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Abstract

:

In this work, the influences of a magnetic field of 2.4 T on the macro residual stress and the status of structural defects, including grain boundaries, dislocations and the Fe-rich clusters of Ti-6Al-4V were investigated by X-ray Diffraction (XRD), Electron Backscatter Diffraction (EBSD) and magnetic measurement. The XRD test results show that the applied magnetic field can cause the relaxation and homogenization of macro residual stress. The maps of Kernel Average Misorientation (KAM) values obtained by EBSD tests present a significant dislocation multiplication caused by a magnetic field, and the rise of dislocation density was estimated to be about 32% by XRD tests. The EBSD test results also show an increase in the fraction of Coincidence Site Lattice (CSL) grain boundaries and a decrease in the fraction of low-angle grain boundaries. The results of magnetic measurement show that Ti-6Al-4V has mixed magnetism consisting of paramagnetism and weak ferromagnetism, and that the ferromagnetic saturation magnetization decreased after exposing the alloy to the magnetic field, which suggests the dissolution of the Fe-rich clusters in the alloy. These magnetically-induced changes are related to magnetoplastic effects, a kind of phenomena on which there have been some research, and the possible mechanism of them is discussed in this paper.
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1. Introduction


Ti-6Al-4V is the most widely used titanium alloy in aerospace, biomedicine and the petrochemical industry because of its excellent performance, such as high specific strength, fine corrosion resistance, outstanding tissue compatibility and good weldability [1,2,3,4], and various advanced technologies to further enhance its performances have attracted increasing attention [5,6,7]. Magnetoplastic effects first reported in 1987 [8] are a kind of phenomena that can occur in various materials, including metals [9,10,11,12,13,14], semiconductors [9,10,15,16], ionic crystals [8,9,10,17,18,19], etc. Initially, magnetoplastic effects refer to the phenomena that the mobility of dislocations in materials and the macro plasticity of materials increase in a magnetic field. But with the development of the relevant research, now various influences of a magnetic field on the mechanical properties and the status of the structural defects of materials are all usually referred to as magnetoplastic effects [9,20]. As a result of the changes that take place under the magnetic field, besides the simultaneous effects, there are also residual effects which will remain after switching off the field [9,18,19,21]. This is a potential method worth exploring to improve the service behavior of Ti-6Al-4V using magnetic field.



Residual stress and the status of structural defects are important factors determining the service performance of alloys. In addition, Ti-6Al-4V is a typical difficult-to-machine material, therefore, how to reduce the residual stress caused by machining effectively to ensure its dimensional stability in service is a crucial problem. Hence this work aims at investigating the influences of a magnetic field on the macro residual stress and the status of the structural defects of Ti-6Al-4V.




2. Materials and Methods


The alloy Ti-6Al-4V selected in the experiments (composition (wt %): Al~6.1, V~3.8, Fe~0.26, O~0.011, C~0.012, N~0.005 and H~0.001) was kept at 750 °C for 1 h and cooled in air beforehand, and the alloy is formed by an  α  phase (hcp) and a  β  phase (bcc).



The Scanning Electron Microscope (SEM) LYRA3 was employed to observe the microstructure of the alloy, and the metallographic specimen was etched with 4 vol % HF + 10 vol % HNO3 + 86 vol % H2O for 5 s. The Energy Dispersive X-ray (EDX) spectrometer equipped in the SEM was employed for the chemical composition analysis of the phases. In addition, the Time-of-Flight Secondary Ion Mass Spectrometer (TOF-SIMS) was used to analyze the distribution of the elements.



The residual stress tests were carried out on six specimens with a size of 40 mm × 25 mm × 25 mm, using the X-ray stress meter μ-X360s, whose collimator diameter is 1 mm. The anode target of the stress meter was vanadium, and thus the wavelength of the X-ray was 2.505  Å . The test region of each specimen is at the center of a 40 mm × 25 mm side face that was mechanically polished and electropolished, and the measured variable was the normal stress along the direction of the long side. Then the specimens were exposed to a rectangle-pulsed magnetic field of 2.4 T for 50 pulses, of which the pulse width was 2 s and the intermittent time was 1.5 s. Then the residual stress tests were conducted again at the same positions as before the magnetic exposure.



Dislocations and grain boundaries are typical linear and planar defects, respectively. In order to analyze the status of the dislocations and grain boundaries in Ti-6Al-4V before and after magnetic exposure, we cut the alloy into a specimen with a size of 15 mm × 10 mm × 5 mm, and polished a 15 mm × 10 mm face of it mechanically and electrically as the test surface. Then we scanned the same region with a size of 12 μm × 12 μm on the test surface before and after exposing the specimen to the aforementioned magnetic field, using the EBSD accessory of the Auger electron spectrometer PHI710. The scanned points formed a hexagonal array with a spacing of 0.07 μm. In order to evaluate the change of dislocation density caused by magnetic exposure quantitatively, we did XRD tests on the test surface using X-ray diffractometer D/Max-2500H with a copper anode (whose characteristic X-ray wavelength is 1.542  Å ) before and after exposure, and analyzed the data with the Williamson–Hall method. The scanning angle range of the XRD tests was   2 θ = 30 ° ~ 90 °  , the scanning speed was 2°/min, and the rotation axis was parallel to the short side of the test surface. The length of the line-shape X-ray source of D/Max-2500H is 10 mm, the goniometer circle radius is 185 mm, and the size of the incident slit is 1°, therefore the radiated area varied in the range (4.57~12.48) mm × 10 mm during scanning.



The magnetically stimulated transformation of point defects in semiconductors [16] and ionic crystals [19,21] have been reported. But the similar studies on alloys are rarely seen. Fe is the dominant impurity element in Ti-6Al-4V, and theoretically, if there exist Fe-rich clusters in the alloy, their status would influence the magnetization performance of the alloy. Therefore, we tried to verify the presence of the Fe-rich clusters and investigate the effect of a magnetic field on their status by testing the magnetization performance of the alloy. The alloy was made into three specimens with a size of 2 mm × 2 mm × 1 mm, and the magnetization curves ( M - H  curves) of them were measured by a Superconducting-Quantum-Interference-Device Vibrating Sample Magnetometer (SQUID-VSM) at 300 K with an applied magnetic field intensity varying from 15,000 Oe (1.194 × 106 A/m) to −15,000 Oe and back to 15,000 Oe. Then the specimens were exposed to the aforementioned pulsed magnetic field for 50 pulses, and then the magnetization curves of the specimens were measured again.




3. Results and Discussion


3.1. Microstructure and Element Distribution of the Alloy


The SEM micrographs of the alloy are shown in Figure 1a,b, from which we can see that the lamellar  β  phase distributes among the  α  phase. The chemical compositions of the  α  phase and the  β  phase were measured with EDX. The composition measurement positions 1 and 2 are marked in Figure 1b, and the results are shown in Figure 1c,d. It can be seen that the content of Al in the  α  phase is higher than that in the  β  phase, while the content of V in the  β  phase is higher than that in the  α  phase. It should be noted that EDX is only a semi-quantitative test technique which is not competent for the detection of the elements with a low mass fraction.



The Time-of-Flight Secondary Ion Mass Spectrometer (TOF-SIMS) is an element detection technique with higher sensitivity and higher space resolution (<40 nm) than EDX. As is shown in Figure 2, when the primary ions (Xe+ was used in this work) strike the surface of the solid, the backscattered ions and the secondary ions including the simple ions and charged structure fragments will be produced. The types of the ions can be identified according to their mass–charge ratios. Therefore TOF-SIMS can be used to investigate the element distribution qualitatively and provide some information about the substance structure.



Figure 3b–f show the secondary-ion images of the region marked by the red box in Figure 3a, which are obtained by detecting Ti+, Al+, V+, Fe+ and Fe2+ with TOF-SIMS. In a secondary-ion image, the brightness is proportional to the production of the secondary ions, which is mainly determined by the element content, and also affected by the topography and properties of the substrate. It can be seen that the content differences of Al and V between the  α  phase and  β  phase, which are shown in Figure 3c,d, are consistent with the EDX test results. As is shown in Figure 3e,f, the distribution of Fe is basically uniform, and no obvious enrichment of Fe at the grain boundaries was detected.



What is noteworthy is that a lot of di-iron cations Fe2+ were detected in the TOF-SIMS test, and the count of them exceeds that of Fe+ (the mass spectrum peaks of Fe+ and Fe2+ are shown in Figure 3g,h, respectively). Therefore it is logical to suppose that there exist a lot of Fe-rich clusters in the alloy, from the fragmentation of which a lot of Fe2+ can be produced.




3.2. Effects of Magnetic Field on Residual Stress


In order to reduce the test error of the residual stress, we measured the residual stress in the test region of each specimen for 16 times. As is shown in Figure 4a, the test region is a square area with a size of 4 mm × 4 mm at the center of a 40 mm × 25 mm side face of the specimen, and the 16 test points formed a matrix with a spacing of about 1 mm. The average of the 16 test values was taken as the residual stress of the test region, and those of the six specimens before and after magnetic exposure are shown in Figure 4b.



It can be seen that the stress values of the six specimens’ test regions after magnetic exposure were reduced to a different extent compared with those before exposure, and this indicates that exposing Ti-6Al-4V to the magnetic field can bring about a macro residual stress relaxation of the alloy.



Figure 4c shows the standard deviations of the stress test values of each specimen’s test region before and after the magnetic field, which can reflect the inhomogeneity of the residual stress in the test region, namely the level of the mm-scale stress. We can see that the residual stress deviations after magnetic exposure significantly decreased compared with those before exposure. This indicates that the magnetic field can prompt the homogenization of the residual stress of Ti-6Al-4V.




3.3. Effects of Magnetic Field on Status of Dislocations


The lattice orientation at each position can be measured by the EBSD test. Additionally, the KAM (Kernel Average Misorientation) value, which is defined as the average of the misorientations between one scanned point and the six adjacent scanned points, is a common scalar parameter used to be an approximate characterization of the dislocation density in EBSD analysis [22,23]. Actually, it has been proven that KAM is proportional to the geometrically necessary dislocation density, and KAM is invariant under in-plane rotation [24], which means that a minor change of the specimen displacement direction of the EBSD scan hardly influences the KAM values. Therefore, we did EBSD tests in the same region on a Ti-6Al-4V specimen before and after exposing it to the magnetic field, and obtained the KAM maps, which are shown in Figure 5.



Comparing Figure 5b with Figure 5a, we can see a significant rise in KAM, and this indicates the multiplication of dislocations that took place under the action of the magnetic field.



Besides the EBSD tests, in order to give a quantitative evaluation of the influence of magnetic exposure on the dislocation density, we did XRD tests on the test surface of the specimen before and after magnetic exposure. The XRD patterns are shown in Figure 6a. The diffraction peaks of the  α  phase are clear, while most of the diffraction peaks of the  β  phase are too weak to identify. On the basis of the XRD test data, we estimated the amount of the rise in dislocation density of the  α  phase according to the Williamson–Hall formulation [25,26,27]   n cos θ / λ = 2 / D + 4 e sin θ / λ  , where  n  is the full width at half maximum (FWHM) of the diffraction peak,  θ  is the diffraction angle of the peak,  λ  is the X-ray wavelength equaling 1.542  Å ,  D  is the characteristic grain size and  e  is the lattice strain which has the relationship [28]   ρ ≈ 16  e 2  /  b 2    with the dislocation density  ρ  and the Burgers vector  b  (  b = 2.93   Å   for the  α  phase of Ti-6Al-4V). In order to obtain the FWHM and diffraction angle of every peak, we firstly got the physical shapes of the peaks through multiple peak fitting and the removal of instrument peak shapes, and then obtained these two parameters from the physical peak shapes. The nine strongest  α  phase peaks were selected to estimate the dislocation density in the  α  phase of the specimen before and after magnetic exposure, and the linear fitting results of   n cos θ / λ   and   sin θ / λ   are shown in Figure 6b.



The slopes of the fitting lines of   n cos θ / λ   and   sin θ / λ   before and after magnetic exposure are   6.765 ×   10   − 3     and   7.763 ×   10   − 3     respectively, and the coefficients of determination    R 2    of the fitting results are 0.9336 and 0.9426. Thus the dislocation density in the  α  phase of the specimen before and after magnetic exposure can be estimated to be 533 μm−2 and 702 μm−2, the latter of which is larger than the former by roughly 32%.




3.4. Effects of Magnetic Field on Status of Grain Boundaries


The phases and grain boundaries can be identified according to the EBSD test data, and the maps of the phases and grain boundaries before and after magnetic exposure are shown in Figure 7a,b. It can be seen that the  α  phase is the dominant phase of the alloy, whose fractions before and after magnetic exposure were calculated to be 94.3% and 94.1%, respectively (The analysis error being considered, this difference cannot be regarded as significant). We made a statistical analysis of the grain boundaries between the  α  phase grains.



Coincidence Site Lattice (CSL) grain boundaries are a special kind of grain boundaries with a relatively lower grain boundary energy, and are therefore more stable than the ordinary grain boundaries. For the  α  phase of Ti-6Al-4V, there are nine main kinds of CSL grain boundaries in theory, namely Σ7 (meaning there is one coincidence site in per 7 lattice sites), Σ13, Σ19, Σ31, Σ35, Σ37, Σ43, Σ46, and Σ49. The proportions of these CSL grain boundaries in the total grain boundaries before and after magnetic exposure are shown in Figure 7c. We can see that each kind of CSL grain boundaries significantly increased after magnetic exposure, and the total proportion of the existing CSL grain boundaries increased from about 5.98% to about 8.10%. Especially, the proportion of Σ37 grain boundaries, which accounts for the highest proportion among the CSL grain boundaries whether before or after magnetic exposure, increased from about 2.58% to about 3.58% through magnetic exposure.



Meanwhile, we calculated the densities of low-angle grain boundaries before and after magnetic exposure, and the results are shown in Figure 7d. As is shown, after exposure, the amount of low-angle grain boundaries significantly decreased, but there is an increase in the amount of the grain boundaries with an angle of about 8.7~10°. Actually, the angle of the Σ37 grain boundaries of the  α  phase is around 9.4°, so the increase of the grain boundaries in the range of 8.7~10° is consistent with the increase of the Σ37 grain boundaries.



The changes of the amounts of the CSL grain boundaries and the low-angle grain boundaries caused by the magnetic treatment indicate that the magnetic field can stimulate the adjustment of the atomic positions in the vicinity of the grain boundaries, which can result in some grain boundaries satisfying the condition of the coincidence site lattice and the disappearance of some low-angle grain boundaries, so that the lattice can reach a more stable state.




3.5. Effects of Magnetic Field on Status of Fe-Rich Clusters


According to the fact that a lot of di-iron cations Fe2+ were detected in the SIMS test (Figure 3h), it has been logically supposed that there exist a lot of Fe-rich clusters in Ti-6Al-4V. Theoretically, the presence of the Fe-rich cluster may bring about a slight ferromagnetism of the alloy. In order to further verify the presence of the Fe-rich clusters and to investigate the influence of the magnetic field on their status, we conducted magnetic measurements on Ti-6Al-4V, and the results are shown in Figure 8a–c.



It can be seen that the magnetism of Ti-6Al-4V is not pure paramagnetism, but a mixed magnetism containing weak ferromagnetism. The sections of each magnetization curve at a high magnetic field intensity (   | H |  > 7 ×   10  5    A/m) almost become straight lines, the slopes of which are the mass susceptibility    χ p    of the paramagnetic part of the magnetization. Therefore the paramagnetic susceptibilities    χ p    of the three specimens before exposure are calculated to be 3.859 × 10−8 m3/kg, 3.883 × 10−8 m3/kg and 3.859 × 10−8 m3/kg by linear fitting (The sections of   H > 7 ×   10  5    A/m and   H < − 7 ×   10  5    A/m are fitted separately, and the average of the two slopes is taken as the final result), while those after exposure are respectively 3.863 × 10−8 m3/kg, 3.847 × 10−8 m3/kg and 3.849 × 10−8 m3/kg. These results show that the magnetic exposure has no significant effect on the paramagnetic susceptibility of the alloy.



The logical explanation of the weak ferromagnetism of the alloy is that there exist Fe-rich clusters with spontaneous magnetization, and the directions of their magnetic moments will tend to be consistent under the action of an applied magnetic field. As a contrast, the magnetization curve of a high-purity titanium specimen with a purity of over 99.995 wt % was measured, and the result is shown in Figure 8g. As is shown, the magnetism of high-purity titanium is almost pure paramagnetism with a mass susceptibility of 4.178 × 10−8 m3/kg, which suggests that the weak ferromagnetism of Ti-6Al-4V is due to the Fe composition.



The ferromagnetic part of the magnetization can be calculated according to the formula    M f  = M −  χ p  H  , and the    M f   - H  curves of the specimens are shown in Figure 8d–f. It can be seen that the ferromagnetic saturation magnetizations of the specimens before exposure are 2.833 × 10−2 A·m2/kg, 3.096 × 10−2 A·m2/kg and 2.989 × 10−2 A·m2/kg, respectively, while those after exposure are 2.516 × 10−2 A·m2/kg, 2.717 × 10−2 A·m2/kg and 2.678 × 10−2 A·m2/kg, which are, respectively, 88.81%, 87.76% and 89.60% of those before exposure. Thus the ferromagnetism of the specimens were significantly weakened by magnetic exposure.



The decrease in the ferromagnetic saturation magnetization caused by magnetic exposure suggests that the dissolution of the Fe-rich clusters can take place during magnetic exposure, which will result in the reduction of the amount of agglomerating iron atoms, and thereby result in the reduction of the spontaneous magnetic moment of each cluster.




3.6. Possible Mechanism of the Magnetically Stimulated Variations


The relaxation and homogenization of the residual stress are essentially consistent with the multiplication of the dislocations, which can be regarded as a special slip creepage stimulated by the magnetic field. Additionally, all of the changes of the structural defects reported in this paper are atom-migration-related processes, because the slippage and multiplication of dislocations, the change of grain boundary structure, and the dissolution of clusters are all finished through the atomic migration among adjacent sites. Therefore, these magnetically stimulated changes indicate that the atomic mobility is enhanced under the action of a magnetic field, and this is the essential feature of magnetoplastic effects.



It should be pointed out that the magnetoplastic effects are difficult to be explained in terms of energy, especially for the non-ferromagnetic materials, because the energy induced by a magnetic field with an intensity of several Teslas is ignorable, compared with the thermal energy at room temperature (   μ B  B =   10   − 4   ~   10   − 3   k T  , where    μ B    is the Bohr magneton, B is the magnetic flux density,  k  is the Boltzmann constant, and  T  is the thermodynamic temperature). Thus the magnetic field must affect the kinetic nature of the atom-migration-related processes.



On the basis of the features of the magnetoplastic effects revealed in the relevant research, especially some features related to electron spin resonance found by experiments [9,19,29], it is generally accepted that the dominant mechanism of magnetoplastic effects is the spin-dependent variations of electron pairs [17,18,19,20,21,29,30,31]. For example, as to the mechanism of the magnetically stimulated depinning of dislocations, Morgunov [21] and Buchachenko [21,29] gave an appropriate explanation for ionic crystals: Once one of a pair of electrons of an anion in the dislocation core transfers onto the positively-charged obstacle due to thermal excitation, the Coulomb interaction pinning the dislocation at the obstacle is “switched off”, and the electron pair is in singlet state (meaning the total spin of the pair is 0) because of the Spin Selection Rule (An electron does not change its spin in transition); the magnetic field stimulates the intersystem crossing from singlet state to triplet state (meaning the total spin of the pair is 1), so that the system with switched-off Coulomb potential has a longer lifetime (because the transition from triplet state to ground state is spin-forbidden due to the Spin Selection Rule), which brings about a higher depinning rate. In the previous research weapplied the similar theory to covalent crystals and the atom-migration-related processes besides dislocation depinning [16], since a covalent electron pair can also be thermally excited into the excited state with a lower binding energy than the ground state, and the atomic migration will be promoted if the lifetime of the excited state is extended.



It is obvious that the mechanism described in the preceding paragraph is based upon the discussion of electrons using a localized model. However, because of the particularity of metallic bonds, they are usually explained using delocalized models, such as the Drude–Lorents theory, which describes metal bonding as the Coulomb interaction between metal cations and free electrons. Thus there is some difficulty in applying the above-mentioned mechanism directly to metals and alloys. But it is appropriate to regard the defect electronic energy levels as localized. In addition, the metallic bond can also be analyzed using localized models, such as the covalent theory of metals [32], which attributes metal bonding partially to the covalent bond. This make it possible to apply the magnetically-induced-intersystem-crossing mechanism to the magnetoplastic effects of metals and alloys. Briefly put, the excited state lifetimes of bonding electron pairs become longer because of the intersystem crossing caused by the magnetic field, leading to the atom-migration-related processes being promoted. Of course, this needs further argumentation.



The mechanism of magnetically introduced intersystem crossing can be explained as follows. The spin functions of the singlet state  S  and the triplet state    T 0    with a spin projection of 0 are respectively   S =  (  α β − β α  )  /  2    and    T 0  =  (  α β − β α  )  /  2   , where  α  and  β  are the wave functions of the single-electron spin eigenstates with upward and downward spin, respectively. Additionally, the spin-related part of the Hamiltonian is    H ^  =  μ B  B  (   g 1    S ^  1  +  g 2    S ^  2   )  / ℏ  , where     S ^  1    and     S ^  2    are the spins of the partners,    g 1    and    g 2    are their Lande factors, and  ℏ  is the reduced Planck constant. We can derive


   [      〈 S |  H ^  | S 〉     〈 S |  H ^  |  T 0  〉       〈  T 0  |  H ^  | S 〉     〈  T 0  |  H ^  |  T 0  〉      ]    =    1 2   (   g 1  −  g 2   )   μ B  B  [     0   1     1   0     ]    =    1 2  Δ g  μ B  B  [     0   1     1   0     ]  .  











According to the Schrodinger equation   i ℏ ∂ φ / ∂ t =  H ^  φ  , it is obtained that the spin wave function of an electron pair is   φ  ( t )  = cos  (  Δ g  μ B  B t / 2 ℏ  )  S − i sin  (  Δ g  μ B  B t / 2 ℏ  )   T 0   . Therefore, the probabilities of the electron pair being in  S  state and    T 0    state are, respectively,   P  ( S )  =   cos  2   (  Δ g  μ B  B t / 2 ℏ  )  =  [  1 + cos  (  Δ g  μ B  B t / ℏ  )   ]  / 2   and   P  (   T 0   )  =   sin  2   (  Δ g  μ B  B t / 2 ℏ  )  =  [  1 − cos  (  Δ g  μ B  B t / ℏ  )   ]  / 2  , which means that the magnetic field can cause the intersystem crossing between  S  and    T 0    with a frequency of    μ B  Δ g B / h  , where  h  is the Planck constant.



There is a visualized understanding for this mechanism, which is widely referred to [20,33]. The visualized diagrams of singlet state  S  and triplet state    T 0    are shown in Figure 9. A magnetic field will cause the Larmor precession of an electron with a frequency of   g  μ B  B / h   which is called the Larmor frequency. Because of the difference between the Lande factors of the two electrons, their Larmor frequencies have a difference of    μ B  Δ g B / h  , and this is just the frequency of the intersystem crossing between the  S  state and the    T 0    state. This mechanism is usually referred to as the   Δ g   mechanism.





4. Conclusions


A magnetic field with a magnetic flux density of 2.4 T can stimulate the relaxation and homogenization of the residual stress, the multiplication of dislocations, the increase in the amount of CSL boundaries and the decrease in the amount of low-angle boundaries of Ti-6Al-4V. In addition, the weakening of the slight ferromagnetism of Ti-6Al-4V caused by magnetic exposure suggests that the magnetic field can prompt the dissolution of the Fe-rich clusters in the alloy. These results suggest the potential of magnetic treatment in the processing of Ti-6Al-4V.



The magnetically stimulated changes of the macro residual stress and the status of structural defects indicate that the atomic mobility is enhanced by the magnetic field, which is the essential feature of magnetoplastic effects. Based on the point that metal bonding can be analyzed using the localized model, the possible mechanism of the magnetoplastic effects of Ti-6Al-4V is put forward as follows. The magnetic field can cause the intersystem crossing of the bonding electron pairs that have been thermally excited, transforming them from singlet state to triplet state, and thereby making the excited state lifetime longer, and as a result, the atomic mobility is enhanced and the atom-migration-related processes are prompted. This mechanism still needs further argumentation.
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Figure 1. (a,b) The Scanning Electron Microscope (SEM) micrographs of the alloy Ti-6Al-4V, and the Energy Dispersive X-ray (EDX) measurement results of (c) position 1 and (d) position 2 marked in (b). 
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Figure 2. The diagram of the production of the backscattered ions (I) and the secondary ions (II and III). The secondary ions include fragment ions (II) and simple ions (III). 
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Figure 3. (a) The SEM micrograph of the alloy Ti-6Al-4V, (b–f) the secondary ion images of the region marked in (a), and the mass spectrum peaks (including the isotope peaks) of (g) Fe+ and (h) Fe2+. 
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Figure 4. (a) The diagram of the test region of each residual stress specimen; (b) the residual stress values of each specimen’s test region before and after magnetic exposure, where the error bars represent the standard errors which are determined by      ∑  i = 1   16      (   σ i  −  σ ¯   )   2  /  (  15 × 16  )     ; (c) the standard deviations of the stress test values of each specimen’s test region before and after magnetic exposure, which are determined by      ∑  i = 1   16      (   σ i  −  σ ¯   )   2  / 16    . 
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Figure 5. The Kernel Average Misorientation (KAM) maps of the Ti-6Al-4V specimen (a) before and (b) after magnetic exposure. 
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Figure 6. (a) The X-ray diffractometry (XRD) patterns of the Ti-6Al-4V specimen and (b) the   n cos θ / λ ~ sin θ / λ   linear fitting of the strongest nine  α -phase peaks before and after magnetic exposure, where  n  is the full width at half maximum (FWHM) (  Δ 2 θ   ) of the physical peak shape and  λ  is the X-ray wavelength equaling 1.542  Å . 
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Figure 7. The maps of the phases and grain boundaries of the Ti-6Al-4V specimen (a) before and (b) after magnetic exposure; the statistical charts of (c) Coincidence Site Lattice (CSL) grain boundaries and (d) low-angle grain boundaries before and after magnetic exposure. 
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Figure 8. (a–c) The magnetization curves of the Ti-6Al-4V specimens and (d–f) the ferromagnetic components of the magnetization curves before and after magnetic exposure; (g) the magnetization performance of high-purity titanium with a purity of over 99.995 wt %; (h) the operation procedures of Ti-6Al-4V specimens. 
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Figure 9. A visualized diagram of the   Δ g   mechanism of magnetically induced intersystem crossing. 
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