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Abstract

:

Recently, nondestructive evaluation of the stresses localized in grains was achieved for plastically deformed low-carbon steel using scanning three-dimensional X-ray diffraction (S3DXRD) microscopy with a conical slit. However, applicable metals and alloys were restricted to a single phase and evaluated stress was underestimated due to the fixed Bragg angles of the conical slit optimized to αFe. We herein propose S3DXRD with a rotating spiral slit adaptable to various metals and alloys and accurate stress evaluation with sweeping Bragg angles. Validation experiments with a 50-keV X-ray microbeam were conducted for low-carbon steel as a body-centered cubic (BCC) phase and pure Cu as a face-centered cubic (FCC) phase. As a result of orientation mapping, polygonal grain shapes and clear grain boundaries were observed for both BCC and FCC metals. Thus, it was demonstrated that S3DXRD with a rotating spiral slit will be applicable to various metals and alloys, multiphase alloys, and accurate stress evaluation using a X-ray microbeam with a higher photon energy within an energy range determined by X-ray focusing optics. In principle, this implies that S3DXRD becomes applicable to larger and thicker metal and alloy samples instead of current miniature test or wire-shaped samples if a higher-energy X-ray microbeam is available.
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1. Introduction


The localized stresses in the polycrystalline metals and alloys produced due to fabrication processes and fatigue in service are crucial study objects in engineering and in many industries. Three-dimensional X-ray diffraction (3DXRD) microscopy (also called high-energy diffraction microscopy or HEDM) with synchrotron-based high-energy X-rays allows us to nondestructively evaluate grain-resolved stresses called type II stresses [1,2,3,4,5,6,7,8,9,10,11,12,13]. The mapping of type II stresses has successfully led to the visualization of macroscopic (type I) stress fields, such as crack-tip stress fields, and to the deviation of type II stresses from type I stresses [14,15]. Three-dimensional type II stress mapping combined with computed tomography has demonstrated that fatigue crack initiations from inclusions occur at grain boundaries, showing high stress gradients [16].



The determination of type II stresses is based on the detection of diffracted beams from multiple grains as diffraction spots on area detectors. The diffraction spots can be assigned to multiple grains with known crystallographic parameters, which is called multigrain indexing. If multiple diffraction spots per grain are assigned, orientation is determined for individual grains. Type II stresses are determined as follows. First, lattice parameters are calculated for individual grains. The lattice parameters can be converted into an elastic strain tensor in a crystallographic coordinate system if stress-free lattice parameters are defined using reference samples, e.g., annealed powders. An elastic strain tensor is converted into a stress tensor in a crystallographic coordinate system through elastic stiffness constants. Then, the stress tensor is converted into a stress tensor in the sample coordinate system through orientation. Three-dimensional mapping of determined stress tensors is achieved by reconstructing the positions of individual grains, including or excluding grain shapes with spatial resolutions, which is called grain mapping. In 3DXRD with monochromatic X-rays, multiple diffraction spots per grain are acquired by rotating samples, and grain maps are reconstructed from diffraction spots at near fields detected with a high-spatial-resolution detector.



Similar to type II stresses compared with type I stresses, intragranular (type III) stresses may deviate from grain-averaged type II stresses [17,18,19,20,21,22,23,24]. Recently, the evaluation of type III stresses has been achieved using a 3DXRD modality termed scanning 3DXRD (also called point-focused HEDM) with a monochromatic point-focused (pencil) beam [25,26,27]. In scanning 3DXRD, a voxel-resolved stress tensor with a voxel size smaller than a grain size can be obtained by illuminating a pencil beam and rotating a sample. Grain mapping with grain boundaries can be achieved by a three-dimensional scan of a sample, including sample rotations at the expense of measurement time [28]. Unsurprisingly, voxel-resolved stresses showed deviations from grain-averaged stresses in a plastically deformed metal and alloy [27,29]. It was also shown that deviation exceeded macroscopic tensile strength and voxel-resolved stresses were in highly triaxial stress states even under uniform elongation. Reconstructions with high fidelity have revealed the expectations of the larger deviations of voxel-resolved stresses from grain-averaged stresses [30,31].



Very recently, a high-spatial-resolution modality of 3DXRD, called high-resolution 3DXRD (HR-3DXRD), has been proposed [32]. In HR-3DXRD, if diffracted beams from submicrometer-sized crystallites or subgrains in a deformed grain are detected as diffraction spots by locating a high-resolution area detector at a sample-to-detector distance with a balance of real and reciprocal resolutions, multiple diffraction spots are assigned for individual crystallites or subgrains in a grain. Therefore, type III stress can be evaluated for plastically deformed metals and alloys without the time-consuming three-dimensional scans.



The limitations of the type II and type III stress evaluation methods, including HR-3DXRD, come from the overlap of diffraction spots, which gives rise to stress evaluation errors. Diffraction spot overlaps are caused by the existence of a large number of grains in an illuminated volume and the spread of diffraction spots brought due to mosaicity, subgrains, and intragranular misorientations. Therefore, 3DXRD-based experiments are limited to small samples, such as miniature test or wire-shaped samples. Sample miniaturization causes size effects that lead to different mechanical material behaviors, which depend on surface conditions, sample fabrication methods, microstructure inhomogeneity, grain size, etc. [33]. In fact, industrial standardizations of miniature test samples are unavailable. The limitation on applicable sample sizes comes from the overlap of diffraction spots due to a large number of grains and subgrains rather than the availability of synchrotron-based X-rays with higher photon energy.



The introduction of conical slits [34] to 3DXRD-based experiments is meaningful from the viewpoint of applicable sample sizes. Conical slits can significantly reduce the overlap of diffraction spots by shielding detection instruments from the diffracted beams of many grains, except for the diffracted beams from the grains inside regions of interest (i.e., gauge volumes). 3DXRD with a conical slit was demonstrated to observe crystallographic rotations of individual grains in mm-sized pure aluminum during plastic deformation [35,36]. Scanning 3DXRD with a conical slit was demonstrated to evaluate type III stress in plastically deformed mm-sized low-carbon steel [29]. 3DXRD-based techniques, including HR-3DXRD, can be combined with conical slits and then applied to larger and thicker metallic samples if higher-energy X-rays are available. However, the conical slit in such 3DXRD-based experiments needs to be optimized for a single crystalline phase, because thicker metallic samples require synchrotron-based X-rays with the photon energy of almost the upper limit of a tunable X-ray energy range restricted by X-ray sources, beamline optics, and focusing optics. Therefore, it is difficult to apply 3DXRD-based techniques with conical slits to larger and thicker samples of various metals and alloys.



The limitation of the conical slit is caused by fixed Bragg angles   2 θ  . A solution to the limitation is the use of a   2 θ  -sweepable rotating spiral slit [37]. Using the rotating spiral slit, diffraction spots could be detected independently of crystalline phases from grains inside a gauge volume in a thick metallic sample. Here, we introduced a rotating spiral slit to scanning 3DXRD. As the first step of scanning 3DXRD with a spiral slit, we demonstrated orientation mapping for non-deformed single-phase metals without significant intragranular misorientations. The orientation mapping for metals of body-centered cubic (BCC) and face-centered cubic (FCC) lattices was achieved by scanning 3DXRD with a compact rotating spiral slit and a 50-keV X-ray microbeam. The X-ray energy was determined as the upper limit of the tunable energy range determined by focusing optics.




2. Materials and Methods


2.1. Data Acquisition


In scanning 3DXRD, a monochromatic X-ray pencil beam with a beam size smaller than a grain size illuminates a polycrystalline sample. While the sample rotates around the z-axis, diffracted beams from multiple grains are detected as diffraction spots on a far-field area detector, as shown in Figure 1a, where   x y z   is the laboratory coordinate system and the incoming pencil beam is parallel to the y-axis. Diffraction images from the far-field detector are continuously acquired every  ω  step from  ω  = 0° to  ω  =   ω max  , where  ω  is the rotation angle of the sample around the z-axis. Because of tomographic reconstruction stated below with a computed tomography-like geometry, 180° at least is needed for   ω max  . After this  ω  scan, the sample is translated by   Δ X   in the x direction using a translation stage located under an  ω  rotation stage. Although the X scan step   Δ X   should be matched to the beam size,   Δ X   slightly larger than the beam size is acceptable for scan time saving because slight sampling errors are negligible as long as   Δ X   is much smaller than a grain size. The  ω  scan is repeated from X =   −  X m    to X =   X m  , where X is the sample translation in the x direction, and the incoming microbeam penetrated the  ω  rotation axis at X = 0. From this  ω -X scan data, an orientation map with a spatial resolution of   ∼ 2 Δ X   and a field-of-view (FoV) with a diameter of   2  X m    in the   x y   plane can be reconstructed using the scanning 3DXRD method [28].




2.2. Reconstruction


Here, we summarize the reconstruction procedures of the scanning 3DXRD method [28] as follows.



	
Extraction. Certain specific diffraction images are extracted from the  ω -X scan data. The extracted specific diffraction images correspond to the acquired images when the incoming beam penetrates an arbitrary point Q. In this condition, only the point Q is always illuminated by the incoming beam during the   ω max   rotations. A region with a center of Q and a diameter of   ∼ 2 Δ X   is also illuminated during the   ω max   rotations due to the beam size, which corresponds to a spatial resolution to determine orientation.



	
Multigrain indexing. Multiple grains can be produced as candidate grains that occupies the point Q by applying multigrain indexing for the extracted diffraction images. Orientations and N are determined for each candidate grain, where N is the number of detected diffraction spots for a grain. If the sample consists of multiple crystalline phases, multigrain indexing is conducted for each phase.



	
Normalization. A normalization factor, M, for the dependency of N on orientation and crystalline phases is calculated, where M is the theoretically expected maximum of N. The normalization factor M is calculated considering not only a sample-to-detector distance and the active area size of the detector but also non-detectable (shadow) areas due to the holder of a beam stop, the rotation mechanism of a spiral slit, etc.



	
Repetition. An arbitrary point can be selected anywhere within FoV with a diameter of   2  X m    and a center matched with an  ω  rotation center in the   x y   plane. The above extraction, multigrain indexing, and normalization are repeated for all of voxels within FoV. The voxel size is set to   Δ X   for simplicity.






Thus, we obtained an orientation map with multiple candidates of orientation per voxel with a spatial resolution of   ∼ 2 Δ X   and FoV of a diameter of   2  X m   .




2.3. Postprocess


For ideal cases without significant experimental errors, an orientation map with single orientation per voxel is obtained by simply selecting orientation with the highest    N ′  = N / M   among candidates at each voxel. For cases with experimental errors due to insufficient diffraction intensities, etc., a better orientation map can be obtained by applying postprocesses using the information on the orientation of neighboring voxels in addition to   N ′  . Here, we proposed a simple postprocess as follows.



First, a voxel was randomly selected from an orientation map. Misorientations were evaluated between orientation with the highest   N ′   in the selected voxel and orientation with first, second, and third highest   N ′   in first neighboring voxels. If the misorientations were smaller than  δ , the first neighboring voxels and the selected voxel were regarded as voxels in the same grain. The same judgment was conducted with misorientations between the first and second neighboring voxels. These steps were repeated until no new neighboring voxels were found. When the number of voxels regarded as voxels in the same grain was larger than a threshold, the voxels were extracted as a single grain and deleted from the original orientation map. Next, a voxel was randomly selected from the orientation map in which a single grain was deleted in the previous process. The same series of judgments with misorientations between neighboring voxels was conducted. Then, a next single grain might be extracted. The extractions of a single grain were repeated until no new grain was found. Thus, an orientation map with single orientation per voxel was obtained.




2.4. Role of a Spiral Slit


Multigrain indexing is based on the detection of diffraction spots from a polycrystalline sample. One of the limitations comes from the overlap of diffraction spots due to the detection of diffracted beams from a large number of strained grains. This situation mostly happens for thick strained metallic samples. We conquered the limitation of multigrain indexing-based techniques by developing scanning 3DXRD with a high-energy microbeam and a conical slit for single-phase alloys. Because a conical slit can form a gauge volume in a thick sample, a high-energy microbeam and the gauge volume allowed us to reduce the overlap of diffraction spots by restricting the number of detectable grains, as shown in Figure 1b. In addition, the conical slit can accept peak shifts   Δ θ   of Bragg angles   2 θ   due to elastic strains for grains existing around the center of the gauge volume, as long as the conical slit can be located close to the sample. We achieved the evaluation of type III stress in 1-mm-sized plastically-deformed low-carbon ferrite steel using a microbeam with a photon energy of 50 keV and a conical slit designed for ferrite [29]. However, Bragg angles of the conical slit needed to be optimized for BCC ferrite and a photon energy of 50 keV. Although a conical slit designed for BCC can be applied to FCC if X-ray photon energy can be tuned, the scanning 3DXRD experiments with the conical slit were restricted to only BCC ferrite, because the X-ray photon energy range was limited by focusing optics and X-rays of the upper limit of 50 keV in the energy range were needed for the 1-mm-thick steel sample. Additionally, observed   Δ θ   values were underestimated because it was difficult to locate the conical slit very close to the sample due to an in-situ stress rig, and then acceptable   Δ θ   values were restricted.



A rotating spiral slit allowed us to overcome the obstacles of conical slits (Figure 2a). The rotating spiral slit has the functions of the sweeping of   2 θ   by rotating the spiral slit and the formation of a gauge volume (Figure 2b). Diffracted beams from various metals and alloys become acceptable by sweeping   2 θ  . Additionally, unlimited   Δ θ   and strain are acceptable for all the grains in the gauge volume.




2.5. Experiments and Materials


Scanning 3DXRD experiments with a rotating spiral slit were performed using an undulator beamline BL33XU at SPring-8. Undulator radiation was monochromatized to 50 keV with a liquid nitrogen-cooled Si 311 double-crystal monochromator. The monochromator was calibrated with the K-edge of Cu. The monochromatic beam was focused into 1 × 1 μm using 400-mm-long Pt-coated Kirkpatrick-Baez mirrors with incident angles of <1.3 mrad. The focused microbeam was irradiated to a sample mounted on an  ω  rotation stage. The sample was rotated around the z-axis with a constant rotation speed of 1.2 °/s. Diffracted beams were detected through a rotating spiral slit using a flat-panel X-ray detector (2923NDT, Dexela, London, UK) with an active image area of 291 mm wide and 230 mm high and a sample-to-detector distance of 346 mm. The rotating spiral slit with a minimum aperture of 20 μm covered   2 θ   from 3.5° to 20°. Diffraction images were continuously recorded every 0.6° from 0° to    ω max  =  180 °    during  ω  rotations. The exposure time of the images corresponds to 500 ms. Assuming that the mean grain size of the sample was more than 10 μm, the X scan step was set to   Δ X = 1.2   μm.



Single-phase BCC and FCC polycrystalline samples were prepared. The BCC sample was extracted from a commercially available cold-rolled steel sheet defined as SPCC according to the Japanese industrial standard [38]. The steel sheet with a thickness of 1 mm was cut using a wire cutter to have the shape of a tensile test piece with a width of 1 mm at a gauge section. The αFe sample with a tensile test piece shape was mounted on the  ω  stage with the longitudinal direction parallel to the z axis. Therefore, the cross-sectional area of the αFe sample in the observed   x y   plane was 1 × 1 mm2. The FCC sample was cut from a commercially available pure Cu wire with a diameter of 1 mm. The Cu wire sample was mounted on the  ω  stage with the axial direction parallel to the z axis. Therefore, the cross-sectional area of the Cu sample in the observed   x y   plane was 0.79 mm2.




2.6. Rotating Spiral Slit


A compact rotating spiral slit was fabricated so that the rotating spiral slit was located between the sample and the detector. The compact spiral slit with a diameter of 150 mm and a depth of 95 mm (external dimensions) was composed of parts of slit blades on a blade holder and a rotation mechanism with a compact motor, as shown in Figure 3. The blades were fabricated from three thin tungsten plates with a thickness of 1 mm and a width of 100 mm. Inclined through-grooves with a width of 0.5 mm were machined into the tungsten plates using a wire cutter, and inclined gaps were formed by stacking the three blades. Each blade had four spiral-shaped, 0.5-mm-wide grooves and a center bore, as shown in Figure 4a,b. The blades were mounted on a rigid holder made of brass with a center bore and a function of the alignment of each blade (Figure 4c). A pipe shaft was inserted into the center bore of the holder from the rear side and fixed to the holder. Using an appropriate hole shaft fit tolerance, the blades were mounted on the holder from the front side through the pipe shaft. Each blade was independently and slightly rotated around the y axis, where the pipe shaft was parallel to the y axis. Then, four spiral-shaped inclined gaps were formed. The gap widths, i.e., slit apertures, were designed as    L G  tan 2 θ   so that   L G   was independent of   2 θ  , where   L G   was the length of the gauge volume in the y direction. A minimum gap of 20 μm was formed at   2 θ   = 3.5°, corresponding to   L G   = ∼330 μm. After the alignment, the three blades were fixed to the pipe shaft through the holder. The pipe shaft was linked to a compact motor using reduction and bevel gears. The mechanical errors of the assembled rotating spiral slit were estimated to be about 15 μm and 35 μm at most for runout and deflection, respectively. The rotating spiral slit was mounted on a five-axis stage for three translations and two tilts and was located at a designed position with a working distance of 170 mm between the omega axis and surface of the first blade. The compact spiral slit was aligned so that the incoming beam passed through the internal bore of the pipe shaft (Figure 5a). The pipe shaft was rotated at 8400 rpm with an acceleration time of a few minutes (Figure 5b). The beam stop and detector were located at the downstream of the spiral slit. A reference powder sample in a capillary with a diameter similar to   L G   was mounted at the rotation center of the omega stage with the longitudinal direction of the capillary parallel to the omega rotation axis. At first, Debye–Sherrer rings were partially observed from the rotating reference sample. Finally, the rotating spiral slit was aligned with the five-axis stage so that the whole Debye–Sherrer rings were observed.





3. Results and Discussion


The  ω -X scans were conducted for   X m   = 108 and 90 μm with measurement times of 8.5 and 7 h for the  α Fe and Cu samples, respectively. Orientations were analyzed with 110, 200, 211, 220, 310, and 222 reflections for  α Fe and 200, 220, 311, 400, 331, and 422 reflections for Cu. The postprocess for reconstruction was conducted with the misorientation parameter of   δ =  2 °   .



Figure 6 shows the orientation and   N ′   maps obtained from the cold-rolled  α Fe steel sheet sample with a field-of-view of 216 μm in diameter. Each pixel with a pixel size of 1.2 × 1.2 μm has an orientation represented as the longitudinal direction of the tensile test shape sample in the basic triangle of the pole figure of BCC. In the orientation map, grains and grain boundaries are indicated by regions enclosed by the same orientations (or the same colors) and boundaries between different orientations (or different colors), respectively. Intragranular misorientations were estimated to be less than 1° for the grains. Uncolored white pixels imply reconstruction errors, not fine spheroidal cementite particles or voids. Polygonal grain shapes and clear grain boundaries are observed, which are commonly seen for annealed polycrystalline metals and alloys.



The mean of   N ′   and the range of M were estimated to be 0.70 and 81–86, respectively, from the   N ′   map (Figure 6b). It can be seen that the   N ′   values reach about 0.9 at the centers of grains, which indicates that about 90% of the theoretically expected number of diffraction spots per grain were detected. This result implies that the compact rotating spiral slit functioned and its mechanical errors were acceptable for orientation mapping.



Figure 7 shows orientation and   N ′   maps obtained from the Cu wire sample with a field-of-view of 180 μm in diameter. In the orientation maps, the orientation is represented as the axial and radial directions in the basic triangle of the pole figure of FCC because of the wire texture. Although   N ′   of small grains did not reach 0.9, it is obvious that polygonal grain shapes and grain boundaries were also successfully reconstructed for the FCC sample. Thus, the reconstruction of BCC/BCC and FCC/FCC grain boundaries was achieved for the BCC and FCC respective samples using a reconstruction parameter,   N ′  , independent of crystalline phases and the same experimental setup. This implies that BCC/FCC grain boundaries can be reconstructed with similar completeness.



Orientation mapping was achieved for different metals by sweeping   2 θ   with a rotating spiral slit. In addition to orientation mapping, the spiral slit could let us evaluate type II and III stresses more quantitatively compared with conical slits, as   Δ θ   is also acceptable by sweeping   2 θ  . The evaluation of type II and III stresses is interesting, especially for the multiphase alloys consisting of grains with different Young’s moduli and yield strengths, such as TRIP steel, which contains BCC and FCC grains. The reconstruction of BCC/BCC, FCC/FCC, and BCC/FCC grain boundaries is important, as stress redistributions for BCC and FCC grains depend on neighboring grains. Scanning 3DXRD with a spiral slit is especially suitable for cases in which both grain mapping and type II and III stress evaluations are necessary.



Historically, a conical slit was reported in 2000 [34] and applied to 3DXRD in 2003 [35]. A rotating spiral slit and scanning 3DXRD were reported in 2014 [37] and 2015 [28]. Eventually, a rotating spiral slit has been applied to scanning 3DXRD in this work (2023). Although we used 1-mm-thick non-deformed metallic samples without significant intragranular misorientation, scanning 3DXRD with a rotating spiral slit has been successfully demonstrated as the first step. In principle, the method will be applicable to plastically-deformed thicker metallic samples and quantitative stress evaluation using X-rays with higher photon energy, which are important next steps.



The drawback of using a rotating spiral slit is the long measurement time. The exposure time in the measurements with the spiral slit is almost 10 times (and the sample rotation speed was decreased by approximately 10 times) that in the measurements with a conical slit [29]. Nevertheless, uncolored white pixels without orientations appeared not only at grain boundaries but also in grains, which implies that the intensities of diffraction spots were insufficient. Noisy diffraction images due to low diffraction intensities give rise to experimental errors for the evaluation of N. The errors decrease the completeness of an orientation map. A solution for the drawback is to increase in the aperture ratio of the spiral slit. Although the four spiral-shaped inclined gaps were prepared in this demonstration, the aperture ratio can be increased by adding the number of the spiral-shaped inclined gaps. The decrease in stiffness of the tungsten blade plates due to additional spiral-shaped inclined through-grooves can be prevented because the blades are fixed to the rigid holder.




4. Conclusions


We herein proposed a scanning 3DXRD method with a rotating spiral slit. By sweeping Bragg angles using the rotating spiral slit, we can obtain diffraction images with patterns of diffraction spots from multiple grains in a gauge volume in a thick metallic sample independently of crystalline phases. From such diffraction images, orientation and stress maps can be reconstructed for various metals and alloys. Validation experiments were conducted with a 50-keV X-ray microbeam for two single-phase metals, low-carbon steel for BCC, and pure Cu for FCC. As a result of orientation mapping with a pixel size of 1.2 × 1.2 μm, polygonal grain shapes and clear grain boundaries were successfully observed for both BCC and FCC metals. This implies that scanning 3DXRD with a rotating spiral slit is adaptable to various metals and alloys, multiphase alloys, and quantitative stress evaluation. Furthermore, if a higher-energy microbeam is available, scanning 3DXRD with a rotating spiral slit will be applicable to larger and thicker deformed metallic samples instead of current miniature test or wire-shaped samples.
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Figure 1. (a) Schematic of the experimental setup of scanning 3DXRD with a conical slit and (b) an illustration showing the role of the conical slit. Diffraction spots from multiple grains are detected through the conical slit with a far-field detector. The conical slit forms a gauge volume (  L G  ) in the sample, which allows us to reduce the overlap of diffraction spots by restricting the number of detectable grains. Generally, acceptable Bragg angles (  2 θ  ) need to be optimized for a single crystalline phase and use X-ray photon energy. 






Figure 1. (a) Schematic of the experimental setup of scanning 3DXRD with a conical slit and (b) an illustration showing the role of the conical slit. Diffraction spots from multiple grains are detected through the conical slit with a far-field detector. The conical slit forms a gauge volume (  L G  ) in the sample, which allows us to reduce the overlap of diffraction spots by restricting the number of detectable grains. Generally, acceptable Bragg angles (  2 θ  ) need to be optimized for a single crystalline phase and use X-ray photon energy.



[image: Qubs 07 00016 g001]







[image: Qubs 07 00016 g002 550] 





Figure 2. (a) Schematic of the experimental setup of scanning 3DXRD with a spiral slit and (b) an illustration showing the role of the spiral slit. Diffraction spots from multiple grains are detected through the spiral slit with a far-field detector. The spiral slit is rotated with a compact motor. The rotating spiral slit has the function of the sweeping of   2 θ  . Diffracted beams from multiple crystalline phases become acceptable by sweeping   2 θ  . In addition,   Δ θ   and strain are acceptable, where   Δ θ   is the deviation of Bragg angles due to strain. The spiral slit also forms a gauge volume (  L G  ) in the sample to reduce the overlap of diffraction spots by restricting the number of detectable grains. Scanning 3DXRD with the rotating spiral slit is applicable to multiple crystalline phases. 
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Figure 3. (a) External and (b) cross-sectional views of the design of the compact rotating spiral slit composed of tungsten blade plates (1), a blade holder (2), a pipe shaft (3), and a compact motor (4). (c) Schematic of the cross section of the tungsten blade plates with 0.5-mm-wide inclined through-grooves. An inclined slit aperture with a minimum gap of 20 μm is formed by aligning the first (1.1), second (1.2), and third (1.3) blade plates with a thickness of 1 mm. 
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Figure 4. (a) Design drawing and (b) a photograph of a 100-mm-wide tungsten blade plate with four 0.5-mm-wide spiral-shaped inclined through-grooves. The inclination angles were ∼20°, 14.5°, 9°, and 3.5° at parts A, B, C, and D, respectively. (c) Photograph of the assembled blades on the rigid holder made of brass. 
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Figure 5. Photographs of (a) the assembled spiral slit located between the sample and detector and (b) the rotating spiral slit with a rotation speed of 8400 rpm. 
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Figure 6. (a) Orientation and (b)   N ′   maps obtained from the low-carbon steel sample. The field-of-view and the pixel size are 216 μm in diameter and 1.2 × 1.2 μm, respectively. Orientation is represented as the longitudinal direction of the tensile test shape sample in the basic triangle of the pole figure of BCC. The longitudinal direction is parallel to the z axis. Grains and grain boundaries are indicated by regions enclosed by the same orientations (or the same colors) and boundaries between different orientations (or different colors), respectively. Uncolored white pixels imply reconstruction errors. 
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Figure 7. (a,b) Orientation and (c)   N ′   maps obtained from the Cu wire sample. The field-of-view and the pixel size are 180 μm in diameter and 1.2 × 1.2 μm, respectively. Orientation is represented as the (a) axial and (b) radial directions of the wire sample in the basic triangle of the pole figure of FCC. The axial direction is parallel to the z axis. Uncolored white pixels imply reconstruction errors. 
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