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Abstract

:

Textured microstructures and anisotropic properties are key factors for the optimization of magnetic materials. Only for high texture grades can the remanence Jr and the maximum energy product (BH)max be maximized. In additive manufacturing such as laser powder bed fusion (PBF-LB), methods to achieve texture have to be developed. In this work, anisotropic (CoCuFeZr)17Sm2 sintered magnets have been used as a substrate in experiments featuring single laser tracks to study the relationships between crystallographic orientation of the substrate grains and crystallographic orientation of grain growth in the melt-pool. The <0001> crystal direction (c-axis) of the substrate has been systematically varied with respect to the orientation of the laser scan track on the specimen surface. Crystallographic orientations of the melt-pool and the substrate have been analyzed using electron backscatter diffraction (EBSD). It is found that if the c-axis is oriented perpendicular to the temperature gradient in the melt-pool, grains grow with orientation similar to that of the substrate grain. If the c-axis and the temperature gradient are oriented in the same direction, the grains grow with high misorientation to the substrate. The highest anisotropy in the melt-pool is achieved when the substrate’s c-axis is oriented along the laser scan track. Under these conditions, 98.7% of the melt-pool area shows a misorientation <45° compared to the substrate orientation. The texture grade of the melt-pool area is comparable to that of the substrate magnet, at 91.8% and 92.2%, respectively.
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1. Introduction


Permanent magnets are important components in electric machines such as generators and motors and therefore are a key component in the transition to environmentally friendly energy generation and transportation. The most powerful FeNdB permanent magnets are manufactured by powder metallurgical processes, where a textured microstructure is realized by aligning powder particles in a magnetic field. The resulting magnets possess a high coercivity µ0Hc, a high remanence Jr, and a high maximum energy product (BH)max. The value of the remanence is highly dependent on the crystallographic orientation of the c-axis of individual grains (texture grade) that is achieved during processing [1,2]. Recently, alternative processing methods using additive manufacturing techniques have been tested. Using laser powder bed fusion (PBF-LB) additive manufacturing with FeNdB alloys has so far resulted in samples with nanocrystalline microstructures [3,4,5,6,7]. The samples showed high coercivities, however, with remanences around half of the saturation polarization Js. This texture grade Jr/Js~0.5 indicates a largely isotropic microstructure. Only in one case did PBF-LB processing of FeNdB result in a textured microstructure [8]. The samples showed a microstructure of fine lamellar Fe14Nd2B phase with preferential growth along the building direction. This led to a crystallographic texture with c-axis orientation perpendicular to the building direction. However, due to the elongated grains and insufficient decoupling of grains by the grain boundary phase, the samples did not exhibit a high coercivity.



Using PBF-LB additive manufacturing for two other permanent magnetic materials, FePrCuB [9,10] and (CoCuFeZr)17Sm2 [11], samples with partial anisotropy could be produced. The two materials are known to show anisotropic microstructures when directional solidification occurs on the mold wall during casting [12,13,14] or when directional solidification techniques are used [15,16,17,18,19]. The cast samples do not exhibit high coercivity in the as-cast state. However, in both cases, high coercivities develop during subsequent heat treatment, during which the necessary phases and microstructures are formed. By PBF-LB additive manufacturing and subsequent material-specific heat treatment of Fe73.8-Pr20.5-Cu2.0-B3.7, Goll et al. [9] achieved a remanence of Jr = 0.67 T when measured with the magnetic field oriented along the scanning direction. With a saturation polarization of Js = 1.0 T, this corresponds to a texture grade of Jr/Js = 0.67. In the case of (CoCuFeZr)17Sm2 [11], PBF-LB manufactured and heat-treated samples resulted in a remanence of Jr = 0.78 T when measured with the magnetic field oriented along the scanning direction. Compared to an isotropic sintered magnet of similar composition and a remanence of Jr = 0.63 T, the remanence of the additively manufactured magnet is ~24% higher. With an estimated saturation polarization of Js~1.2 T, the texture grade of the additively manufactured sample is Jr/Js~0.65.



Assuming that the texture evolution in PBF-LB additive manufacturing could be understood, controlled, and maximized, the magnetic properties could be substantially improved. If a texture degree of Jr/Js = 0.9 could be achieved, the resulting (CoCuFeZr)17Sm2 magnet would reach a remanence of up to Jr = 1.1 T and a maximum energy product of up to (BH)max = 220 kJ/m3, respectively.



Recent work has shown how the laser parameters (laser power, scan velocity) and the resulting geometry of the melt-pool (depth, width) affect the solidification behavior of (CoCuFeZr)17Sm2 in the melt-pool [20]. Using single-track experiments on isotropic (CoCuFeZr)17Sm2 magnets, it was shown how an advantageous choice of parameters leads to columnar dendritic growth of grains. A preferred growth direction of the grains was found along the temperature gradient, perpendicular to the melt-pool boundary. In numerous of the analyzed melt-pools that exhibited columnar dendritic growth, the crystallographic orientation of some substrate grains was continued by the grains inside the melt-pool with little or no misorientation. In other areas of the same melt-pool, the orientation of the substrate was not continued, and the resulting crystallographic orientation of the corresponding grains inside the melt-pool differed strongly. This suggests that besides the temperature gradient, there is another factor influencing the growth of textured microstructures in the melt-pool. This additional influencing factor is assumed to be the crystallographic orientation of the substrate.



Research on textured microstructures in PBF-LB so far has been mainly focused on the influence of laser parameters and scanning strategies. Therefore, only little is known about the influence of textured substrates on the crystallographic orientation of grains formed in the melt-pool during the PBF-LB process. Few publications have analyzed the texture evolution for laser material deposition (LMD) of Ni-alloys on single crystal substrates [21,22,23,24,25,26]. It was found that the orientation of the substrate was continued in the deposited area with little misorientation when the substrate was oriented with the <001> crystal direction along the building direction. Only a small zone on the surface showed an equiaxed microstructure with isotropic orientation, caused by the faster cooling in contact with the atmosphere [21,26]. Furthermore, a relationship was found between the substrate orientation and the preferred growth direction in PBF-LB additive manufacturing of Ni- and Ti-alloys [27,28]. If the substrate was oriented with its preferred growth direction along the temperature gradient in the melt-pool, the crystallographic orientation was maintained during grain growth in the melt-pool [27]. If the substrate was oriented with the preferred crystal growth direction along the building direction, the crystallographic orientation of the substrate grains was continued in the built-up material with low misorientation. When the substrate orientation was changed to a different configuration, the resulting crystal growth direction increasingly deviated from the substrate orientation [27,28]. During laser melting (e.g., in PBF-LB additive manufacturing), the temperature gradient is not uniform over the whole melt-pool area. According to experimental results and simulations from the literature [29,30,31], the temperature gradient is oriented approximately perpendicular to the melt-pool boundary and increases towards the bottom of the melt-pool. Therefore, the laser parameters (e.g., laser power PL, scanning speed vs) that determine the characteristics of the melt-pool (width, depth and aspect ratio) also influence the temperature gradient [31,32].



So far, all research in this field has been carried out on materials with cubic crystal structures, where the preferred crystal growth direction is <001>. This highly symmetric crystal structure makes the orientation of the substrate along the temperature gradient quite simple. (CoCuFeZr)17Sm2, on the other hand, features a complex crystal structure that varies with the annealing conditions. In the as-cast or as-built (in PBF-LB) condition, the microstructure comprises a hexagonal primary 17:2 phase (Th2Ni17 type; a = 0.84 nm, c = 0.85 nm) and Sm-rich peritectic phase. During material-specific three-step heat treatment, a three-phase nanostructure is formed in a self-organized process [33,34]. It consists of Fe-rich rhombohedral 17:2 matrix phase (Th2Zn17 type; a = 0.84 nm, c = 1.22 nm), hexagonal Cu-rich 5:1 (CaCu5 type; a = 0.50 nm, c = 0.40 nm) cell walls and Zr-rich lamellae [35,36,37,38]. Both 17:2 crystal structures are based on the 5:1 type crystal structure and are formed by substitution of Sm atoms by Co and stacking of substituted layers [39]. Because of the similarity of these three phases, they can all be indexed in electron backscatter diffraction (EBSD) analysis using the Co5Sm phase. It is known from the literature that the preferred crystal growth direction of the 17:2 phase can change from parallel to the <0001> direction to perpendicular to it in directionally solidified bulk samples, depending on the specific chemical composition and solidification conditions (temperature gradient and growth rate) [15,18,19]. In previous research on PBF-LB additive manufacturing of (CoCuFeZr)17Sm2, Goll et al. [11] found anisotropic microstructures with preferred growth along the building direction, with the <0001> crystal direction oriented perpendicular to that. The preferred crystal growth direction of (CoCuFeZr)17Sm2 in the scenario of solidification in the laser melt-pool is therefore assumed to be perpendicular to <0001>.



Single-track experiments have proven to be a useful strategy for efficient analysis of fundamental relationships of laser–material interaction (e.g., influence of laser power and scanning speed on melt-pool size and shape, on grain size and shape and solidification texture) in PBF-LB additive manufacturing of FeNdB- [6], (CoCuFeZr)17Sm2- [20], Al- [40,41], Cu- [42], Ni-alloys [42,43], steels [42] and alumina [44].



The objective of this work is to analyze the relationships between the crystallographic orientation of the substrate and the crystallographic orientations of the grains that have been formed in the laser melt-pool. Single-track laser experiments are performed on anisotropic (CoCuFeZr)17Sm2 sintered magnets. The orientation of the <0001> crystal direction in the substrate is systematically varied in respect to the laser scan vector. The resulting microstructure and texture in the melt-pools are analyzed using EBSD.




2. Materials and Methods


Single-track experiments were performed on anisotropic (CoCuFeZr)17Sm2 sintered magnets to investigate the relationship between the crystallographic orientation of the substrate grains and the crystallographic orientation of grains formed in the laser melt-pool efficiently. The sintered magnets of composition Co61.4-Cu6.2-Fe18.8-Zr1.9-Sm11.7 were provided by Arnold Magnetic Technologies. From the magnets, samples of size 20 mm × 20 mm × 3 mm (length l × width w × height h) were cut using a diamond band saw. The substrate magnets were ground by hand using 220 grit SiC-paper to achieve homogeneous absorption of the laser on the surface. The experiments were conducted under Ar atmosphere in a sealed processing chamber. A fiber laser (TruFiber 1000, TRUMPF, Ditzingen, Germany) with a wavelength of 1070 nm and a maximum output power of 1000 W was used to expose the samples. The exposed laser tracks had a length of 18 mm and a spacing of 1 mm between lines. For the experiments, the laser was defocused by 5 mm to increase the laser spot diameter from 46 µm (in focus) to 200 µm. Laser parameters (laser power PL = 200 W, scanning speed vs. = 800 mm/s), as well as the defocus, were derived from previous experiments [20]. In the previous experiments, these parameters produced a microstructure with mostly columnar dendritic growth in the melt-pool.



While the laser parameters are kept constant for all three samples, the orientation of the magnetically easy axis (c-axis, <0001> crystal direction) is systematically varied as shown in Figure 1. In the first sample (Figure 1a), the c-axis is oriented perpendicular to the laser scan vector and parallel to the direction of the laser beam, along the sample direction A1. In the second sample (Figure 1b), the c-axis is oriented perpendicular to the laser scan vector and the direction of the laser beam, along the sample direction A2. In the third sample (Figure 1c), the c-axis is oriented parallel to the laser scan vector, along the sample direction A3.



To avoid damage during the following materialographic preparation, the samples were infiltrated with epoxy resin. Cross-sections of the samples were cut, using a high-precision diamond bandsaw. The cut samples were embedded in epoxy resin, and mechanically ground and polished. The polished microsections were analyzed in a scanning electron microscope (Sigma 300 VP, ZEISS, Jena, Germany) using EBSD with an EDAX camera and software (Hikari, OIM v8.6 orientation imaging microscopy, EDAX-Ametek, Weiterstadt, Germany).



From the EBSD scans, inverse pole figure maps, pole figures, crystal direction maps and crystal direction charts were created, to qualitatively and quantitatively analyze the textured microstructures of the substrate and the melt-pool of the three samples. The crystal direction maps and crystal direction charts were used to illustrate and quantify the orientation relationships between the microstructures in the substrate and the melt-pool. Additionally, a method to determine the direction of the temperature gradients in the melt-pool via analysis of the grain shape orientation angle from EBSD data from [20] was used. The reconstructed local temperature gradient was used to illustrate and discuss the relationships between the temperature gradient and the preferred crystal growth direction.




3. Results


The results of the three single-track experiments on anisotropic (CoCuFeZr)17Sm2 sintered magnets are presented in the following. In Figure 2, the inverse pole figure (IPF) maps (a–c) and corresponding pole figures (d–f) of the three single-track samples are illustrated. The melt-pool boundary is marked by a dashed line. The c-axis direction of the substrate is annotated in the IPF maps. The pole figures show points belonging to the melt-pool area in black and points from the substrate in blue. The three melt-pools show a depth of around 80–90 µm and a width of 160–175 µm. This accounts for a melt-pool aspect ratio of around 0.5. This value is higher than the aspect ratio of 0.3, achieved in previous experiments with the same parameter set [20]. However, the microstructure of the three melt-pools shows mainly columnar dendritic growth, which was the main objective for the presented investigations.



In the first sample (Figure 2a,d), the c-axis is oriented in the vertical image direction, along the sample direction A1 (annotated in the pole figure). Except for one grain on the left side of the melt-pool, no clear relation between the orientation of grains in the substrate and melt-pool is visible in the IPF map. The pole figure shows a wider spread of the points from the melt-pool (black) than the substrate (blue), indicating a larger misorientation and thus lower anisotropy. The second sample (Figure 2b,e), with c-axis orientation in the horizontal image direction (along sample direction A2), shows a similar behavior. Only for one grain, a good correlation between the orientation of substrate and melt-pool grains is visible in the IPF map. Again, the pole figure shows a wider spread of points from the melt-pool (black) than from the substrate (blue), indicating a larger misorientation and thus smaller anisotropy. In the third sample (Figure 2c,f), the c-axis is oriented out-of-plane in the IPF map, along the sample direction A3. A good accordance of the orientation of the grains in the melt-pool and the substrate is visible, with most grains showing a red color, indicating an orientation of the <0001> crystal direction (c-axis) along the sample direction A3 (out-of-plane). The pole figure confirms this first impression, showing a similar spread of points from the melt-pool area (black) and the substrate (blue).



Although the IPF maps and pole figures represent a good overview of the crystallographic orientations in the acquired image area, it is difficult or impossible to deduce sufficient information about the anisotropy of the sample from those alone. One issue of the IPF map is the missing information on orientation in the image plane. This becomes visible when comparing samples one (Figure 2a) and two (Figure 2b). Both show mainly blue and green grains, indicating an orientation of the crystal directions <10−10> and <2−1−10> along the sample direction A3, respectively. The different orientation of the c-axis, however, in both samples is not represented. The pole figure, on the other hand, shows this difference, but without spatial resolution.



These limitations require a different approach to visualize and quantify the orientation dependencies. In anisotropic permanent magnet materials, the orientation of the magnetically easy axis is of most interest. The sample direction in which the c-axis of most of the grains is oriented will exhibit the highest remanence and thus the highest (BH)max value. In (CoCuFeZr)17Sm2 magnets, this easy axis is the <0001> crystal direction (c-axis). To visualize the anisotropy, the misorientation of the <0001> crystal direction is shown for the three samples in Figure 3a,c. The reference direction for the misorientation is the sample direction in which the c-axis of the substrate magnet was oriented. For sample one, this is the sample direction A1, for the second sample, the sample direction A2, and for the third sample, the sample direction A3. The sample coordinate system is annotated in the images, and the corresponding reference direction is marked. To quantify these results, the angle between the <0001> direction and the reference sample direction for each pixel is plotted as cumulative number fractions in the graphs in Figure 3d–f. Each graph contains one dataset for the points that belong to the melt-pool and one for the points from the melt-pool. From the alignment angle graphs (Figure 3d–f), a mean misorientation can be calculated for the substrate and the melt-pool.



Figure 3a shows the alignment of the <0001> crystal direction along sample direction A1 in sample one. It shows a good alignment of the substrate grains around the melt-pool, as well as a good alignment of the grains on the left and right sides of the melt-pool. In the center of the melt-pool, the grains show a misorientation of 45° or more. In general, only 55.8% of the melt-pool area shows a misorientation <45°. The alignment graph (Figure 3d) for sample one shows a strong deviation of the alignment in the melt-pool from the substrate. This is also reflected in the mean misorientation angle. The mean angle for the substrate is 18.5°, while the mean angle for the melt-pool is 36.9°. Figure 3b shows the alignment of the <0001> crystal direction along sample direction A2 in sample two. The grains on the sides of the melt-pool show a misalignment of 45° or more, while the grains in the center of the melt-pool show good alignment with the corresponding substrate grains. The alignment in the melt-pool of sample two seems more or less the inverse of the alignment in the melt-pool of sample one. In the melt-pool of sample two, 70.8% of the area shows a misorientation <45°. The alignment graph of sample two (Figure 3e) again reflects this partial alignment with higher misorientation in the melt-pool than in the substrate with mean misorientation angles of 35.0° and 17.2°, respectively. This difference in the mean misorientation angle of ~18° is similar to the difference in the mean angles of sample one. Figure 3c shows the alignment of the <0001> crystal direction along sample direction A3 in sample three. Sample three shows a quite good alignment of the grains in the whole melt-pool, with 98.7% of the melt-pool area showing a misorientation <45°. This is also reflected in the alignment graph (Figure 3f). The cumulative curves of the substrate and the melt-pool are congruent, and the mean alignment angles of the substrate and the melt-pool only differ by 0.5°, with 17.9° and 18.4°, respectively.



In sample three, the texture in the melt-pool was even high enough to calculate the degree of alignment from the EBSD analysis. In sample one and two, the texture is too weak for a quantitative analysis of the degree of alignment. While the substrate magnet shows a texturing degree of 92.2%, the texturing degree of the melt-pool area is insignificantly lower, at 91.8%.




4. Discussion


The results show that there are close relationships between the crystallographic orientation of the substrate and the microstructure and the crystallographic orientations in the melt-pool after solidification. According to the literature presented in Section 1—Introduction, it can be concluded that the preferred growth direction of the crystal lattice should be aligned in the same direction as the preferred growth direction of grains (along the temperature gradient) during solidification to achieve the best possible texture [27,28]. In the case of the laser melt-pool, the preferred grain growth direction is along the temperature gradient, which is always approximately perpendicular to the melt-pool boundary [29,30,31]. As established from the literature in Section 1—Introduction [11,15], the preferred crystal growth direction of (CoCuFeZr)17Sm2 in the laser melt-pool is perpendicular to the <0001> crystal direction. Figure 4 shows a schematic representation of the three samples from this work, with the temperature gradients in the melt-pool and the crystallographic orientation of the respective substrate material. For sample one (Figure 4a), the c-axis is perpendicular to the temperature gradient on the sides and parallel in the middle section of the melt-pool. Therefore, the preferred crystal growth direction and the temperature gradient are in parallel on the sides. This is reflected in the results presented in Figure 3a. The grains on the sides of the melt-pool adopt the favorable orientation of the substrate, while the grains in the middle section grow with large misorientation to the substrate grains.



For sample two (Figure 4b), this relation is inverted. The c-axis is in parallel to the temperature gradient on the sides and perpendicular in the middle; therefore, the preferred growth direction is in parallel to the temperature gradient in the middle section of the melt-pool. Again, this is reflected in the results for sample two, presented in Figure 3b, where the grains in the middle section of the melt-pool grow with the favorable crystallographic orientations of the substrate grains, while the grains on the sides of the melt-pool grow with different orientation to correct the unfavorable orientation of the substrate. In sample three (Figure 4c), the c-axis is oriented out-of-plane, while the temperature gradient is in-plane in the whole melt-pool. Therefore, the preferred growth direction of the crystal is in parallel to the temperature gradient in the entire melt-pool area. This can be seen in the results in Figure 3c, where almost all grains in the melt-pool adopt the favorable crystallographic orientation of the substrate. These findings stand in good accordance with experimental results, as well as simulations from the literature [21,27,28,45]. Wherever the preferred grain growth direction along the temperature gradient and the preferred crystal growth direction from the substrate are parallel, the crystallographic orientation of the substrate grains is continued in the melt-pool.



This schematic reduces the three-dimensional melt-pool into one plane perpendicular to the laser scan vector, and a secondary temperature gradient is found along the scan vector from the melt-pool to the already solidified material further back in the scan track. According to the literature [29,30,31,46,47], this gradient decreases from the front of the melt-pool to the back and can cause a slight angle in the grain growth towards the front on the scan track but does not significantly influence the growth direction of the columnar grains in the melt-pool [45,48]. Furthermore, the influence of the cooling rate is not taken deeper into consideration in the presented experiments. Like the temperature gradient, the cooling rate is not uniform throughout the melt-pool [29,30,49]. The cooling rate mainly affects the nucleation rate and thus the grain size. For the presented experiments, the grain size plays a negligible role, and the grain orientation should not be affected by the cooling rate.



To highlight the results of the experiments and to show the relations between the temperature gradient, the preferred growth direction, as well as the orientations of substrate and melt-pool grains, two substrate grains together with the grains growing from them in the melt-pool were extracted from the EBSD datasets: one where the preferred crystal growth direction of the substrate grain is in parallel to the temperature gradient, and one where it is perpendicular. Figure 5 shows the IPF-maps (Figure 5a,b) with the relevant grains (region of interest, ROI) highlighted. As a visual guide, the unit cell in its actual orientation is drawn inside the highlighted grains in some positions. The inset of Figure 5a,b shows the pole figure of the highlighted portion, with the substrate orientation marked in red, and the mean temperature gradient for the melt-pool grains as an arrow. The angle of the temperature gradient was determined by the method proposed in [20], by analyzing the grain shape orientation angle. Additionally, the crystal direction maps for the two extracted areas are shown in Figure 5c,d. The reference direction in each case is the crystal direction of the substrate grain with respect to A3. The legend IPF triangle shows the substrate orientation and the 10° tolerance.



From the pole figure in Figure 5a, the angle between the c-axis (<0001> crystal direction) of the substrate and the temperature gradient can be determined. Measured in clockwise direction from A1, the angle of the substrate grain c-axis is 77° as determined from the EBSD analysis. The mean angle of the temperature gradient in the ROI, calculated via the grain shape orientation, is 152°. Thus, the orientation of the preferred crystal growth direction, which is perpendicular to the grain c-axis (77° + 90° = 167°) corresponds very well to the orientation of the preferred grain growth along the temperature gradient (152°), having a difference of only 15°. The crystal direction map in Figure 5c shows the deviation of the grain orientation from the substrate orientation in the range from 0° to 10°. Eighty-four percent of the grain area belonging to the melt-pool shows a deviation <10°. Looking at the pole figure of the less favorable oriented grain in Figure 5b, the angle between the c-axis and the temperature gradient can be calculated. Here, the deviation of the temperature gradient from A1 is 182°, while the angle of the c-axis is 170°. This results in an angle of 78° between the preferred crystal growth direction and the preferred grain growth direction along the temperature gradient. The result of this large mismatch of the two angles can be seen in the crystal direction map in Figure 5d. Most of the area inside the melt-pool shows a deviation of > 10° from the substrate orientation, and only 28.2% of the melt-pool grain area shows a deviation < 10°. As can be seen in the IPF-map and the pole figure in Figure 5b, the crystallographic orientation of the melt-pool grains is also spreading widely, resulting in a largely isotropic microstructure.




5. Conclusions


In this work, three single-track experiments on anisotropic sintered (CoCuFeZr)17Sm2-magnets were carried out to analyze the relationships between the crystallographic orientation of the substrate grains and the crystallographic orientation of grains that have been formed in the laser melt-pool. It was found that a strong relationship exists between the crystallographic orientation of the substrate grains and the crystallographic orientation of grains in the melt-pool after solidification. When the substrate provides an orientation where the preferred growth direction of the crystal structure is aligned in parallel to the preferred grain growth direction in the melt-pool along the temperature gradient, grains in the melt-pool grow with low misorientation (misorientation < 10°) from the substrate orientation.



For the (CoCuFeZr)17Sm2-alloy, the preferred crystal growth direction is perpendicular to the <0001> crystal direction (c-axis). Because the temperature gradient in the melt-pool is perpendicular to the melt-pool interface, its direction changes over the cross-section. Therefore, the use of anisotropic substrates with c-axis orientation perpendicular to the laser scan track, regardless of the laser beam direction (horizontal) or perpendicular to it (vertical), only parts of the melt-pool area show growth with low misorientation from the substrate. With these substrate orientations, only 55–70% of the melt-pool area showed misorientations of <45° to the substrate reference orientation, and the mean misorientation was around 18° higher than in the substrate. If the c-axis of the substrate is oriented along the scan track, the preferred crystal growth direction is parallel to the temperature gradient over the full cross-section of the melt-pool. Therefore, the entire melt-pool area shows a textured microstructure with low misorientation to the substrate orientation. Additionally, 98.7% of the melt-pool area shows misorientations <45°, and the mean misorientation angle is only 0.5° higher than in the substrate. For the sample with this c-axis orientation, the texture was good enough to calculate a texturing degree. With 91.8%, the texturing degree in the melt-pool is almost identical to the texturing degree of the substrate magnet with 92.2%. These insights are essential to further increase the maximum energy product (BH)max of PBF-LB additively manufactured (CoCuFeZr)17Sm2 permanent magnets.
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Figure 1. Schematic representation of the three different analyzed samples with their c-axis orientation in respect to the laser melt-pool. Each showing the sample coordinate system with the sample directions A1, A2 and A3, as well as the hexagonal (CoCuFeZr)17Sm2 unit cell with a black arrow indicating the c-axis orientation (<0001> crystal direction) in the substrate. The c-axis of the samples is oriented in (a) in vertical direction of the image plane, along sample direction A1, perpendicular to the laser scan track, (b) in horizontal direction of the image plane, along sample direction A2, perpendicular to the laser scan track, and (c) perpendicular to the image plane, along sample direction A3, parallel to the laser scan track. 
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Figure 2. IPF maps (a–c) and corresponding pole figures (d–f) of three different melt-pools in anisotropic sintered magnets of (CoCuFeZr)17Sm2. The c-axis is oriented in (a,d) A1 direction, vertical direction of the image plane, perpendicular to the laser scan track; (b,e) A2 direction, horizontal direction of the image plane, perpendicular to the laser scan track; and (c,f) A3 direction, perpendicular to the image plane, parallel to the laser scan track. Color coding of the IPF maps shows the crystallographic orientation in respect to the sample direction A3 (out-of-plane). The melt-pool boundaries are marked by a dashed line. The c-axis direction of the substrate is noted in the images. The pole figures show points belonging to the substrate in blue and points belonging to the melt-pool in black. 
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Figure 3. Crystal direction maps (top row) and corresponding crystal direction graphs of the three different samples shown in Figure 2. The angular deviation of the <0001> crystal direction of the grains from the (a,d) A1 sample direction, (b,e) A2 sample direction and (c,f) A3 sample direction is represented. The crystal direction maps (a–c) give a color-coded representation of the angular deviation from 0° to 45°. The melt-pool boundaries are marked by a dashed line. The crystal direction graphs (d–f) show the angular deviation of each point of the melt-pool and the substrate as cumulated curves. The mean misorientation angle for substrate and melt-pool is noted in each graph. 
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Figure 4. Schematic representation of the three different analyzed samples with the c-axis oriented (a) in vertical direction of the image plane, perpendicular to the laser scan track, (b) in horizontal direction of the image plane, perpendicular to the laser scan track, and (c) in perpendicular direction to the image plane, parallel to the laser scan track. Each showing the temperature gradient in the melt-pool as arrows with black outline, as well as the hexagonal (CoCuFeZr)17Sm2 unit cell with a black arrow indicating the c-axis orientation (<0001> crystal direction) in the substrate. 
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Figure 5. Exemplary representation of grains with (a,c) favorable and (b,d) unfavorable substrate orientation. (a,b) IPF-maps with highlighted region of interest (ROI) and unit cell drawings in the correct orientation are shown at several positions for visualization purposes. The inset shows the pole figure of the ROI with substrate orientation marked in red and an arrow indicating the mean temperature gradient in the melt-pool area of the ROI. (c,d) Crystal direction maps of the ROI with the substrate orientations (c) <10−1−9 6> and (d) <12−2−10 11> as reference direction. The IPF triangle with the respective reference crystal direction and 10° tolerance is shown as a legend. 
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