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ABSTRACT  

The effect of aging in the high-temperature B2-phase on the martensitic transformation, the strength 

properties of L1₀-martensite, and the cyclic stability of superelasticity in compression in [001]B2-oriented 

Co35Ni35Al28Fe2 single crystals was investigated. The B2-phase in quenched Co35Ni35Al28Fe2 single crystals 

remains stable without precipitation of secondary phases upon heating up to 520 K, which represents an 

increase of approximately 50 K compared to ternary Co35Ni35Al30 alloys. Aging at 673 K leads to the 

precipitation of nanosized (Ni,Co)5Al3-particles providing dispersion strengthening. Short-term aging for 

15 min decreases the start B2-L10 martensitic transformation temperature Ms by 140 K and significantly 

improves functional properties, resulting in a wide temperature range of superelasticity (345 K) and high 

strength properties of L10-martensite (> 1870 MPa) while maintaining cyclic stability of superelasticity. 
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Introduction 

Co-Ni-Al-based alloys belong to the class of ferromagnetic shape memory alloys (FSMAs), 

in which the functional properties are determined by the features of the B2-L10 

martensitic transformation (MT) [1,2]. The two-phase (B2+γ)-alloys exhibit high strength 

and ductility due to the presence of a ductile γ-phase with the FCC structure.  

A number of studies on Ni-Al-, Ni-Al-Fe-, and Ni-Al-Co-based alloys have shown that 

the supersaturated B2-phase becomes thermally unstable at temperatures above 473 K 

[1,3–16]. Depending on the chemical composition and annealing temperature, in addition 

to the γ-phase, precipitation of several types has been reported including γ′(L12), ε- and 

α-Co phases, as well as superstructures of the A2B and A5B3 types [1,3–17]. Depending on 

their size, distribution and coherence with the B2-matrix, these particles can suppress  

the transformation, strengthen the material, reduce the MT temperatures, expand  
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the temperature range of stress-induced MT, increase the cyclic stability of functional 

properties, and induce a two-way shape memory effect. Thus, the control of precipitation 

in Co-Ni-Al-based alloys is necessary to ensure stable material performance and obtain 

improved functional properties. Despite the significant progress in understanding the role 

of precipitation on the thermally-induced and stress-induced MT in ternary Co-Ni-Al 

alloys [18,19], the influence of precipitation on the functional properties during the 

stress-induced B2-L1₀ MT in Fe-alloyed Co-Ni-Al alloys remains unexplored. 

Quaternary Co-Ni-Al-Fe alloys are of interest because the Fe addition of ~ 2 at. % 

simultaneously reduces the MT temperature and increases the Curie temperature, thereby 

expanding the FSMAs application. However, the Fe alloying above 3 at. % suppresses or 

significantly diffuses the MT, resulting in reduced reversibility [20,21]. In addition to 

being an effective tool for controlling the interrelated magnetic and martensitic 

transformations in Co-Ni-Al alloys, Fe alloying of 2 at. % should contribute to the 

increased thermal stability of the B2-phase. 

The practical application of SMAs (damping systems and actuators) relies on the 

superelasticity (SE) and shape memory effect (SME) associated with stress-induced MT, 

which requires a systematic approach for SMAs studying. However, the influence of 

precipitation on stress-induced MT and the strength properties of L10-martensite in 

quaternary Co35Ni35Al28Fe2 alloys is still unclear. Low Fe-alloyed Co-Ni-Al-Fe alloys are 

expected to combine MT with improved strength and functional properties through 

precipitation processes during aging. Therefore, the aim of the present work is to 

investigate the effect of aging in the B2-phase on the stress-induced B2-L10 MT, the 

strength properties of L10-martensite, and the cyclic stability of SE in single crystals of 

the Co35Ni35Al28Fe2 alloy in compression along the [001]B2-direction.  

 

Materials and Methods 

Single crystals of the ferromagnetic Co35Ni35Al28Fe2 (at. %) alloy were grown using the 

Bridgman method. The crystallographic orientation of the single crystals was determined 

using a X-ray diffractometer DRON-3 with FeKα radiation. The deviation from the exact 

orientation did not exceed 3°. The chemical composition and surface morphology were 

examined using a scanning electron microscope TESCAN VEGA 3. The samples were cut 

from the single-crystal ingots using a wire electrical discharge machine Arta 153. 

The samples were homogenized at 1623 K for 6.0 h followed by water quenching. 

Isothermal aging at 673 K was carried out in a high-temperature tube furnace Carbolite. 

Metallographic observations were performed using a digital measuring microscope 

Keyence VHX-2000. The sample surfaces were mechanically ground using a grinding 

machine MoPao 260E and subsequently electrolytically polished in a solution. 

The MT temperatures were determined from the temperature dependence of 

electrical resistivity. Caloric effects during cooling/heating were measured using a 

differential scanning calorimeter (DSC) DSC 404 F1. Compression tests were carried out 

using an electromechanical testing machine Instron VHS 5969. Cuboidal samples 

(3.0 × 3.0 × 6.0 mm3) had the compression axis oriented along the [001]B2-direction.  

The loading and unloading rate was 𝜀̇ = 10-31/с. 
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The microstructure was studied using a transmission electron microscope (TEM) 

Hitachi HT-7700 operated at an accelerating voltage of 110 kV. Thin foils with a diameter 

of 3 mm and a thickness of 0.1 mm were prepared by electrolytic polishing in a solution 

of 20 % H2SO4+80 % CH3OH at a temperature of 283 K and a voltage of 15–17 V using a 

twin-jet polisher Tenupol-5. 

 

Results and Discussion 

Thermal-induced martensitic transformation and thermal stability of B2-phase 

The quenched single crystals exhibit a two-phase microstructure. It consists of an 

austenitic B2-matrix and a secondary γ-phase. The γ-phase particles have a size of 

≥ 100 μm, while their volume fraction in the B2-matrix is less than 10% (Fig. 1(a)). This 

phase is enriched in cobalt and depleted in aluminum compared with the matrix and does 

not undergo the B2-L10 MT [22]. Figure 1(b) shows a TEM image of the interphase 

boundary between the B2-phase with a BCC lattice and the secondary γ-phase with  

an FCC lattice. The selected area electron diffraction pattern (SAEDP) from the secondary 

phase contains superlattice reflections of the (100) and (011) types corresponding to L12 

ordering (Fig. 1(c)). Thus, according to TEM analysis, the secondary γ-phase has the FCC 

structure (dark regions in Fig. 1(c)) containing dispersed coherent γ′(L12)-particles (bright  
 

 
 

Fig. 1. Microstructure of quenched Co35Ni35Al28Fe2 single crystals: (a) optical micrograph of the surface;  

(b) bright-field image of the interphase B2-γ/γ′ boundary; (c) dark-field image taken using the superlattice 

(100)FCC reflection from nanosized γ′-particles and the SAEDP (zone axis [011]FCC); (d) bright-field image of 

(1̅11)L10 L10-martensite twins and the SAEDP (zone axis [110]M||[1̅1̅0]M)  
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regions in Fig. 1(c)). The size of the γ′-particles varies from 3 to 10 nm, and their volume 

fraction in the γ-matrix reaches 25–35 %. It is known that the lattice mismatch between 

FCC and L12 structures is small, which results in a high degree of coherency between them 

[23,24]. Figure 1(d) shows (1̅11)L10 martensitic twins with a thickness of about 10–20 nm.  

Figure 2(a) shows ρ(T) curves. In the quenched single crystals, the forward MT starts 

at Ms = 270 K, while the reverse transformation starts at As = 235 K (Fig. 2(a), Table 1). The 

ρ(T) curve during cooling/heating exhibits a nearly symmetric shape.  

The temperature intervals of the forward and reverse transformations are close in 

magnitude and equal to Δ1 ≈ Δ2 = 55–60 K. The thermal-induced MT is accompanied by 

narrow hysteresis ΔT = 22.5 K. MT occurs at a temperature ratio of As < Ms and, 

accordingly, is accompanied by the accumulation of significant elastic energy. This is 

associated with the elastic lattice mismatch between austenite and martensite, as well 

as with the interaction of martensitic variants with each other. As a result, part of the 

transformation free energy is stored in the form of elastic strain energy and interfacial 

energy, which modifies the thermodynamic balance between the phases and promotes 

reverse MT. A high level of stored elastic energy is one of the key factors enabling SE and 

stable reversibility of the MT in SMAs.  

 

 
 

Fig. 2. Study of the MT temperatures for Co35Ni35Al28Fe2 single crystals: (a) ρ(T) curves during 

cooling/heating (a); DSC exothermic curves during heating 

 

Table 1. The B2-L10 MT temperatures for Co35Ni35Al28Fe2 single crystals. 

Single crystals Ms, K Mf, K As, K Af, K *Δ1, K *Δ2, K *ΔT, K 

Quenching 270 215 235 295 55 60 22,5 

Aging 673 K, 15 min 130 < 85 < 97 137 > 45 > 40 ~ 9.5 

*Δ1=Ms–Mf; Δ2=Af–As 

ΔT=(As+Af)/2–(Ms+Mf)/2 

 

DSC curves were analyzed during cooling down to 123 K and heating up to 1173 K. 

The cooling and heating rate was 20 K/min. Endothermic and exothermic peaks 

associated with the MT are almost not observed in the DSC curves. This behavior may 

occur because the MT proceeds over a wide temperature interval with a low thermal 

effect, while electrical resistivity is more sensitive to changes in crystal structure and 

lattice symmetry. 
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On the DSC heating curve for the quenched single crystals, a pronounced exothermic 

peak is observed above the MT temperatures in the range from 520 to 775 K (Fig. 2(b)).  

No similar effect is observed during cooling, which indicates the irreversible nature of this 

process. Since the peak appears significantly higher than the MT temperatures (approximately 

Af+225 K), it may be associated with the diffusion decomposition of the supersaturated  

B2-phase, i.e., the precipitation of ordered particles or the additional austenite ordering.  

For Ni-Al- and Co-Ni-Al-based alloys, diffusion decomposition in the B2-austenite region  

above about 723 K is commonly attributed to the thermodynamic instability of the B2-phase  

and the formation of ordered superstructures such as (Ni,Co)2Al or (Ni,Co)5Al3 [7–15]. 

To analyze the nature of the thermal instability of the B2-phase, the quenched single 

crystals were subjected to isothermal aging in austenite at 673 K, corresponding to  

the maximum of the DSC peak. After the aging for 15 min, the measurements of  

the temperature dependence of electrical resistivity showed that the Ms temperature 

decreased by 140 K and the Af temperature decreased by 158 K compared to the quenched 

state (Fig. 2(a), Table 1). Determination of the Mf and As temperatures after the aging for 

15 min was complicated due to their shift below 100 K, so the calculation of ΔT, Δ1, and Δ2 

is approximate. The thermal hysteresis was ΔT = 9.5 K for aged for 15 min single crystals, 

which is two times lower than in the quenched single crystals. The temperature ratio of 

As < Ms remains after aging for 15 min. After aging for 1 h or more, no hysteresis loop is 

observed in ρ(T) curves. This indicates either a shift of the MT temperatures below the 

liquid nitrogen temperature or a suppression of the thermal-induced MT. 

A change of the exothermic DSC peak is observed after aging (Fig. 2(b)). In the DSC 

heating curve, a less pronounced peak remains in the range of 660–765 K, indicating 

partial diffusion decomposition already occurring during the preliminary aging for 

15 min. Relative to the Af temperature of the quenched state, this peak appears at 

Af + 365 K. This suggests an increase in the thermal stability of the B2-phase compared 

to the quenched state. Increasing the aging time to 4 h leads to the complete 

disappearance of this DSC peak (Fig. 2(b)). 

After aging for 15 min, no change in the size and volume fraction of the γ-phase 

was identified. Whereas γ′-particles coarsen to ~ 20 nm and their volume fraction 

increases to 50–60 % (Fig. 3), which may contribute to the strengthening of the γ-phase.  

 

 
 

Fig. 3. TEM image of γ'-particles for aged at 673 K for 15 min Co35Ni35Al28Fe2 single crystals:  

(a) SAEDP from γ/γ'-phase (zone axis [001]FCC); (b) dark-field image taken using the superlattice (1̅00)FCC 

reflection (yellow arrow and circle on (a)) from nanosized γ′-particles  
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The endothermic peak on heating may be additionally caused by this process. An additional 

TEM studies are required to determine the precise evolution of γ′-particles after aging.  

The enhancement of thermal stability and the significant decrease in MT 

temperatures just after aging are likely caused by substantial changes in the 

microstructure of B2-matrix undergoing the MT. After aging for 15 min, very weak 

additional reflections are observed in the B2-matrix, presumably associated with the 

presence of dispersed particles. However, no contrast from these particles is detected in 

dark-field images. The dispersed particles become detectable only after aging for 4 h 

(Fig. 4). The additional reflections (indicated by the yellow arrow and circle) from the 

matrix are observed and cannot be indexed within the B2-, L10-, or L12-type structures in 

the SAEDP. According to the dark-field analysis, these reflections correspond to the 

nanoscale particles with sizes ranging from 5 to 12 nm and with a high-density 

distribution within the B2-matrix (Fig. 4). These reflections can be reasonably indexed 

assuming an orthorhombic Cmmm structure corresponding to the (Ni,Co)5Al3-phase. 

Reflections of the (020) type and higher-order reflections are observed, indicating  

a reduced symmetry compared to the matrix. The orientation relationships between the 

(Ni,Co)5Al3-particles and the matrix are as follows: (110)Ni5Al3||(100)B2 or [001]Ni5Al3||[001]B2 

[7,8,11,13]. The lattice parameters of the (Ni,Co)5Al3-particles are a ≈ 0.77 nm, 

b ≈ 0.38 nm, and c ≈ 0.66 nm. Notably, b ≈ aB2√2, which explains the coherence of the 

(Ni,Co)5Al3-particles with the B2-matrix, resulting in insufficient contrast in dark-field 

images, as observed after aging for 15 min. The precipitation of secondary phase 

(Ni,Co)5Al3-particles leads to a local depletion of elements in the B2-matrix and reduces 

the MT temperatures. The decrease in the MT temperatures becomes more pronounced 

with prolonged aging for more 1 h, which is confirmed by ρ(T) and DSC analysis. 

 

 
 

Fig. 4. TEM image of (Ni,Co)5Al3-particles for aged at 673 K for 4 h Co35Ni35Al28Fe2 single crystals:  

(a) SAEDP from B2-matrix and (Ni,Co)5Al3-particles (zone axis [001]B2); (b) dark-field image taken using  

the reflection of the (020) type (yellow arrow and circle on (a)) from (Ni,Co)5Al3-particles 

 

Thus, the quenched Co35Ni35Al28Fe2 single crystals are thermodynamically unstable 

at T > 520 K due to the diffusion decomposition of the supersaturated B2-phase.  

A decrease in MT temperatures and a reduction of the exothermic peak on DSC curves, 

associated with the formation of nanoscale (Ni,Co)5Al3-particles, occurs after aging at 673 K 

for 15 min. After aging for 4 h, this exothermic DSC peak disappears, while nanoscale 

(Ni,Co)5Al3-particles are detected by TEM, which suppress the thermal-induced MT.  
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Thermomechanical behavior during stress-induced martensitic transformation 

Quenched and aged at 673 K for 15 min single crystals were loaded in compression along 

the [001]B2-direction until fracture in the temperature range of stress-induced MT T > Af 

(Fig. 5). The σ(ε) curves obtained at 298 and 423 K exhibit three characteristic stages 

associated with elastic deformation of austenite (1), the stress-induced MT (2), and elastic 

deformation of the stress-induced martensite (3). With increasing test temperature, 

stage 1 becomes longer, while stages 2 and 3 become shorter.  
 

 
Fig. 5. σ(ε) curves in compression along the [001]B2-direction for Co35Ni35Al28Fe2 single crystals:  

(а) Tt = 298 K; (b) Tt = 423 K 
 

The increase in stage 1 is related to the rise in the critical stress for martensite 

formation σcr with test temperature Tt. Figure 6(a) shows the temperature dependence of 

the critical stress for martensite formation σcr(T) in compression along the [001]B2-

direction, plotted from the experimental σ(ε) curves presented in Fig. 6(b). For both 

quenched and aged crystals, the coefficient α=dσ/dT, which characterizes the linear 

increase in the critical stress for stress-induced martensite formation with temperature 

according to the Clausius–Clapeyron relation [25], is nearly the same and equals to 2.0 

and 2.1 MPa/K, respectively. Aging leads to an increase in the critical stress by 

approximately 300 MPa and shifts the start temperature of the stress-induced B2-L10 MT 

to lower temperatures by ~ 140 K. This effect is associated with dispersion strengthening 

of the B2-matrix by nanoscale (Ni,Co)5Al3-particles. 
 

 
Fig. 6. Temperature dependence of stress-induced martensite formation σcr(T) (a) and σ(ε) curves (b)  

for Co35Ni35Al28Fe2 single crystals in compression along the [001]B2-direction  
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In quenched Co35Ni35Al30 single crystals, the temperature dependence of the critical 

stress for martensite formation σcr(T) in compression along the [001]B2-direction is 

nonlinear, and the coefficient α = dσ/dT increases at temperatures above 473 K. This 

behavior may be associated with precipitation of nanosized particles at T > 473 K [18].  

In contrast, the σcr(T) dependence is linear within the SE range in quenched Co35Ni35Al28Fe2 

single crystals. Thus, the precipitation of secondary phases does not affect the stress-

induced MT up to T = 520 K. As a result, Fe alloying enhances the thermodynamic stability 

of the B2-phase during high-temperature testing. 

The reduction of stage 3 is associated with a simultaneous increase in the critical 

stress for stress-induced MT σcr and a decrease in the martensite yield stress σcr
M with 

increasing temperature (Fig. 5). The yield stress σcr
M corresponds to the plastic 

deformation of martensite and is equal to stress taken at 0.1 % strain (by analogy with 

plastic deformation by slip or twinning). The decrease in σcr
M with temperature is 

attributed to the activation of thermally activated deformation mechanisms namely the 

reduction of resistance to plastic deformation and increase in dislocation mobility in 

stress-induced martensite. 

The strength properties of L1₀-martensite depend on the structural state. Quenched 

single crystals exhibit a martensite yield stress of σcr
M = 1860 MPa at T = 298 K, which 

decreases by 505 MPa with increasing temperature to 423 K (Fig. 5). These crystals fail in 

a brittle manner upon reaching σcr
M, with a maximum strain to fracture of 7.0–8.2 %.  

The highest strength properties are observed in aged single crystals. The yield stress of 

martensite exceeds 1870 MPa at 298 K without fracture (Fig. 5(a)). The strength 

properties of aged single crystals are σcr
M = 1715 MPa at 423 K, which is approximately 

1.3 times higher than that of quenched crystals. The strain to fracture at 423 K in aged 

crystals is also higher and reaches 9.6 %. 

The high strength properties of L10-martensite in compression in Co35Ni35Al28Fe2 

single crystals oriented along the [001]B2-direction is attributed to the formation of a high 

martensite twin density and the absence of detwinning process under stress according to 

loading conditions (Fig. 1(d)). The highest yield stress (σcr
M > 1870 MPa at room 

temperature) is achieved for aged single crystals due to dispersion strengthening of  

B2-phase by nanoscale (Ni,Co)5Al3-particles. These yield stress level surpasses the 

strength properties of L10-martensite in several ferromagnetic shape memory alloys in 

compression at room temperature, such as (Co50Ni20Ga30)95Ti5 polycrystalline materials 

(σcr
M≈1610 MPa) and Ni54Mn12Ga25Fe9 single crystals, oriented along the [001]B2-direction 

(σcr
M≈1450 MPa) [26,27]. Furthermore, the yield stress level of L10-martensite for aged 

Co35Ni35Al28Fe2 single crystals approaches that of high-strength B19′-martensite 

(~ 2000 MPa) for aged at 723 K [112]B2-oriented Ti49.2Ni50.8 single crystals, including Ti3Ni4-

particles [28]. These results indicate that aged [001]-oriented Co35Ni35Al28Fe2 single 

crystals can be considered promising high-strength functional materials among SMAs. 

The length of the stress plateau at stage 2 determines the reversible strain associated 

with the stress-induced MT. When loaded below the dislocation yield stress of martensite 

σ < σcr
M, the strain is fully recoverable upon unloading due to the reverse MT, i.e., the SE effect 

is realized (Fig. 6(b)). In quenched single crystals, a complete SE loop is observed in  

the temperature range from 298 to > 548 K. In contrast, a complete SE loop is realized in 

aged single crystals already from 203 K due to a decrease in the MT temperatures (Fig. 6(b)). 
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It is assumed that SE may also occur at temperatures below 203 K, since the finish 

temperature of reverse MT is Af = 137 K (Table 1). Mechanical testing at temperatures below 

203 K in the present study was limited by the technical capabilities of the experimental setup 

and requires further investigation. Nevertheless, the achieved low-temperature range down 

to 203 K already demonstrates the potential of this material for operation under Arctic 

conditions. Thus, the aging expands the SE temperature range by at least 1.4 times 

ΔTSE = 345 K compared to quenching ΔTSE = 250 K, due to the dispersion strengthening of  

the B2-matrix by nanoscale (Ni,Co)5Al3-particles. It should be noted that a fully reversible 

SE curve is observed at 548 K under high applied stresses in the loading/unloading cycle 

(1100 MPa for quenched and 1680 MPa for aged single crystals), indicating the high 

strength properties of L10-martensite at elevated temperatures (Fig. 6(b)). 

Thus, the reversible strain was determined from the SE curves and is equal to  

the strain bounded by the tangents drawn to stage 1 during loading and to stage 3 during 

unloading at σcr level (Fig. 6(b)). The maximum reversible strain at SE does not depend on 

the structural state and equals to εrev = 3.0–3.3 % for both quenched and aged single 

crystals, which is consistent with similar values of the coefficient α ~ 1/εrev. The absence 

of a significant change in the reversible strain and stress hysteresis (Δσ ≈ 115 MPa at 

423 K) indicates a low volume fraction of (Ni,Co)5Al3-particles precipitated during aging 

for 15 min. It is also likely that the size of the nanoscale particles (5–12 nm) is smaller 

than the thickness of the L10-martensite twin (10–20 nm) (Figs. 1(d) and 4). As a result, 

the interface (Ni,Co)5Al3-particle-matrix boundary remains coherent, and the particles are 

inherited by the martensite. The accumulated elastic energy promotes the reverse 

transformation upon unloading and enhances resistance to thermomechanical fatigue. 

The theoretical transformation strain for the B2-L10 MT along the [001]B2-

orientation in compression is εt = 4.7 %, taking into account a 10 % volume fraction of the 

γ-phase that does not undergo MT [22]. The reduction of the experimentally maximum 

reversible strain compared to the theoretical value εt may be associated with the formation 

of non-Schmid martensite variants near γ-phase boundaries during stress-induced MT. 

The reversible strain decreases by a factor of 1.5–1.7 within the SE temperature range 

for all single crystals, leading to a reduction of stage 2 (Fig. 5 and 6(b)). Such temperature 

dependence of reversible strain has been previously reported for Co-Ni-Al and Ni-Fe-Ga-(Co) 

SMAs and is explained by the difference in the effective elastic moduli of austenite EA and 

martensite EM [29,30]. The strain determined from σ(ε) curves depends on the critical stress 

for martensite formation as well as on the ratio of elastic moduli EA and EM, as follows:  

𝜀𝑟𝑒𝑣 = 𝜀𝑡𝑟 + (
1

𝐸𝑀
−

1

𝐸𝐴
) × 𝜎𝑐𝑟 .            (1) 

As seen from the σ(ε) curves, the effective elastic modules of austenite and 

martensite differ EA < EM (Fig. 6(b)). Therefore, the second term in Eq. (1) is negative. Since 

the critical stress σcr increases with temperature, the magnitude of this term also 

increases, leading to a decrease in reversible strain. In addition, the relatively low elastic 

modulus of austenite indicates that, prior to stress-induced MT, the austenite lattice 

undergoes significant elastic distortions, and its lattice parameter reaches that of 

martensite. The elastic strain energy accumulated during stage 1 contributes to the 

thermodynamic driving force for the subsequent phase transformation and ensures the 

reversibility of the stress-induced MT upon unloading. 
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The cyclic stability of functional properties is required for practical applications of 

SMAs in damping devices. Figure 7 shows SE curves as a function of the cycles number n 

at a test temperature of T = 423 K for the studied single crystals. Thermomechanical 

fatigue testing was performed at a constant stress level below σcr
M: 600 MPa for quenched 

and 1100 MPa for aged single crystals. Both single crystals exhibit similar trends in  

the change of SE parameters with the number of cycles. The first SE cycle is characterized 

by the accumulation of irreversible strain of 0.3 %. In subsequent cycles from 2nd to 100th, 

the stress-induced MT is fully reversible and the reversible strain 2.5 % is stable.  

The critical stresses for martensite formation σcr decrease during the first 10 cycles by 

29 MPa in quenched and by 69 MPa in aged crystals, which is accompanied by a reduction 

of the stress hysteresis. From 11th to 100th cycle, the critical stresses and mechanical 

hysteresis remain stable. Thus, SE is resistant to high-temperature cyclic testing up to 

n = 100 loading/unloading cycles for both quenched and aged single crystals.  
 

 
 

Fig. 7. σ(ε) curves as a function of the number of loading/unloading cycles at T = 423 K for quenched (а) 

and aged (b) Co35Ni35Al28Fe2 single crystals in compression along the [001]B2-direction 
 

The high cyclic stability of SE in Co35Ni35Al28Fe2 single crystals is attributed, firstly, 

to the high strength properties of L10-martensite and the large difference between  

the critical stress for stress-induced MT σcr and the martensite yield stress σcr
M. At 423 K, 

the critical stresses are 4.1–5.3 times lower than the martensite yield stress. Secondly,  

the high resistance of the high-temperature B2-phase due to a zero Schmid factor for an 

active <001>B2 slip systems for the [001]B2-orientation in compression. Thirdly,  

the secondary γ-phase, which contributes to the relaxation of internal stresses arising 

during repeated loading/unloading cycles at stress-induced MT, as previously shown for 

single crystals of ferromagnetic SMAs Co35Ni35Al28Fe2 [31] and Ni-Mn-Fe-(Sn) [32]. 
 

Conclusions 

1. In quenched Co35Ni35Al28Fe2 single crystals, the thermal stability of the B2-phase is 

enhanced, and the start of diffusion processes shifts by ~ 50 K to higher temperatures up 

to 520 K compared to the ternary Co35Ni35Al30 alloy. 

2. The aging at 673 K for 15 min in Co35Ni35Al28Fe2 single crystals results in a sharp 

decrease in the MT temperatures by ~ 140 K, associated with the start of precipitation. 
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The aging for 4 h leads to the formation of nanoscale particles of 5–20 nm with an 

orthorhombic structure of the (Ni,Co)5Al3 type, which completely suppresses the thermal- 

induced MT upon cooling down to 100 K. 

3. The aging at 673 K for 15 min improves the functional properties of Co35Ni35Al28Fe2 

single crystals, oriented along the [001]B2-direction in compression due to dispersion 

strengthening by nanoscale (Ni,Co)5Al3-particles, compared to the quenched state: 

– the temperature range of SE expands by a factor of 1.4, reaching 345 K and including 

both low-temperature (from 203 K) and high-temperature (up to 548 K) regions; 

– the strength properties of L10-martensite rise. The yield stress of L10-martensite for 

aged single crystals exceeds 1870 MPa at 298 K and reaches 1715 MPa at 423 K, which 

is about 1.3 times higher than in the quenched crystals and comparable to that of high-

strength Ti-Ni-based alloys. 

4. Both quenched and aged single crystals exhibit cyclic stability of high-temperature 

superelasticity. 
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