization is accompanied by a slight change in the parameters. On the 
contrary, Ni39Fe19Ga27Co15 single crystals are characterized by high-strength characteristics, which lead to high SE stability 
during the first 20 loading/unloading cycles. However, after 20 cycles, a strong degradation of the SE is observed through 
the formation of microcracks, which ultimately leads to the destruction of the sample. The results of work are replicable for 
cycling at different temperatures from all temperature ranges of superelasticity.
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1  Introduction

Extensive systematic studies of the shape memory effect 
(SME) and superelasticity (SE) have been carried out on 
NiFeGaCo alloys with cobalt content CCo = 0 − 6 at.% [1–3]. 
NiFeGaCo alloys demonstrated a wide SE temperature 
range, large strain, and high cyclic stability. These proper-
ties make them promising materials for applications. It was 
revealed that an increase in the cobalt content leads to a 
decrease in the temperatures of martensitic transformation 
(MT) [4–6] and complete suppression of thermal-induced 
MT at a cobalt content of more than 10 at.% [4, 5]. A large 
number of defects lead to a strong crystal lattice distortion. 
In this case, instead of MT, a strain glass transition (from 
unfrozen to frozen strain glass) occurs during cooling. A 

strain glass transition is found in many alloys based on 
Ti–Ni, Ni–Mn–Ga, Ni–Mn–In, and Fe–Pd [7].

Despite the absence of thermal-induced MT in NiFeGaCo 
alloys with cobalt concentration CCo ≥ 10 at.%, it is possible 
to observe stress-induced MT and, accordingly, SME and 
SE [4–6]. In our previous work on NiFeGaCo single crystals 
with CCo = 10–15 at.%, it was shown that the cobalt content 
has a significant effect on the SE. It determines the SE tem-
perature range and the critical stresses of martensite forma-
tion. At the same time, the SE cyclic stability in these alloys 
has not been studied in depth. We are aware of only one 
work [4]: fibers of Ni35Fe18Ga27Co20 alloy (of ~ 30–500 μm) 
demonstrated the SE with narrow hysteresis and high cyclic 
stability in tension (up to 8000 cycles without significant 
degradation). The same authors conducted similar experi-
ments on bulk NiFeGaCo polycrystals with CCo = 10 and 12 
at.% and demonstrated SE with wider hysteresis in compres-
sion [5, 6]. Since the stress hysteresis determines the dissipa-
tion energy during MT, it should be expected that in bulk 
materials, where the SE is accompanied by large dissipation 
energy, the SE cyclic stability will be weaker than in fib-
ers. Moreover, the cobalt content could affect the SE cyclic 
stability. Thus, the abovementioned questions determine the 
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significance and innovation of present research, which aims 
to study the influence of the cobalt content on the SE, the 
critical stresses level, stress hysteresis, and SE cyclic stabil-
ity in NiFeGaCo single crystals with CCo = 10 and 15 at.%.

The  [001] -o r i en t ed  N i 44Fe 19Ga 27Co 10 and 
Ni39Fe19Ga27Co15 (at.%) single crystals were chosen to 
study. Our previous works showed that quenched [001]-ori-
ented Ni44Fe19Ga27Co10 (at.%) single crystals undergo 
thermal-induced MTs upon cooling and demonstrate SE in 
a wide temperature range from 218 to 473 K with high-
strength properties of the B2-phase of 870 MPa in compres-
sion [8, 9]. On the contrary, Ni39Fe19Ga27Co15 single crystals 
did not undergo thermal-induced MTs, and, as follows from 
literature [4–6], they exhibited a strain glass transition upon 
cooling. Ni39Fe19Ga27Co15 crystals were characterized by 
higher martensite formation stresses and a narrower SE tem-
perature range. Thus, this choice will allow us to study the 
effect of cobalt content on the SE and its cyclic stability tak-
ing into account various types of thermal-induced transfor-
mations that are observed in crystals (MT and strain glass).

The [001]-orientation was chosen because it is charac-
terized by higher strength properties of austenite and mar-
tensite in NiFeGa(Co) single crystals, and, consequently, by 
the highest cyclic stability compared to other orientations 
[3]. Under compression along the [001]-orientation, there is 
no contribution of detwinning of the L10-martensite, which 
ensures low dissipated energy and narrow stress hysteresis 
and, ultimately, should provide a higher cyclic stability of 
SE in comparison with other orientations.

2 � Materials and Methods

Ni44Fe19Ga27Co10 (at.%) and Ni39Fe19Ga27Co15 (at.%) single 
crystals were grown by the Bridgman method. The chemical 
composition was controlled by energy dispersive X-ray spec-
troscopy on using a scanning microscope electron TESCAN 
VEGA 3. The composition corresponded to the nominal 
composition with the error of 5%. All mechanical tests were 
performed in compression. The compressions samples were 
parallelepipeds with dimensions of 3 mm × 3 mm × 6 mm. 
The studies were conducted on as-grown [001]-oriented sin-
gle crystals and crystals annealed at 1448 K for 1 h followed 
by quenching in water (called “quenched crystals”). The MT 
temperatures were investigated by the temperature depend-
ence of the electrical resistance. The SE curves in compres-
sion were collected at temperatures from 200 to 500 K with 
an Instron 5969 testing machine at a strain rate of 10–3 s−1. 
Electron microscopy studies were conducted with Hitachi 
HT-7700. During the data analysis, the measurement errors 
of strain ± 0.1%, temperature ± 1 K, and stress ± 2 MPa were 
taken into account.

3 � Results

Figure  1 shows the microstructures of single crystals 
before mechanical testing. The quenched Ni44Fe19Ga27Co10 
and Ni39Fe19Ga27Co15 crystals had single dislocations 
and no secondary phases (Fig. 1a, c). The selected area 
diffraction pattern (SADP) with zone axis [011]L21 
contains < 111 > L21 reflections. The dark-field images 
obtained from these reflections show antiphase domains 
separated by dark regions of similar size (Fig. 1b, d). Con-
sequently, in the quenched crystals, austenite is a mix-
ture of B2 and L21-phases, which was also observed for 
NiFeGa alloys [10–12]. The presence of the B2-phase 
is associated with annealing above the order–disorder 
L21-B2 transition (973 K for NiFeGa [12]). The domain 
size depends on cobalt concentration and equals to 
20–50 nm in Ni44Fe19Ga27Co10 and less than 10 nm in 
Ni39Fe19Ga27Co15.

The MT temperatures for the Ni44Fe19Ga27Co10 single 
crystals are as follows: Ms = 203 K; Mf = 163 K; As = 173 K; 
Af = 218 K. In Ni39Fe19Ga27Co15 single crystals, the MTs 
were not observed in the temperature dependence of the 
electrical resistance upon cooling to 77 K. Instead, upon 
cooling, a strain glass transition occurred, which is con-
firmed by previous results reported in the literature [5, 6].

Figure 2 presents the σ(ε) curves upon loading/unload-
ing for the quenched crystals in the SE temperature range.

In Ni44Fe19Ga27Co10 single crystals, SE is observed in 
a wide temperature range of 255 K (from Af = 218 K to 
473 K). In Ni39Fe19Ga27Co15 single crystals, the SE tem-
perature range is shifted up to lower temperatures; therefore, 
SE is not observed above 348 K. In all single crystals under 
study, the shape of the SE curves changes with an increase 
in temperature: stages appear on the curves, critical stress of 
the martensite formation σcr increases, the reversible strain 
εrev decreases and stress hysteresis Δσ increases. The σ(ε) 
curves show stages with different strain hardening coeffi-
cients θ = dσ/dε. The first stage is a stress plateau with a low 
strain hardening coefficient θ, the second stage with a high 
θ appears with an increase in the strain degree. The stress 
plateau and the reversible strain decrease with increasing 
temperature. This is accompanied by a growth in the strain 
hardening coefficient θ = dσ/dε at the second stage. Such a 
change may be associated with the fact that the martensitic 
shear occurs at high temperatures and high stress under con-
ditions of high elasticity constants.

Figure 3a shows the dependences of stress hysteresis 
on the test temperature Δσ(T) for Ni44Fe19Ga27Co10 and 
Ni39Fe19Ga27Co15 single crystals. Regardless of the chemi-
cal composition, the plots of Δσ(T) have the same shape: 
a slight change in hysteresis with increasing temperature 
is followed by a sharp increase in hysteresis.
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Fig. 1   Microstructures of quenched Ni44Fe19Ga27Co10 a, b and Ni39Fe19Ga27Co15 c, d single crystals: a, c—bright-field images and correspond-
ing SADPs, matrix zone axis is [011]L21; b, d—dark-field images in < 111 > L21 reflections

Fig. 2   σ(ε) response for quenched Ni44Fe19Ga27Co10 a and Ni39Fe19Ga27Co15 b crystals
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The sharp increase is associated with approaching the 
yield strength of austenite and a sharp increase in the gen-
eration of defects during the MT. The weak dependence 
of hysteresis on the test temperature is associated with the 
absence of detwinning under a compressive stress applied 
along the [001]-direction. In such a case, according to Roit-
burd [13], an increase in the stresses does not change the 
twinning structure of martensite and the orientation of the 
habit plane, and hence the dissipated energy and stress hys-
teresis are constant. In other cases where detwinning is pre-
sent, for example, in tension along the [001]-orientation or 
in compression along the [011]-direction, stress hysteresis 
increases significantly (up to 10 times) with increasing test 
temperature. At the same time, there is a bend at the stage 
of a slight change in hysteresis for Ni44Fe19Ga27Co10 single 
crystals (Fig. 3a). The bend was also observed in [001]-ori-
ented NiFeGa and NiFeGaCo single crystals in compres-
sion and was associated with a change in the MT sequence 
from L21-14 M to L21-L10 [3]. In Ni44Fe19Ga27Co10 sin-
gle crystals, the sequence of MT is likely to change. In 
Ni39Fe19Ga27Co15 single crystals, such a bend was not 
observed.

Critical stresses of martensite formation on the σ(ε) 
curves increase with increasing temperature (Fig. 3b), in 
accordance with the Clausius–Clapeyron relation [3]. 
Stress increases up to the yield strength level of the high-
temperature phase σcr(Md), which equals to 840 MPa for 
Ni44Fe19Ga27Co10 and 905 MPa for Ni39Fe19Ga27Co15 crys-
tals. The strength properties of the high-temperature phase 
limit the SE temperature range, which ranges from 250 to 
475 K in Ni44Fe19Ga27Co10 single crystals and from 200 to 
350 K in Ni39Fe19Ga27Co15 single crystals.

Based on the presented experimental data, it can be 
concluded that an increase in the cobalt content (with 
a decrease in nickel) leads, firstly, to an increase in the 

resistance of the matrix to the formation of oriented mar-
tensite, which is manifested in an increase in the stresses 
required for the formation of martensite; secondly, an 
increase in cobalt content causes a slight increase in 
strength properties of matrix. These changes are likely 
to have a significant effect on the SE cyclic stability. In 
Ni39Fe19Ga27Co15 crystals, the temperature dependence 
of the critical stresses is strongly shifted relative to the 
temperature dependence in Ni44Fe19Ga27Co10 crystals 
(Fig. 3b). Then, the close thermodynamic conditions were 
chosen to study the cyclic stability, namely a close value 
of the nonchemical Gibbs energy ΔGnonch = ΔGrev + ΔGirr 
and close critical stresses for the martensite formation. 
At these conditions, the stress level for the existence of 
martensite is far from the yield strength of austenite by 
similar values for Ni44Fe19Ga27Co10 and Ni39Fe19Ga27Co15 
single crystals. When choosing one test temperature, the 
Ni44Fe19Ga27Co10 crystals are characterized by low criti-
cal stress level, whereas the Ni39Fe19Ga27Co15 crystals 
demonstrated high stress level close to the yield strength 
properties. Thus, the plastic deformation can be observed 
during MT in the Ni39Fe19Ga27Co15 crystals, whereas this 
effect will not occur in Ni44Fe19Ga27Co10 alloys. Based 
on the conditions, the test temperatures were chosen to 
be 398 K in Ni44Fe19Ga27Co10 single crystals and 203 K 
in Ni39Fe19Ga27Co15 single crystals. Figure 4 shows the 
σ(ε) curves during 100 loading/unloading cycles. Cycling 
was carried out up to 700 MPa in order to avoid plastic 
deformation.

The SE cyclic stability strongly depends on the cobalt 
content. Figure 5 shows the dependences of the critical 
stresses σcr, stress hysteresis Δσ, and strain hardening coeffi-
cient θ = dσ/dε on the number of cycles. In Ni44Fe19Ga27Co10 
single crystals, these dependences can be divided into two 
steps (Fig. 5a–c).

Fig. 3   Temperature dependences of stress hysteresis a and critical stress b for quenched Ni44Fe19Ga27Co10 and Ni39Fe19Ga27Co15 single crystals. 
The circles indicate the conditions for cyclic tests
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The maximum degradation of the SE loop occurred in 
the first 20 cycles, when the critical stresses σcr decrease 
by 5%, and stress hysteresis decreases by 35%. The sec-
ond step, 21–100 cycles, is characterized by more stable 
SE: stresses decrease by only 3%, and stress hysteresis 
decreases by 15%. The total accumulated strain during 
100 cycles did not exceed 0.3%. The strain hardening coef-
ficient θ = dσ/dε, which was measured for the stress pla-
teau stage on the σ(ε) curve, remained unchanged for 100 
cycles. However, at the stage of stress growth, the coef-
ficient θ = dσ/dε increased from 60 × 102 to 90 × 102 MPa 
within 30 cycles and then changed slightly.

In Ni39Fe19Ga27Co15 single crystals, the dependences 
of critical stress σcr and hysteresis Δσ on the number 
of cycles have a different shape (Fig. 5d–f). During the 
first 20 cycles, as in Ni44Fe19Ga27Co10 single crystals, 
stresses and hysteresis decreased by 4% and 11%, respec-
tively. It should be noted that in the first 20 cycles in 
Ni39Fe19Ga27Co15 single crystals, the changes in param-
eters were less than in Ni44Fe19Ga27Co10. However, after 
20 cycles, instead of stability, strong degradation of SE 
occurred. As a result, cycles 21–29 saw the stress decrease 
by 35% and stress hysteresis increase by 240%. After 29 
cycles, sample destruction occurs. Depending on the sam-
ple, the number of cycles before fracture (fatigue life) var-
ies by no more than 10 cycles and can be associated with 
various structural imperfections in different samples.

The total accumulated irreversible strain from cycles 
1–29 was 0.8%. The strain hardening coefficient θ = dσ/dε, 
which was measured for the stress plateau stage on the σ(ε) 
curve, changed slightly up to cycle 20, but doubled from 
cycle 20 to cycle 29. On the contrary, at the stage of stress 
growth, the coefficient θ = dσ/dε did not change.

4 � Discussion

In the works [14, 15], the authors proposed to describe the 
SE cyclic stability based on the ratio of the elastic ΔGrev 
and the dissipated ΔGirr energy during the stress-induced 
MT. The energy values ​​ΔGrev and ΔGirr per unit volume 
are calculated from loading/unloading cycles as the area 
inside the σ(ε) curve and the area under the unloading 
curve, respectively [15, 16]. The ratio of elastic and dis-
sipated energies ΔGrev/ΔGirr characterizes the relationship 
between critical stresses σcr, stress hysteresis Δσ, revers-
ible strain εrev, and irreversible strain εirr. It was shown 
in literature [14] that in Ni49Fe18Ga27Co6 single crystals, 
the high SE stability is observed if the ΔGrev/ΔGirr ratio is 
high, and vice versa. This depends on the microstructure 
and orientation.

In the present work, the values of ΔGrev and ΔGirr and 
their ratio for Ni44Fe19Ga27Co10 and Ni39Fe19Ga27Co15 sin-
gle crystals were estimated based on σ(ε) curves during 
cycling. Figure 6 illustrates the values of ΔGrev and ΔGirr 
and their ratio depending on the number of cycles. Chemi-
cal composition influences the shape of dependences. In 
Ni44Fe19Ga27Co10 single crystals, the elastic and dissipated 
energies decrease with an increase in the number of cycles, 
which is consistent with [16]. In this case, the elastic energy 
ΔGrev decreases smoothly and uniformly with an increase 
in the number of cycles by 7%. The dissipated energy ΔGirr 
decreases sharply in the first 10 cycles, and then it gradually 
decreases by 2.3 times in the next 90 cycles. Taking into 
account that the elastic energy significantly exceeds the dis-
sipated energy, as a result, their ratio increases by a factor 
of 2 with an increase in the number of cycles.

Fig. 4   σ(ε) response during 1–100 cycles for quenched Ni44Fe19Ga27Co10 a and Ni39Fe19Ga27Co15 b single crystals
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On the contrary, in Ni39Fe19Ga27Co15 single crystals, 
the elastic and dissipated energies change nonmonotoni-
cally. The elastic energy ΔGrev, which slightly increased 
before cycle 20, sharply decreases by 12% after 20 cycles. 

Dissipated energy, which is initially reduced by 1.4 times, 
increases sharply by 2.5 times after 20 cycles. As a result, 
the ratio of elastic and dissipated energies ΔGrev/ΔGirr 

Fig. 5   Dependences of critical stress σcr a, d of stress hysteresis Δσ b, e and strain hardening coefficient θ = dσ/dε c, f on the number of cycles 
for quenched Ni44Fe19Ga27Co10 a–c and Ni39Fe19Ga27Co15 d–f single crystals
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increases by 1.5 times during the first 20 cycles and then 
sharply decreases by 3.2 times from 20 to 29 cycles.

Thus, dependencies presented in Fig. 6 can be divided 
into two steps: the first 20 cycles and subsequent cycles. It 
can be seen from Figs. 4, 5, and 6 that the degradation in the 
first 20 cycles in Ni44Fe19Ga27Co10 single crystals is more 
pronounced than in Ni39Fe19Ga27Co15. In Ni44Fe19Ga27Co10 
single crystals, in the first 20 cycles, the elastic energy 
is lower, the dissipated energy is higher, and the ratio 
ΔGrev/ΔGirr is lower than in Ni39Fe19Ga27Co15 crystals. 
This means that in Ni44Fe19Ga27Co10 single crystals, less 
accumulation of elastic energy occurs with its more active 
dissipation.

The functional degradation that occurs in the first 20 
cycles in Ni44Fe19Ga27Co10 single crystals consists in the 
relaxation of the elastic energy near the austenite/martensite 
interface due to the formation of dislocations, residual mar-
tensite, and martensite stabilization [14, 17]. In this case, 
a decrease in critical stress was observed, since in each 
subsequent cycle martensite will nucleate on defects left 
after the previous one [17, 18]. The effect of dislocation 

and residual martensite in Ni44Fe19Ga27Co10 single crystals 
can be traced through an additional study of the SME in the 
stress-assisted cooling/heating cycles (Fig. 7a). For this, a 
stress of 100 MPa was chosen, when the maximum volume 
fraction of oriented martensite and the maximum strain 
of 4.1% were observed. It has been established that after 
cyclic tests, the temperatures of the start of stress-induced 
MT increased by ~ 20 K. This indicates the presence of inter-
nal elastic stress fields that contribute to the formation of 
oriented martensite, lower the critical stresses of the start 
of MT, and increase the MT temperature. The magnitude 
of these stresses in Ni44Fe19Ga27Co10 single crystals can be 
estimated from the temperature shift M�

s
 (at 100 MPa) in 

accordance with the Clausius–Clapeyron equation [3]:

where εtr is the transformation strain, ΔS is the entropy 
change. The estimate gives 30–60  MPa. In addition 
to defects and residual martensite, the above effect in 
Ni44Fe19Ga27Co10 single crystals can be due to partial 

(1)ΔM𝜎

s
(𝜎) = −(𝜀

tr
∕ΔS) < 𝜎

G
>,

Fig. 6   Estimation of elastic energy ΔGrev a, dissipated energy ΔGirr b and their ratio ΔGrev/ΔGirr c 

Fig. 7   ε(T) curves before and after cyclic tests for quenched Ni44Fe19Ga27Co10 (100 cycles) and Ni39Fe19Ga27Co15 (18 cycles) single crystals
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stabilization of martensite, which occurs at elevated temper-
atures due to diffusion processes associated with the redis-
tribution of point defects and the arrangement of atoms of 
different types in accordance with the martensite symmetry 
during testing. In work [19] on NiFeGaCo alloys, the effect 
of martensite stabilization under similar conditions on the 
SME and SE was shown.

A different situation was observed in Ni39Fe19Ga27Co15 
single crystals. In the first 20 cycles, SE degraded less 
compared to Ni44Fe19Ga27Co10 crystals: stress hysteresis 
changed by only 11% versus 35%, and strain hardening 
coefficient θ = dσ/dε did not change. Figure 6 shows that 
in Ni39Fe19Ga27Co15 single crystals, the elastic energy is 
higher, the dissipated energy is lower, and the energy ratios 
ΔGrev/ΔGirr are larger than in Ni44Fe19Ga27Co10 single crys-
tals. Therefore, it can be assumed that a more significant 
accumulation of elastic energy occurred in Ni39Fe19Ga27Co15 
single crystals (Fig. 6). Elastic energy was not dissipated 
into the formation of defects and residual martensite. There-
fore, in Ni39Fe19Ga27Co15 single crystals, the ε(T) curves 
in stress-assisted cooling/heating cycles, obtained after 
18 cycles, coincided with the initial curves before testing 
(Fig. 7b).

An additional experiment was carried out on 
Ni44Fe19Ga27Co10 and Ni39Fe19Ga27Co15 single crystals at 
the same temperature in order to exclude the influence of dif-
ferent temperatures, as well as cold brittleness as the reason 
for the increased brittleness of Ni39Fe19Ga27Co15 samples 
The room temperature is optimal for this experiment. At 
298 K, Ni44Fe19Ga27Co10 single crystals demonstrate the 
SE, and Ni39Fe19Ga27Co15 single crystals have the critical 
stresses lower than the yield point of austenite. The curves 
σ(ε) during cycling and the dependences of critical stresses 
and hysteresis on the number of cycles are shown in Fig. 8.

This experiment confirms the data obtained on the basis 
of the previous experiment at various temperatures (Figs. 4 

and 5). First, in the Ni44Fe19Ga27Co10 single crystals, a 
similar degradation of the SE is observed during the first 
20 cycles at 298 K (σcr decreases by 5%, Δσ decreases by 
35%), as in the case of cycling at an elevated temperature 
of 398 K. With an increase in the number of cycles above 
20, in the Ni44Fe19Ga27Co10 single crystals, SE degrades 
weakly up to 500 cycles, as well as at 398 K. Secondly, 
the Ni39Fe19Ga27Co15 single crystals demonstrate the weak 
degradation of the SE at 298 K in the first 10 cycles (σcr 
decreases by 1%, Δσ decreases by 15%). However, after 
42 cycles, a sharp degradation of the SE is observed (σcr 
decreases by 20%, Δσ increases by 500%) and samples 
destructed after 46 cycles. Depending on the sample, fatigue 
life of the Ni39Fe19Ga27Co15 single crystals at 298 K is 
30–50 cycles, which is close to fatigue life at 203 K.

Thus, the experiments made it possible to cover 
a wide temperature range in Ni44Fe19Ga27Co10 and 
Ni39Fe19Ga27Co15 single crystals. Cycling was carried out 
at low and high temperatures associated with the beginning 
and the end of the SE temperature range, respectively. It 
allows us to state that the results of this work will be repli-
cable when cycling at other temperatures.

Different degradation in Ni44Fe19Ga27Co10 and 
Ni39Fe19Ga27Co15 single crystals can be associated with 
different strength properties of martensite at the selected 
test temperatures. Figure 9 shows σ(ε) curves with the yield 
strength of martensite at temperatures near the cycling 
temperatures.

It can be seen that the yield strength of 1360 MPa in 
Ni44Fe19Ga27Co10 single crystals at 373 K is much lower 
than in Ni39Fe19Ga27Co15 crystals, where it is 1805 MPa at 
213 K. Such a difference in the strength properties is asso-
ciated with a decrease in the yield strength with increasing 
temperature, which is typical of NiFeGa(Co) alloys [20].

As it was mentioned above, no thermal-induced MTs were 
found in Ni39Fe19Ga27Co15 single crystals during stress-free 

Fig. 8   σ(ε) response during cycling for quenched Ni44Fe19Ga27Co10 a and Ni39Fe19Ga27Co15 b single crystals at 298 K



658	 E. E. Timofeeva et al.

1 3

cooling/heating. Based on the literature data, in NiFeGaCo 
with such cobalt content, a strain glass transition was 
observed due to a large number of point defects that prevent 
the formation of martensite macrolamellae and form nanodo-
mains with a local order. A strain glass transition was found 
in many alloys based on Ti–Ni, Ni–Mn–Ga, Ni–Mn–In, 
and Fe–Pd [7]. At the same time, it was found that in these 
alloys, stress-induced MT can be observed at a high stress 
level. Indeed, Fig. 2 demonstrates that it is necessary to 
apply stresses much higher than in Ni44Fe19Ga27Co10 crys-
tals to obtain stress-induced martensite in Ni39Fe19Ga27Co15 
crystals. Consequently, Ni39Fe19Ga27Co15 crystals are char-
acterized by a high resistance of the matrix to the growth of 
oriented martensite. It can be assumed that such a special 
microstructure in Ni39Fe19Ga27Co15 is the reason for the 
accumulation of large elastic energy during the formation 
of finely dispersed martensite under stress. This is indirectly 
confirmed by Fig. 7, where the large temperature intervals of 
MT are observed in Ni39Fe19Ga27Co15 single crystals. The 
value of temperature intervals is proportional to the value 
of the elastic energy accumulated during the MT [21, 22].

The behavior of single crystals under cyclic loads in the 
first 20 cycles also determined SE response in subsequent 
cycles in Ni44Fe19Ga27Co10 single crystals. After 20 cycles, 
the degradation decreased and the SE became more stable, 
the decrease in critical stresses and stress hysteresis, and 

the increase in the coefficient θ = dσ/dε slowed down. In 
this case, the ratio of elastic and dissipated energy increases 
monotonically all the time. This may be due to disloca-
tion hardening during the first cycles. On the contrary, in 
Ni39Fe19Ga27Co15 single crystals, a strong relaxation of the 
elastic energy was observed after 20 cycles. Consequently, 
there was no formation of a large number of defects and 
hardening, and an increase in local stress led to microc-
racks and degradation. Therefore, after 20 cycles at 203 K 
Ni39Fe19Ga27Co15 single crystals showed a significant 
increase in stress hysteresis (by 240%), reduction in critical 
stress of martensite formation (35%), and a sharp increase in 
the strain hardening coefficient at the first stage of the curve 
σ(ε) (2 times) (Fig. 5). Figure 10 a, b illustrates the surface 
samples after 18 and 25 loading/unloading cycles, when 
microcracks begin to form and grow rapidly with a repeated 
number of cycles. Similar tests in Ni44Fe19Ga27Co10 single 
crystals did not lead to microcracks, but, on the contrary, left 
traces of plastic deformation.

As a result, the subsequent cycling of Ni39Fe19Ga27Co15 
single crystals led to brittle fracture, as evidenced by the 
fractography of the cleavage surface (Fig. 10 c, d). The 
destruction of Ni44Fe19Ga27Co10 single crystals under 
selected cycling conditions at 398 K up to 700 MPa did 
not reveal during first 500 cycles. The reason for the brit-
tleness of Ni39Fe19Ga27Co15 single crystals, compared with 

Fig. 9   σ(ε) curves under compressive load for quenched Ni44Fe19Ga27Co10 and Ni39Fe19Ga27Co15 single crystals demonstrating the yield strength 
of L10-martensite at temperatures of 213 K and 373 K
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Ni44Fe19Ga27Co10 crystals, is an increase in the cobalt con-
tent, which causes not only an increase in the resistance of 
the matrix to the formation of oriented martensite and an 
increase in strength properties, but also leads to an increase 
in brittleness and a decrease in plasticity.

5 � Conclusions

The effect of the cobalt content on the stress hysteresis, 
the level of critical stresses, and the SE cyclic stability in 
quenched Ni44Fe19Ga27Co10 and Ni39Fe19Ga27Co15 (at.%) 
single crystals under compressive stress was experimen-
tally established. It has been established that the depend-
ence of the SE cyclic stability on the cobalt content changes 
slightly with a change in the test temperature within the SE 

temperature range. It was established that SE degradation 
occurred in two steps.

In Ni44Fe19Ga27Co10 single crystals, at the first step 
(1–20 cycles), the elastic energy relaxed with the forma-
tion of dislocations and residual martensite, which led to a 
decrease in the critical stresses of martensite formation (by 
5%), a reduction in hysteresis (by 35%), and an increase in 
the strain coefficient hardening (1.5 times). At the second 
step of degradation (20–100 cycles), in Ni44Fe19Ga27Co10 
single crystals, SE became more stable, which was accom-
panied by a slight change in the parameters. Fatigue life of 
Ni44Fe19Ga27Co10 single crystals is more than 500 cycles.

On the contrary, Ni39Fe19Ga27Co15 single crystals with a 
higher cobalt content were characterized by higher strength 
characteristics of austenite and martensite, which led to 
higher stability during the first 20 loading/unloading cycles 

Fig. 10   Optical metallography of the surface after 18 loading/unloading cycles a and after 25 cycles b; fractography of the fracture surface after 
29 cycles c, d in Ni39Fe19Ga27Co15 single crystals, cycling temperature 203 K
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compared to Ni44Fe19Ga27Co10 single crystals; there was a 
decrease in critical stresses (by 4%), a reduction in hysteresis 
values ​​(by 11%), and there was not an increase in the strain 
hardening coefficient. After 20 cycles, Ni39Fe19Ga27Co15 
single crystals showed strong SE degradation through the 
formation of microcracks: a decrease in critical stresses (by 
35%), a decrease in the hysteresis value (by 240%), and an 
increase in the strain hardening coefficient (2 times). As a 
result, this led to the destruction of single crystals. Fatigue 
life of Ni39Fe19Ga27Co15 single crystals does not exceed 46 
cycles.
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