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Abstract

:

The mechanical properties of Ti49.8Ni50.2 (at %) alloy under tension at room temperature are studied in dependence on the true strain (e = 1.84–9.55) specified during isothermal multi-axial forging (abc-pressing). It was found that the stress at the beginning of the pseudoyield plateau does not depend on the value of the true abc-strain. It was found that after abs-pressing, already at a true strain e = 1.84, the yield stress σy was 900 ± 25 MPa, which is more than twice as high as compared to σy in the initial state of the specimens. With a further increase in the abc-strain, the yield stress continues to increase slightly and reaches 1000 ± 25 MPa at e = 9.55. In this case, the ultimate tensile strength of the samples increases by about 15%. The strain-hardening coefficient ϴ = dσ/dε at the III (linear) stage of the σ(ε) curve has a similar dependence on e. It is shown that after abc-pressing with e from 1.84 to 9.55, the yield stress and ultimate tensile increase linearly with increasing d−1/2 in accordance with the Hall–Petch relation, where d is the average grain–subgrain size.
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1. Introduction


The unique properties of titanium nickelide, such as the shape memory effect and pseudoelasticity, ensured its wide application in engineering and medicine. Titanium nickelide has high corrosion resistance and good strength properties with high ductility. Nevertheless, when titanium nickelide is used in load-bearing structures, increasing its strength characteristics is an urgent task. In particular, for the efficient use of TiNi-based alloys and their functional properties (shape memory effect and superelasticity), it is required to increase their yield stress and ultimate tensile strength while maintaining the plasticity of these materials. One of the ways to increase the yield stress and ultimate tensile strength of polycrystalline metals and alloys is the refinement of the grain structure by the methods of severe plastic deformation (SPD) [1,2]. To date, a number of models of microstructure transformation during SPD have been developed for various metals and alloys, a summary of which is presented in reviews [3,4,5]. Basically, these models are based on experimental data obtained on metals and alloys with different structures. The available experimental data show that both the material parameters (initial average grain size, phase composition, internal substructure, stacking fault energy) and the parameters of the SPD process (method SPD, strain value, strain rate, temperature, strain path) have influence on the refinement of grain–subgrain structure and corresponding changes of the functional and deformation characteristics of materials. Therefore, it is important to obtain experimental regularities in the formation of the microstructure and physical and mechanical properties of TiNi-based alloys, which are obtained using a specific SPD method.



In most works devoted to the study of the regularities of grain structure refinement during SPD and the corresponding changes in the properties of metals and alloys, including TiNi-based alloys, SPD methods such as equal channel angular pressing, high-pressure torsion, cold rolling, and twist extrusion, often in combination with thermomechanical treatments, were used [3,4,5]. In particular, after isothermal equal-channel angular pressing at 573–723 K in binary TiNi-based alloys on TiNi with 49.7, 50.2, 50.6 at % Ni, submicrocrystalline structures with an average grain–subgrain size from 0.1 to 0.23 μm were obtained [6,7,8]. This caused an increase in the yield stress, σy, and ultimate tensile strength, σUTS, by 2.3 and 1.5 times, respectively. One of the well-known methods of severe plastic deformation, which makes it possible to obtain an ultrafine-grained structure in metals and alloys, is the forging method with a change in the deformation axis in three mutually orthogonal directions, which is called “multi-axial forging” or “abc-pressing” [9,10,11,12,13,14]. The abbreviation “abc-pressing” was used in further text. This method was used in [10,11,12] for processing a binary TiNi-based alloy near the equiatomic composition. In these works, experimental data were obtained on the evolution of the microstructure and properties of this alloy as a result of abc-pressing at different conditions. In [10,11], abc-pressing of the Ti49.8Ni50.2 alloy was carried out with a stepwise decrease in the deformation temperature in the sequence: 873 K–673 K–623 K–573 K. The specified true deformation reached ≈2 at each pressing temperature. After final pressing at 573 K, a microstructure with grain–subgrain sizes from 20 to 300 nm was obtained. In this case, σUTS increases by a factor of 1.6 relatively to σUTS in the original coarse-grained samples. It was shown in [12] that isothermal abc-pressing of the Ti49.9Ni50.1 alloy at 423 K and 673 K leads to a strong refinement of the grain structure of the samples. However, a detailed analysis of the average sizes of grains–subgrains was not carried out in [12]. It was only shown that after pressing at 423 K, there are nanograins with a size of ≈20 nm, but their volume fraction was not estimated. The ultimate tensile strength of the Ti49.9Ni50.1 alloy after pressing at 673 K and 423 K increases by factors of 1.5 and 1.9, respectively, as compared with the σUTS of the original coarse-grained specimens. However, these data are insufficient to reveal the relationship between the resulting microstructure and mechanical properties. For this, studies are needed with a wider variation in the parameters of the abc-pressing process. In particular, an important SPD parameter is the deformation temperature [1,2,3,4,5,6,7,8]. It was shown in [13] that after abc-pressing at 723 K, the coarse-grained (40 μm) structure of the Ti49.8Ni50.2 alloy transforms into a structure with an average grain size of 1 μm as the true deformation increases to 8.44. Such a refinement of the grain structure had practically no effect on the ultimate tensile strength, but the yield strength increased by ≈2 times. In [14], the evolution of the microstructure of a nickel–titanium binary alloy with a nickel content of 50.2 at % after abc-pressing at a temperature of 573 K was studied. It was shown that with an increase in the total true strain during abc-pressing, the grain–subgrain structure is refined to an ultrafine-grained state: the grain–subgrain size was 130 nm at the maximum studied abc-strain e = 9.55. It might be expected that more substantial grain refinement after abc-pressing at 573 K can provide the more large increment in mechanical properties of this alloy. The aim of this work is to study the effect of microstructure transformation as a result of abc-pressing at 573 K on the mechanical properties of the Ti49.8Ni50.2 (at %) alloy.




2. Materials and Methods


The studies were performed on the Ti49.8Ni50.2 (at %) alloy produced by MATEK-SMA Ltd. (Moscow, Russia). This choice is due to the fact that this alloy belongs to non-aging alloys, which excludes the formation of the Ti3Ni4 secondary phase during SPD.



As the initial state, the state of the alloy was chosen after the formation of a workpiece in the form of a cube with a side of 20 mm, which was obtained by one cycle of abc-pressing at a temperature of 1073 K. The initial samples were placed in a mold and kept in a furnace at a temperature of 573 K for 10 min, after which the mold with the sample was placed on a hydraulic press and the sample was compressed at a rate of 0.16–0.18 s−1. The temperature decreases of the samples at the end of each compression act did not exceed 10 K. Each cycle of abc-pressing includes the sample compression in three mutually perpendicular directions. After each act of compression, the sample was removed from the mold and, without cooling, was again placed in the mold in such a way as to ensure that the sample was deformed in a perpendicular direction relative to the direction of the previous deformation. In each cycle of abc-pressing, the total specified true strain reached 0.95 ± 0.10. To set the planned strain of the sample, the cycle of its three compressions was repeated several times. Samples were obtained with a true strains of 1.84; 3.60; 5.40; 7.43; and 9.55.



The microstructure of the alloy was studied by light optical microscopy (Zeiss Axiovert-200M, (Carl Zeiss AG, Oberkochen, Germany)), scanning (Zeiss LEO EVO 50 XVP (Carl Zeiss AG, Oberkochen, Germany)) and transmission electron microscopy JEM-2100 (JEOL Ltd., Tokyo, Japan). Samples for microstructure examination were cut using an electric discharge machine. After cutting, the surfaces of the specimens were mechanically polished using a Saphir 350 grinder (Audit Diagnostics, Bussiness & Technology Park, Carrigtwohill. Co. Cork, Ireland) and abrasive paper (silicon carbide with a gradual decrease in grain size to 1200). Finally, the surfaces of the samples were finished with diamond paste with a dispersion of 3 μm.



The study of the microstructure by transmission electron microscopy (TEM) was carried out using thin foils. Thin plates 0.4 mm thick were cut from blanks obtained after abc-pressing using an electric discharge machine. The final foil was obtained either by electrolytic polishing in an electrolyte containing sulfuric, nitric and hydrofluoric acids in a ratio of 6:1:3 or by ion etching on an Ion-slicer EM-09 100 15 devices (JEOL Ltd., Tokyo, Japan).



X-ray diffraction analysis of the samples was carried out using a DRON-7 X-ray diffractometer with Co-Kα radiation (JSC IC Bourevestnic, St. Petersburg, Russia). The diffraction patterns of the samples with the structure of the cubic B2 phase were obtained at 393 K. The Williamson–Hall full-profile analysis [15,16] was used to separate the contributions to the physical broadening of the reflection profiles from the magnitude of the microstrains and the sizes of the coherent scattering regions. To estimate the dislocation density ρd, the formula [17,18] was used:


   ρ d  = 2  3    〈  ε 2  〉    1 / 2     D b   ,  



(1)




where 〈ε2〉1/2 are root-mean-square microstrains of the B2 phase crystal lattice, D is the size of coherent scattering regions, and b is the Burgers vector of dislocations.



The tensile test specimens were cut on an electric discharge machine in the form of a double blade with a working base of 7 mm. The surface of the samples was polished manually using abrasive paper based on silicon carbide with a gradual decrease in grain size to 1200 and then electropolished in an electrolyte containing acetic and perchloric acid in a ratio of 70:30. Tensile tests were carried out at room temperature on a Walter+Bai AG LFM 125 testing machine with Dioptro software (Walter-Bai AG, Löhningen, Switzerland). The initial strain rate was 10−3 s−1. From 4 to 6 samples with identical true strain specified during abc-pressing were tested. The average data about pseudoyield plateau stress, yield stress and ultimate tensile strength obtained from these tensile tests are presented in Section 3.




3. Results


3.1. Microstructure


As noted in the introduction, the evolution of the microstructure of the Ti49.8Ni50.2 alloy samples was studied in [14] as a function of the abc-strain specified at 573 K. It was found that the refinement of the grain–subgrain microstructure occurs at two structural-scale levels. The first level (denoted in [14] as a macrolevel) is large grains of initial samples with high-angle grain boundaries. The average sizes of these large grains are denoted as D. The second level (denoted in [14] as the microlevel) is the level of the grain–subgrain structure inside large grains. The average sizes of these grains and subgrains are denoted as d. Studies have shown that to study the patterns of grain refinement at the macrolevel as a result of SPD, it was possible to use the methods of light optical microscopy and scanning electron microscopy, and to study the grain–subgrain structure, methods of transmission electron microscopy were required. Deformation processes at both structural-scale levels occur simultaneously and influence each other.



A typical intragrain microstructure of the initial coarse-grained samples, shown in Figure 1a, has a microband character. The maximum size of fragments in microbands does not exceed 500 nm. In the microdiffraction pattern, Figure 1b, obtained from the central zone of Figure 1a, there are reflections of the rhombohedral martensitic R phase. It follows from Figure 1c that the sizes of structure fragments of the R phase range from ≈50 to 400 nm. The bright-field image of the microstructure in Figure 2a demonstrates the presence of coarse grains in the structure of the samples after abc-pressing at 573 K with a true strain of 1.84. Figure 2a clearly shows the boundary of neighboring large grains. In the grain located on the right side of Figure 2a, an extended microband structure is revealed. The microdiffraction pattern obtained from the central region of this grain, Figure 2b, shows the presence of the R phase, the dark-field image of fragments of which is shown in Figure 2c. As the true strain increases to 5.40, 7.43, and 9.55, the microstructures of the samples are qualitatively similar. As an example, Figure 3 shows micrographs of the microstructure of the sample after abc-pressing to e = 5.4. Figure 3a,b show images of the surface obtained by optical microscopy and scanning electron microscopy, correspondingly. Large grains with a maximum size of up to 19 μm are detected by these methods. Figure 3c,d show TEM images of this sample in bright and dark fields, respectively. Figure 3c shows a bright-field image of a microstructure with a thin microband structure inside a grain of a larger scale level (macrolevel). The maximum size of fragments in microbands does not exceed 250 nm. It can be seen from Figure 3d that small fragments with the R phase structure are mainly localized along the boundaries of larger fragments.



The dependences of average sizes of large grains, D, and elements of grain–subgrain structure on microlevel, d, on the value of abc-strain are shown in Figure 4. Note that at the macrolevel, the most noticeable decrease in the average grain size D is observed already after of abs-pressing to e = 1.84: from 26 μm in initial samples to 17.8 μm in samples after abc-pressing with e = 1.84. With a further increase in e, the average grain size decreases more weakly and D equals 12 μm after abc-pressing with e = 9.55. According to TEM data, the average size of grains–subgrains d decreases from 350 μm almost linearly with increasing abc-strain and at e = 9.55 is 130 nm.



Thus, as a result of abc-pressing according to the mode used, with an increase in the abc-strain given to the samples, the elements of the grain–subgrain structure at the microscale level are gradually refined along a linear dependence.




3.2. Mechanical Properties


As noted in Section 2, mechanical tests were carried out at room temperature. According to [14], for all the studied samples, the room temperature is lower than the start temperature of the direct martensitic transformation MS. Therefore, the main volume of the samples is represented by the R and B19′ martensitic phases before the tension test.



Figure 5 shows examples of typical engineering tensile diagrams for samples at room temperature for all given values of the true abc-strain. Tensile diagrams are typical for TiNi-based alloys. All diagrams show a quasi-elastic stage (I), a pseudoyield plateau (stage II), a quasi-linear stage of strain hardening (stage III), a parabolic hardening stage (stage IV), and a stage of localized deformation with necking (stage V).



The stress of the beginning of pseudoyield plateau, σm, the yield stress, σy, and ultimate tensile strength, σUTS, versus the true abc-strain, e, are presented in Figure 6.



The stress at the beginning of the pseudoyield plateau σm for all samples turned out to be almost the same. Since at the test temperature, all the obtained samples are predominantly in the martensitic state, it can be assumed that the deformation of the samples on the pseudoyield plateau is mainly due to the reorientation of the martensitic domains under the action of external stress. Therefore, the refinement of the grain–subgrain structure obtained in the work and the formation of a dislocation substructure during abc-pressing are not effective factors that could affect the stress value of the beginning of the pseudoyield plateau σm.



After abs-pressing, even at a true strain e = 1.84, the yield stress σy turned out to be 900 ± 25 MPa, which is more than twice as high as compared to σy in the initial state of the specimens. With a further increase in abc-strain, the yield stress continues to increase rather weakly and reaches 1000 ± 25 MPa at e = 9.55 (Figure 6). The ultimate tensile strength σUTS also increases most noticeably after e = 1.84, although this change is much smaller than the change in the yield stress. At the maximum value of the abc-strain given to the samples, their σUTS increased by about 15%.



The value of the strain-hardening coefficient Θ also changes in a similar way (Figure 7a). An analysis of the σ(ε) diagrams showed that the elongation of the samples δ during their tension, both at the ultimate tensile strength and at failure, turned out to be quite high (Figure 7b). Thus, at the value of the maximum abc-strain e = 9.55, the uniform elongation of the specimens is about 40%. This figure also shows that already after the first cycle of abc deformation (e = 1.84), there is a sharp decrease in δ. With a further increase in e, the weak decrease in δ is observed, as shown in Figure 7b.





4. Discussion


Previously, it was shown that after abc-pressing of Ti49.8Ni50.2 (at %) alloy samples at 723 K [13], the temperatures of martensitic transformations B2→R and R→B19′ practically do not change, and after abc-pressing at 573 K [14], they change slightly. In this case, the phase composition of the alloys at room temperature remains practically unchanged after pressing at 723 K to 8.44 [13] and at 573 K to 9.55 ([14] and in this work): the B19′ martensitic phase with a monoclinic structure, the martensitic rhombohedral R phase, and a small amount of B2 phase. In the process of tension at room temperature of the samples after pressing at 723 K [15] and 573 K (in this work), a pronounced pseudoyield plateau was observed, the beginning of which corresponded to the stress σm = 180 MPa (σm is the martensitic shear stress), and σm did not change depending on given strain during abc-pressing. This means that the formation of a submicrocrystalline structure with an average grain–subgrain size of ≈130 nm in the Ti49.8Ni50.2 (at %) alloy does not affect the process of reorientation of the initial domains of the martensite phases and the development of the martensitic transformation R→B19′ initiated by external stresses at tensile of samples.



It should be noted that in the initial coarse-grained samples, no difference was found not only in σm but also in σy (450 MPa) and σUTS (930 MPa) despite the difference in the average grain sizes in them: 40 μm in [13] and 26 μm in this work. At the same time, after pressing at 723 K with an increase in e to 8.44 in [13], σy is systematically less than after abc-pressing at 573 K with an increase in e to 9.55. In particular, σy after pressing at 723 K with e = 8.44 is 900 MPa in [15], and after pressing at 573 K with e = 9.55 σy = 1000 MPa. The tensile strength σUTS after pressing at 723 K with increasing e up to 8.44 is also systematically lower than after pressing at 573 K with increasing e up to 9.55 (σUTS is 1000 MPa and 1170 MPa, respectively). In general, this correlates with a more intense refinement of the grain–subgrain structure of the alloy as a result of pressing at 573 K (the average grain–subgrain size reaches 0.13 μm) than after pressing at 773 K in [13] (the average grain–subgrain size is 1 μm).



It follows from the above research results that the main tensile deformation characteristics of the samples of the alloy under study (yield stress and ultimate tensile strength, strain-hardening coefficient, elongation) change most significantly after pressing to e = 1.84. With a further increase in the abc-strain, these changes are much less pronounced. Of course, e = 1.84 is already a very large strain, which leads to a significant increase in the concentration of defects in the crystal structure (in particular, vacancies and dislocations). Our measurements of the dislocation density by X-ray diffraction analysis after the strain e = 1.84 specified during abc-pressing at 573 K showed that the dislocation density increases by almost an order of magnitude compared to the initial state (≈1 × 1014 m−2) and reaches 1 × 1015 m−2. The results of the study of defects in the crystal structure formed in samples after pressing with e from 1.84 to 9.55 will be published after their completion. We believe that the density of dislocations is the determining factor in the influence on the value of the yield stress and the coefficient of strain hardening at the quasi-linear stage (III) of the σ(ε) dependence. When the samples are deformed at this stage, the deformation is carried out due to the formation of new mobile dislocations. Obviously, the dislocation substructure formed during abc-pressing will prevent the nucleation and motion of these dislocations, which leads to an increase in the yield stress. Thus, it is natural to assume that in samples after abc-pressing at 573 K, the mechanisms of plastic deformation are the same as in coarse-grained samples, despite the fact that as a result of abc-pressing, the average size of the elements of the grain–subgrain structure is effectively reduced to a submicrocrystalline state. The high elongation of the samples to the ultimate tensile strength and fracture testifies in favor of this assumption.



The yield stress of a large group of metals and alloys (including those obtained by SPD methods [2]) depends on the grain size in accordance with the Hall–Petch relation [19,20]:


σy = σ0 +kd−1/2,



(2)




where σ0 is a parameter that characterizes the slip resistance of a moving dislocation (friction stress), and k characterizes the ability to transfer deformation from grain to grain and depends on the state of the boundary of neighboring grains. In (2), σ0 and k are constants. Therefore, the dependence σy(d−1/2) is linear. The experimental dependence σy(d−1/2) after abc-pressing at 573 K of Ti49.8Ni50.2 (at %) alloy samples is shown in Figure 8. In samples after pressing with e from 1.84 to 9.55, σy increases linearly with increasing d−1/2. Consequently, similar structures are formed in the strain range from 1.84 to 9.55, for which σ0 and k are the same. In [21,22,23,24], it is believed that the Hall–Patch relation is satisfied not only when the yield stress is reached but also at other strain values (up to the ultimate tensile strength). Figure 8 shows that the dependence of σUTS on d−1/2 is also linear in the strain range e from 1.84 to 9.55. At the same time, the values of σy and σUTS for the original sample are significantly lower than the dependences corresponding to the Hall–Petch relations (Figure 8), which reflects the difference in grain structures and dislocation density in the initial samples and samples after pressing at 573 K. In addition, σy and σUTS can also be affected by other parameters of the microstructure of the samples (for example, the relative fractions of high-angle boundaries of various types), but special studies are needed to confirm this.



The practical importance of obtained σy(e) dependence may be marked in the final part of the discussion. The abc-pressing at 573 K can be used when it is required to increase the yield stress of material. It is possible to achieve a significant increment in σy already after the first pressing cycles with true strains about 2.




5. Conclusions


It has been established that after abs-pressing of Ti49.8Ni50.2 (at %) alloy samples, already at the value of true strain e = 1.84, the yield stress σy is equal to 900 ± 25 MPa, which is more than two times higher compared to σy in the initial state of samples. With a further increase in the abc-strain, the yield stress of the samples slightly increases and reaches 1000 ± 25 MPa at e = 9.55. In this case, the ultimate tensile strength of the samples increases by about 15%. The strain-hardening coefficient ϴ = dσ/dε at the III (linear) stage of the σ(ε) diagrams has a similar dependence on e. It is shown that after abc-pressing from e 1.84 to 9.55, the yield stress and ultimate tensile strength increase linearly with increasing d−1/2 in accordance with the Hall–Patch relation.



It was found that the stress at the beginning of the pseudoyield plateau does not depend on the value of the abc-strain given to the samples. It is supposed that the formation of submicrocrystalline structure in samples of Ti49.8Ni50.2 alloy during abc-pressing at 573 K does not affect the subsequent reorientation of initial domains of martensitic phases and development of stress-induced R→B19′ martensitic transformation under tension at room temperature.
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Figure 1. The bright-field microstructure image (TEM) of the initial samples (a); the microdiffraction pattern from the central zone of Figure 1a (b); the dark-field image,    (  4  3 ¯  0  )    R phase reflection (c). 
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Figure 2. The bright-field microstructure image (TEM) of samples after abc-pressing at 1.84 (a); the microdiffraction pattern from the central zone of right grain (b); the dark-field image,    (   3 ¯  1  1 ¯   )    R phase reflection (c). 
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Figure 3. Microstructure of sample after abc-pressing to e = 5.4: (a) optical microscopy, (b) scanning electron microscopy, (c,d) transmission electron microscopy (c bright-field image, d dark-field image taken using the R-phase reflection of (211) type which is denoted by circle in insertion). 
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Figure 4. The average size of grains D (curve 1) and grain–subgrains d (curve 2) as the function of abc-strain, e. 
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Figure 5. Engineering “stress–strain” curves during tension of titanium nickelide samples in the initial state (1) and after abc-pressing with e = 1.84 (2); 3.60 (3), 5.40 (4), 7.43 (5); 9.55 (6). 
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Figure 6. Pseudoyield plateau stress, σm(Δ), yield stress, σy(ο), and ultimate tensile strength, σUTS(●), vs. the true abc-strain, e. Experimental errors of the pseudoyield plateau stress equal ± 20 MPa. 
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Figure 7. The strain-hardening coefficient (●) at the quasi-liner stage of deformation of the samples (a) and the values of elongation to the ultimate tensile strength, (ο), and to the failure of the samples, (Δ), (b) as the function of the true strain. 
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Figure 8. Yield stress, σy (ο), and σUTS (●), as a function of d−1/2. 
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