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Abstract

:

Effect of the surface oxide layer on the shape memory effect (SME) and superelasticity (SE) after marforming (deformation in the martensitic state, followed by annealing at 713 K for 0.5 h in an inert helium gas and in dry air) was investigated on Ti-50.1Ni (at.%) single crystals, oriented along [011]-direction, under compression. Quenched [011]-oriented crystals of the Ti-50.1Ni alloy experience a one-stage B2-B19′ martensitic transformation (MT) without SE under compression. Marforming leads to a two-stage B2-R-B19′ MT and creates conditions for SE. A thin TiO2 oxide layer of 170 nm thick was formed on the sample surface upon annealing at 713 K for 0.5 h in dry air. In [011]-oriented crystals without and with an oxide layer, maximum of the SE value reached 4%, and the SME was 2.4 and 2.6%, respectively. Appearance of an oxide layer upon annealing in dry air: (i) reduces the stresses of B2-phase by 50 MPa from Md to 473 K; (ii) decreases Θ = dσ/dε from 6.5 GPa in crystals without an oxide layer to 2.0 GPa with an oxide layer and (iii) does not affect the SME and SE values.
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1. Introduction


TiNi alloys are well known due to their unique properties, namely shape memory effect (SME) and superelasticity (SE), associated with the thermoelastic phase transformations from the high-temperature ordered B2-phase to the monoclinic B19′-martensite during a one-stage B2-B19′ martensitic transformation (MT) or a two-stage B2-R-B19′ MT [1,2,3,4,5,6,7,8,9,10,11,12]. Here R is a rhombohedral phase. In single-phase equiatomic and near-equiatomic TiNi alloys, the B2-R transition is initiated by preliminary deformation in the high-temperature B2-phase (ausforming) or in martensite (marforming) followed by low-temperature annealing, which retains the defect structure after deformation [7,8,9]. In this case, ausforming and marforming lead to the appearance of SE, which is not observed in quenched crystals of equiatomic and near- equiatomic composition TiNi alloys [7,8,9].



In many applications in medicine and engineering, TiNi alloys are deformed to obtain wires, plates, or complex-shaped products obtained by additive technologies [1,4,11,13]. Plate rolling and wire production are carried out in the temperature range from 673 K to 1023 K in air. In this case, TiNi alloys interact with oxygen, forming oxide layers [14,15,16,17,18,19,20]. Oxide films of various thicknesses and structures are formed depending on the temperature and exposure time. Three layers are formed during oxidation at a temperature of 1023 K and above: the outer layer consists of TiO2, the intermediate layer is a mixture of TiO2 and nickel and the inner layer has the Ni3Ti composition [17,18,19,20]. The thickness of the surface oxide layer increases from 1 µm to 40–50 µm with a growth in the oxidation temperature from 923 to 1273 K [16,17,18,19]. Lowering the oxidation temperature to 673–773 K for 0.5–1 h promotes the formation of a thin oxide layer of 80–100 nm thick, which leads to good biocompatibility of the TiNi implants [20].



The influence of the thickness of the oxide layer on the MT temperatures, SME and SE was studied on polycrystals of the TiNi alloy [19]. However, there are no studies on the effect of the oxide layer on the functional (SME and SE) and mechanical properties of TiNi single crystals. Therefore, the aim of the present paper is investigation of the oxide layer effect on the SME and SE of [011]-oriented crystals of the Ti-50.1Ni (at.%) alloy. In addition, there are currently no papers on the effect of marforming on the SE in [011]-oriented crystals. This paper is intended to fill this gap. It should be noted that annealing after deformation in the martensitic state can be carried out in an inert He (Helium) gas, when the oxide layer is not formed, and in dry air, when the oxide layer is formed. Carrying out such studies on TiNi single crystals makes it possible, firstly, to exclude the effect of grain boundaries and their different orientations relative to the applied stress during marforming on the SME and SE. Secondly, to obtain new objects after marforming, which are pseudo-single crystals and contain defects in the microstructure such as dislocations, twins and stabilized martensite. Thirdly, for the first time, to study the SME and SE in crystals after marforming with an oxide layer and compare them with crystals after marforming without an oxide layer.




2. Materials and Methods


Ti-50.1Ni (at.%) alloys were smelted from pure components in an ARC-200 furnace (Arcast Inc., Oxford, MS, USA) with arc remelting in a cold copper crucible. For a uniform distribution of elements over the ingots, the ingots were remelted three times. Single crystals were grown by the Bridgman method in graphite crucibles and helium atmosphere, on a Russian-made Redmet installation (Firm “Kristallooptika”, Tomsk, Russia). To determine the [011] orientation of the crystals, the diffractometric method was used by means of a DRON-3M X-ray diffractometer (Bourevestnik, St.-Petersburg, Russia) with monochromatic Fe Kα radiation. Compression specimens 4 × 4 × 8 mm3 in size were cut by wire electrical discharge machining ARTA-5.9 (DELTA-TEST, Fryazino, Moscow region, Russia). The differential scanning calorimetry (DSC) method (NETZSCH DSC 404F1 machine (NETZSCH Geratebau GmbH, Selb, Germany with a cooling/heating rate of 10 K/min) was used to study the MT temperatures (RMs, Ms are temperatures, respectively, for start of the forward B2-R and R-B19′ MTs at cooling, and Af, RAf are temperatures, respectively, for finish of the reverse B19′-R and R-B2 MTs at heating). To study the temperature dependence of critical stresses and SE, an Instron 5969 testing machine (Instron, Norwood, MA, USA) was used. Mechanical tests were carried out at strain rate of 4 × 10−4 s−1. SME at a constant tensile stress in the cycle, was studied using a Russian-made dilatometer (Firm “Kristallooptika”, Tomsk, Russia) during cooling and heating within a temperature range of 77 to 400 K, with a heating/cooling rate of 10 K/min.



The sample preparation procedure and thermomechanical processing (marforming) were described in detail in [7]. Marforming included deformation up to 7.7% in the martensitic state at 203 K and subsequent annealing at 713 K for 0.5 h in an inert He gas and in dry air. To eliminate the influence of the natural oxide film on the functional and mechanical properties, all samples after quenching, before marforming, and after annealing in He gas at a temperature of 713 K for 0.5 h, before testing, were subjected to mechanical grounding and electrolytic polishing in an electrolyte containing 490 mL of CH3COOH + 10 mL of HClO4, at 263 K, with 20 V applied voltage. The choice of oxidation conditions (temperature 713 K and time 0.5 h) was carried out on the basis of previous experiments [19,20], which showed that short oxidation times of 0.5–1 h and low oxidation temperatures of 713–773 K led to the formation of a thin oxide layer on TiNi polycrystals of similar composition, with a thickness up to 100 nm. This layer is not destroyed during the study of SE and, therefore, protects the alloy from contact with the human body when it is used as an implant. After oxidation in air, the surface layer had an orange-pink color with a slight blue tint at the edges and had a layer thickness of 170 nm on average along the length of the sample. The thickness of the oxide layer was determined in two methods. Firstly, using scanning electron microscope (SEM) TESCAN VEGA3 (TESCAN, Brno, Czech) with an energy dispersive spectroscopy (EDS) detector in the study of the cross section of the sample after annealing. The chemical composition of the oxide layer, determined by the EDS method, showed that the surface layer had a high concentration of oxygen atoms, and the oxide layer had the following chemical composition: O—25.4%, Ti—37.4%, Ni—37.2%. Secondly, the oxide layer established by the first method was removed using mechanical grinding, and then the chemical composition of the samples was determined by EDS. After removing the layer thickness of 170 nm, the chemical composition of the samples turned out to be the same as in the initial crystals before annealing in dry air: Ti—49.9%, Ni—50.1%.



The microstructure was investigated by a JEOL-2010 transmission electron microscope (TEM) (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. The thin foils were prepared using double-jet electropolishing (TenuPol-5, “Struers”, Ballerup, Denmark), with an electrolyte containing 20% sulfuric acid in methyl alcohol at room temperature, with 12.5 V applied voltage. In crystals without an oxide layer, thin foils were cut out from the sample body to study the structure after residual strain. In crystals with an oxide layer, thin foils were cut out directly at the edge of the samples containing an oxide film. The samples were thinned from the side of the cut so as to preserve the oxide film for studying the microstructure.



The SME and SE were studied in the initial samples (after quenching), which were named as Crystals I, after low-temperature deformation and annealing in He gas (Crystals II), after low-temperature deformation and annealing in dry air (Crystals III). In SME experiments, the transformation strain εtr, reversible strain εrev and irreversible strain εirr were determined from the εtr(T) curve. The εtr is the strain that is observed in the εtr(T) curve under stress at cooling, and εrev is the strain that is observed in the εtr(T) curve under stress when heated. The amount of εrev is equal to the SME under stress. Irreversible strain εirr is defined as the difference between εtr and εrev.




3. Results


3.1. Microstructure and Martensitic Transformation Temperatures after Marforming


TEM studies of the residual strain at 296 K in Crystals II and Crystals III are shown in Figure 1. In Crystals II, the residual strain contains three phases: B2-phase, retained B19′-martensite and R-phase (Figure 1a,b). In Crystals III, the microstructure of the oxide layer after residual strain is characterized by a complex composition. Analysis of the microdiffraction pattern shows that, simultaneously with the B2-phase, retained B19′-martensite and R-phase, reflections of two more phases, namely, TiO2 and Ni3Ti particles are detected (Figure 1c,d). The Ni3Ti particles have a quasi-equiaxed shape 15–20 nm in size. An analysis of the literature data shows that the TiO2 phase forms the basis of the first surface oxide layer, which is formed upon annealing in dry air at a temperature of 723–873 K for 0.5–1 h [20]. The Ni3Ti particles are formed upon annealing in dry air at higher temperatures of 923–1023 K for 0.5–1 h and, as a rule, are located in the second near-surface layer [19]. In our case, these two phases (TiO2 and Ni3Ti) are found in the surface layer of single crystals after low-temperature deformation and annealing in air at 713 K for 0.5 h. Consequently, the introduced defect structure during low-temperature deformation in martensite activates the precipitation of Ni3Ti particles that is confirmed by the orange-pink color of the surface layer after oxidation and its thickness of 170 nm. Usually, in defect-free samples, the pink color of the surface layer of 154 nm thick is observed after annealing in air at 823 K for 1 h [20].



The results of studying the MT temperatures in [011]-oriented crystals of the Ti-50.1Ni (at.%) alloy after quenching (Crystals I) and marforming (Crystals II and Crystals III) are shown in Figure 2. In Crystals I, upon cooling and heating, the DSC curves revealed one peak of exothermic and endothermic heat, which is usually observed in poly- and single crystals of single-phase TiNi alloys and is associated with B2-B19′ and B19′-B2 MT, respectively. The B2-B19′ MT temperatures turned out to be close to those obtained earlier for [001]-oriented crystals and for polycrystals of the TiNi alloys of a similar composition [1,2,5,6,7,8]. In [011]-oriented crystals, temperature hysteresis ΔTh = Af − Ms = 34 K and temperature Ms = 224 K, and in [001]-oriented crystals, ΔTh = 25 K and Ms = 252 K [7].



In Crystals II and III, after strain at temperature of 203 K, which is close to the temperature Mf = 197 K, and subsequent annealing in an inert gas and dry air, during cooling and heating, two peaks of exothermic and endothermic heat are observed (Figure 2b,c). In Crystals II, the MTs during cooling is characterized by the wide temperature range ΔT = 182–307 K, while reverse MTs occur in a narrow one from 279 to 315 K. In Crystals III, as in crystals II, forward MTs occur in a wide temperature range from 312 to 177 K, while reverse MTs occur in a narrow one from 281 to 319 K. It can be seen that in Crystals III there is an increase in the start temperature of the first peak RMs by 5 K and a decrease in the start temperature of the second peak Ms by 6 K compared to Crystals II. A comparison of the DSC and TEM study obtained for Crystals II and III, as well as with the literature DSC curves for TiNi polycrystals of similar composition alloy after oxidation [19], shows that the first peak of forward MT is the B2-R transition with a small temperature hysteresis ΔTh, which is equal to 7 and 8 K, respectively, for Crystal III and II. The second peak with large temperature hysteresis (ΔTh = 83 K in Crystal II and ΔTh = 88 K in Crystal III) is the R-B19′ transition. During heating, two peaks are associated with B19′-R and R-B2 transitions, respectively. It can be seen that oxidation increases the Af temperature by 3 K for the B19′-R transition and RAf by 4 K for the R-B2 transition. Thus, marforming regardless of annealing in helium gas or dry air, leads to a change in the MT from a one-stage B2-B19′ MT in quenched Crystals I to a two-stage B2-R-B19′ MT in Crystals II and III of the Ti-50.1Ni alloy, as in other single- and polycrystals of equiatomic and near-equiatomic TiNi alloys [2,7,8,9]. An oxide layer in 170 nm thick upon annealing in dry air does not significantly affect the MT temperatures relative to crystals without an oxide layer.




3.2. Shape Memory Effect


The study of the SME at different levels of constant external stresses σex of [011]-oriented crystals of the Ti-50.1Ni alloy is presented in Figure 3. It can be seen that in Crystals I–III, the MT temperatures (Ms and RMs) under σex increase with increasing σex. This dependence is linear, which is characteristic of alloys with MT under stress and is described by the Clausius-Clapeyron relation [1,2]:


    d  σ  cr    T    d T   = −   Δ S    ε 0    = −   Δ H    ε 0   T 0     



(1)







Here ΔS, ΔH are the change in entropy and enthalpy during MT; T0 is the equilibrium temperature of the phases; ε0 is the lattice deformation during MT.



In Crystals I, firstly, a transformation strain εtr increases from 0.3% at σex = 50 MPa to 3.7% at σex = 400 MPa. Secondly, the irreversible strain εirr at σex ≤ 100 MPa is equal to zero, and at σex ≥ 150 MPa it increases to 0.6% at σex = 400 MPa. As a result, at σex = 400 MPa at the maximum value of εtr = 3.7% and εirr = 0.6%, the reversible strain εrev and, accordingly, SME under stress is 3.1%. In terms of magnitude, the maximum values of εtr and εSME turned out to be lower than the theoretical value ε0 for B2-B19′ MT in [011]-oriented crystals under compression [1,2,21,22]. Thirdly, the temperature hysteresis ΔTh = Af − Ms depends on σex and increases from 45 K at σex = 50 MPa to 60 K at σex = 400 MPa.



The magnitudes of overcooling ΔM = Mf − Ms and overheating ΔA = Af − As growth with increasing σex and As ≤ Ms, as was previously observed in [001]-oriented crystals on compression of a TiNi alloy of similar composition [7]. The ΔM and ΔA values are close (at σex = 100 MPa ΔM = 35 K and ΔA = 32 K; at σex = 300 MPa ΔM = 83 K and ΔA = 68 K) and the temperature hysteresis is symmetrical. High magnitudes of ΔM and ΔA and As ≤ Ms, in accordance with the findings of analysis of the thermoselastic stress-induced MT, evidence a high level of elastic energy ΔGel, which significantly exceeds the dissipated energy, ΔGel ≥ 2ΔGdis [1,2,7,23,24]. Such MTs belong to the second type of thermoelastic MTs according to the Tong-Wayman classification [23,24]. This is a general pattern for single crystals of the quenched TiNi alloys of equiatomic and near-equiatomic composition [7,9].



In Crystals II and III after marforming, a qualitatively similar behavior of the εtr(T) curves is observed, but different from the behavior of the εtr(T) curves in Crystals I.



Firstly, the stress-induced transformation with εtr = 0.7–0.8% occurs at much lower σex = 12.5 MPa than in Crystals I. Then εtr increases to 2.6 and 2.7% at σex of 350 and 400 MPa for Crystals II and III, respectively, (Figure 3b,c). At σex ≤ 100 MPa, εirr = 0%, and at σex ≥ 150 MPa, it appears, but does not exceed 0.2% at σex = 350 and 400 MPa. As a result, at σex = 350–400 MPa, the SME under stress was 2.4 and 2.6%, for Crystals II and III, respectively. These values turned out to be less than the SME in Crystals I and the theoretical value of ε0 = 5.15% for B2-B19′ MT in [011]-oriented crystals under compression [1,2,21,22]. Secondly, overcooling ΔM = Ms − Mf notable exceeds overheating ΔA = Af − As. In this case, the hysteresis under stress during cooling ΔT1 = Af − Ms is significantly less than the hysteresis ΔT2 = As − Mf during heating, and the εtr(T) loop has an asymmetric form. Thirdly, in both crystals, the forward stress-induced transformation has a complex staging of εtr(T) curve, characterized by three stages with different values of dεtr(T)/dT. The first stage with a small temperature hysteresis ΔTh = 3–5 K and a large value of dεtr(T)/dT, according to DSC and TEM data, is associated with the B2-R MT. The second and third stages, according to previous studies on [001]-oriented single crystals of the TiNi alloy of similar composition, are associated with the stress-induced R-B19′ MT near inhomogeneities of the microstructure (dislocations and stabilized B19′-martensite) and in defect-free regions [7]. It can be seen that with an increase in σex ≥ 350 MPa, the first and second stages associated with the stress-induced B2-R MT and R-B19′ MT near inhomogeneities of the defect structure disappear. As a result, εtr is determined by the R-B19′ MT in defect-free regions and ΔTh acquires a shape close to symmetrical (Figure 3b,c). In [001] orientation, the stress-induced B2-R MT was not appear on the εtr(T) and σ(ε) curves due to the zero contribution for the B2-R transition in this orientation [7]. However, this B2-R transformation with εtr ≈ 1% and α = dσcr/dT = 10 MPa/K was observed earlier on the σ(ε)-curve in [111]-oriented crystals under tension [1,2,25]. In [011]-oriented crystals under compression, the stress-induced B2-R transition has the values εtr ≈ 0.2–0.25% and α = dσcr/dT = 17 MPa/K. In Crystals II and III, as in Crystals I, stress-induced MTs are MTs of the second type according to the Tong-Wayman classification, since As ≤ Ms [23,24].



A comparison of the SME data in Crystals II and III shows that the oxide layer of 170 nm thick does not affect the staging of the stress-induced MT, SME value, and temperature hysteresis ΔTh.



The cyclic stability of the SME in Crystals I–III was studied at σex = 100 MPa up to 100 repeated cycles of “cooling-heating” (Figure 4). At σex = 100 MPa, when studying the SME under stress, the irreversible strain εirr in these crystals was equal to zero (Figure 3). It turned out that with an increase in repeated cycles of “cooling-heating” to n = 100 in Crystals I-III, the εirr also did not appear. However, there were insignificant changes in the SME value, temperature hysteresis ΔTh and Ms temperature. So, in Crystals I with an increase in repeated cycles of “cooling-heating” to n = 100 at σex = 100 MPa, the SME decreased by 0.2%; the Ms temperature increased by 2 K, while ΔTh remained constant. In Crystals II, the SME remained unchanged, ΔTh, and Ms are increased by 3 K and 5 K, consequently. As for the Crystals III, the SME and ΔTh remained unchanged, while the Ms increased by 2 K. Thus, at σex = 100 MPa, Crystals I-III demonstrate good cyclic stability up to n = 100.




3.3. Superelasticity


SE is absent in Crystals I, but it is observed in Crystals II and Crystals III after marforming (Figure 5). In Crystals II, the SE temperature range is ΔTSE = 37 K (Figure 5a). The first perfect SE loop takes place at T = 296 K, which coincided with the temperature Af = 294 K for the second R-B19′ peak (Figure 2b). In the temperature range of 296–333 K, perfect SE is observed when transformation strain εtr up to 2%. The maximum value of SE εSE is 4%. The εSE is larger than the SME value, but less than the theoretical value of the lattice deformation ε0 for the B2-B19′ MT in the [011] orientation under compression [1,2,21,22]. It can be seen that the mechanical hysteresis Δσ = 200 MPa at εtr = 2% weakly depends on the test temperature, but increases during cycling with an increase in εtr during “load-unloading” cycle. At T = 296 K, the transformation hardening coefficient Θ = dσ/dε = 6.5 GPa and decreases to 5.0 GPa at T = 323 K.



In Crystals III, the SE temperature range of ΔTSE = 37 K (Figure 5b). However, at 296 and 333 K at εtr = 1.5%, a low irreversible strain εirr = 0.3% is observed. In Crystals III, as in Crystals II, SE starts at T = 296 K, which coincides with the temperature Af = 297 K for the second R-B19′ peak (Figure 2c). The maximum SE value εSE, determined by “load-unloading” cyclic with an increase in strain by 1% in each subsequent cycle, is 4% and this is less than the theoretical value ε0 for B2-B19′ MT in [011] orientation under compression [1,2,21,22]. At εtr = 1.5% and 296 K, the mechanical hysteresis Δσ = 200 MPa. The Δσ decreases with increasing temperature to Δσ = 150 MPa at 323 K and increases during cycling with an increase in εtr in the “load-unloading” cycle (Figure 5b). The transformation hardening coefficient Θ = dσ/dε = 2.0 GPa weakly depends on the test temperature.



A comparison of the SE data in Crystals II and III shows that the oxide layer of 170 nm thick affects the development of the stress-induced MT. The oxide layer leads to a decrease in the transformation hardening coefficient Θ = dσ/dε and a decrease in mechanical hysteresis Δσ with increasing test temperature. In addition, in Crystals III at 323 K, an interesting feature of the behavior of hysteresis loops during cyclic deformation with an increase in strain level is observed (Figure 5b, Inset). The SE loop has a shape close to a symmetrical loop under loading and unloading in the first two cycles up to 2%. With an increase in strain during unloading, nonmonotonicity is observed, associated with the appearance of a stage at which an increase in stresses is observed with a decrease in strain. The value of mechanical hysteresis Δσ increases from 140 to 260 MPa, respectively, at a strain of 0.8% and 3.5%. In Crystals II, the cyclic deformation shows a typical dependence of the shape of the SE curves on the strain level, and no features are observed at the unloading stage. The mechanical hysteresis Δσ increases with strain.



It should be noted that, in Crystals II and III, the stage associated with the stress-induced B2-R transition did not appear in experiments on the study of SE on the σ(ε) curves, in contrast to the SME experiments under stress (Figure 3, Figure 4 and Figure 5).



A study of the cyclic stability of superelastic behavior in the temperature range from 313 to 333 K shows that Crystals III demonstrate good stability in repeated load-unloading cycles from n = 1 to n = 10 at 313 K, compared to Crystals II (Figure 6). It can be seen that in Crystals III, the critical stress σcr for the start of B2-B19′ MT decreases by 20 MPa only after the first cycle, and does not change in subsequent cycles. Irreversible strain εirr does not appear with an increase in the number of repeated load-unloading cycles, and mechanical hysteresis Δσ remains constant. With increasing test temperature in Crystals III, as well as in Crystals II in the temperature range from 313 to 333 K, the degradation of the superelastic behavior occurs after the first cycle (Figure 6). At a transformation strain in a cycle of 2–2.5%, up to 10 repeated load-unloading cycles, an irreversible strain is appeared εirr = 0.2%. The εirr is increased to 0.5 and 1% with an increase in the number of cycles and test temperature. In this case, a drop of the stress for the start of the B2-B19′ MT in the next cycle and a decrease in the mechanical hysteresis Δσ are observed.





4. Discussion


In the [011]-oriented Ti-50.1%Ni crystals, the conditions for SE under compression are achieved in Crystals II and Crystals III, but not in Crystals I. As a rule, SE takes place under condition that the critical stress level of B2-phase σcr(B2) are sufficiently high compare to the critical stresses required for the martensite formation at the Ms temperature σcr(Ms) [1,2,7]. To find of the σcr(B2), we studied the temperature dependence of σcr(T) from 200 to 473 K for Crystals I-III, which is shown in Figure 7. The σcr for the B2-R transition, obtained in SME experiments under stress, are also shown in Figure 7 open circles.



It can be seen that for the studied Crystals I-III, an anomalous temperature dependence σcr(T) is observed, which is characteristic of alloys undergoing the stress-induced MT [1,2] and has three stages. The first stage takes place at low test temperatures from 200 K to the temperature of the minimum stress on the σcr(T) dependence. The minimum stresses on the σcr(T) dependence are observed at the Ms temperature, which coincides with the Ms temperature for the B-B19′ and R-B19′ MTs, determined by the DSC curves, respectively, for Crystals I and Crystals II–III (Figure 1). In this temperature range, the σcr(T) dependence is determined by the temperature dependence of the motion of interphase boundaries and twins in martensite.



The maximum in the σcr(T) dependence corresponds to the Md temperature, at which the stresses required for the stress-induced MT, σcr(SIM), are equal to stresses for the onset of plastic flow of the B2-phase, σcr(B2). The second stage of the σcr(T) dependence from Ms to Md temperature is associated with the formation of stress-induced B19′-martensite, and dσcr(T)/dT in this stage are described by the Clausius-Clapeyron relation (1) [1,2]. In temperature range from Ms to Md in Crystals I-III, the values of α = dσcr(T)/dT ≈ 5.1 MPa/K are practically independent of heat treatment (Figure 7), which is explained by the close values of εtr in these crystals after quenching and marforming and follows from relation (1).



The third stage of the σcr(T) dependence at T > Md is determined by the temperature dependence of the high-temperature B2-phase. It is important to note that the oxide layer in Crystals III leads to the softening effect of the high-temperature B2-phase relative to Crystals II at temperatures above Md (by 100 MPa at T = 425 K and by 45 MPa at T = 475 K) and to a decrease in stresses σcr(SIM) at one test temperature in the temperature range from Ms to Md. The influence of the oxide layer on the MT temperatures and the transformation strain was studied on NiTi polycrystals [19], where it was shown that a change in the temperature and time of annealing in air leads to an increase in the oxide layer from 0.1 to 50 μm. The Ms temperature was increased and the SME was decreased with an rise in the thickness of the oxide layer. An increase in the Ms temperature was associated with the appearance of compressive stresses induced by the oxide layer due to an increase in the molar volume during oxidation. The decrease in the SME value was associated with a growth in the thickness of the oxide layer and with a reduction in the volume fraction fTiNi of TiNi undergoing of the MT [19].



In the present paper, we used the oxidation regime [19,20], which led to the formation of a thin layer of d = 170 nm in thickness. This agrees with the known results given in [20] on the oxidation of TiNi polycrystals. Studies of the SME under stress and SE were shown that the oxide layer of 170 nm thick does not significantly affect the εtr value, which manifests itself in the absence of the dependence of the α = dσcr(T)/dT value in the range from Ms to Md and does not affect the maximum SE value compared with crystals without an oxide layer.



However, at T > Md, the strength properties of the B2-phase turned out to be dependent on the presence of an oxide layer. Thus, in Crystals II in the temperature range from 410 to 475 K, σcr(B2) were higher by 50 MPa on average than in Crystals III at the same deformation in martensite, temperature and annealing time (Figure 7). According to TEM data, the oxidation produces an oxide layer of TiO2 (Rutile), which has a larger molar volume than TiNi (Figure 1) [19,20]. The formation of an oxide layer of TiO2 (Rutile) on the crystal surface leads to the appearance of compressive internal stresses <σ>, which, upon compression, reduce the stresses σcr(B2) for the onset of plastic deformation of the B2-phase in Crystals III relative to Crystals II in temperature range of Md < T < 500 K. Therefore, internal stresses <σ> can be defined as the stress difference between σcr(B2) in Crystals II without an oxide layer and σcrOx(B2) in Crystals III with an oxide layer according to the relation:


<σ> = σcr(B2) − σcrOx(B2)



(2)







According to relation (2), the formation of an oxide layer of TiO2 with a thickness of 170 nm leads to the appearance of internal stresses <σ> = 50 MPa on average.



An analysis of the σcr(T) dependences and SE curves of the Crystals II and III shows that at one test temperature, the stresses of the onset of the stress-induced B2-B19′ MT in Crystals III are lower than those in Crystals II. The difference Δσcr= σcrMT (II) − σcrMT (III) is equal to 50 MPa on average and is close in value to <σ>. Therefore, there should be an increase in Ms temperature in Crystals III relative to Crystals II. Using the Clausius-Clapeyron relation (1), it is possible to estimate the change ΔMs:


  Δ  M s  =   Δ  σ  cr    α     



(3)







Estimation of ΔMs by relation (3) showed that at Δσcr = 50 MPa and α = 5.1 MPa/K the ΔMs = 10 K. This correlates with a shift of the σcr(T) dependence of Crystals III relative to Crystals II to the region of high temperatures on 10–12 K in the temperature range of stress-induced B2-B19′ MT. However, increase in RMs temperature for the B2-R MT in Crystals III relative Crystals II is not observed in SME experiments under stress (Figure 3b,c). Estimation of ΔRMs by relation (3) shows that at Δσcr = 50 MPa and α = dσcr/dT = 17 MPa/K the ΔRMs = 2.9 K, which is observed experimentally (Figure 3b,c and Figure 7, open circles).



Finally, from the analysis of the σcr(T) dependence, εtr(T) and σ(ε) curves, it can be seen that in the SME experiments under stress the B2-R MT is observed at σcr < 350 MPa. SE in Crystals II and III begins at 296 K at σcr ≥ 350 MPa, when there is no B2-R-B19′ MT, and immediately goes B2-B19′ MT. Therefore, in [011]-oriented crystals on compression, the σ(ε) curves do not contain a stage associated with the B2-R transition. In addition, at temperature above 313 K, the σcr for the onset of the stress-induced B2-B19′ MT become close to stresses at which there is a deviation from the linear dependence of σcr(T) (Figure 7). As a result, the B2-B19′ MT under stress develops simultaneously with local plastic deformation in B2-phase. This leads to degradation of the superelastic behavior during cyclic tests. If σcr for stress-induced B2-B19′ MT are low, then there is no local plastic deformation of the B2-phase, and degradation of functional properties does not occur. This was found when studying the cyclic stability of the SME at σex = 100 MPa in Crystals II and III and when studying the cyclic stability of SE at 313K in Crystals III.




5. Conclusions


On the [011]-oriented Ti-50.1Ni (at.%) crystals, the influence of the surface oxide layer on the SME and SE after marforming (deformation in the martensitic state, followed by annealing at 713 K for 0.5 h in an inert helium gas and in dry air) was studied under compression. Based on the results of studies of the SME and SE in the [011]-oriented Ti-50.1Ni (at.%) crystals without and with an oxide layer and their analysis, the following conclusions can be formulated as the main findings:




	
In single-phase [011]-oriented single crystals of the Ti-50.1%Ni alloy during cooling/heating in the free state and under stress, a one-stage B2-B19′ MT is observed with a low temperature hysteresis of 34 K. SME is equal to 3.1%. SE is not observed.



	
Deformation up to 7.7% in the martensitic state at 203 K, followed by annealing at 713 K for 0.5 h in an inert helium gas and in dry air, leads to the development of a two-stage B2-R-B19′ MT and to the appearance of SE in the temperature range from 296 to 333 K. The maximum SE is 4%, and the SME is 2.4 and 2.6% in samples without and with an oxide layer, respectively.



	
Annealing in dry air determines the formation of a thin oxide layer with a thickness of 170 nm, which leads to a decrease in the strength properties of the high-temperature B2-phase and the stresses in temperature range of the stress-induced MT compared to crystals without an oxide layer. These differences are associated with the formation of compressive stresses from the oxide layer.



	
In experiments on the study of SE, an oxide layer of 170 nm thick reduces the transformation hardening coefficient Θ = dσ/dε from 6.5 GPa in crystals without an oxide layer to 2.0 GPa with an oxide layer; does not affect the SE value and SE temperature range ΔTSE = 37 K, but reduces the value of mechanical hysteresis Δσ. In experiments on studying the SME under stress, the oxide layer does not affect the SME value and the temperature ΔTh hysteresis.
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Figure 1. TEM images of microstructure of residual strain in the [011]-oriented Ti-50.1Ni single crystals after marforming at room temperature: (a,b) after annealing at 713 K for 0.5 h in helium gas; (c,d) after annealing at 713 K for 0.5 h in dry air. 
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Figure 2. DSC curves of the [011]-oriented Ti-50.1Ni single crystals: (a) after quenching; (b) after annealing at 713 K for 0.5 h in helium gas; (c) after annealing at 713 K for 0.5 h in dry air. 
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Figure 3. Change in the magnitude of the shape memory effect with increasing compressive stresses of the [011]-oriented Ti-50.1Ni single crystals: (a)—quenching; (b)—annealing at 713 K for 0.5 h in helium gas; (c)—annealing at 713 K for 0.5 h in dry air. 
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Figure 4. Cyclic stability of SME under compressive stress 100 MPa at the number of repeating cycles from 1 to 100 of the [011]-oriented Ti-50.1Ni single crystals: (a)—quenching; (b)—annealing at 713 K for 0.5 h in helium gas; (c)—annealing at 713 K for 0.5 h in dry air. 
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Figure 5. Temperature range of superelastisity in the compressive-tested [011]-oriented Ti-50.1Ni single crystals: (a)—after annealing at 713 K for 0.5 h in helium gas; (b)—after annealing at 713 K for 0.5 h in dry air. 
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Figure 6. Superelastic cycles (n = 10) of [011]-oriented Ti-50.1Ni single crystals: (a)—annealing at 713 K for 0.5 h in helium gas; (b)—annealing at 713 K for 0.5 h in dry air. 
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Figure 7. Temperature dependence of critical stresses of the [011]-oriented Ti-50.1Ni single crystals under compression. The open circles represent data from the SME studies. 
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