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[bookmark: _Hlk152164085]The grain boundary diffusion process (GBDP) is one of the most efficient treatments for increasing the coercivity (Hc) of Nd-Fe-B magnets. However, this enhancement typically occurs at the expense of remanence (Mr). In this study, micromagnetic simulations were performed to quantify this tradeoff in hot-deformed Nd-Fe-B magnets subjected to the GBDP using a Nd-based eutectic alloy. The GBDP was imitated in a series of models with a gradually increasing volume fraction of the infiltrated Nd-rich nonmagnetic phase. This infiltration reduced the remanence and grain connectivity via the remaining thin magnetic intergranular phase (IGP), which in turn increased the coercivity. We distinguished between the roles of exchange and magnetostatic interactions in this coercivity enhancement. Furthermore, the simulated Mr vs. Hc curves defined realistic limits for coercivity that depended on the IGP magnetization, which was estimated to be 0.9 ± 0.1 T by reproducing experimental Mr vs. Hc data from the literature.
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Nanocrystalline anisotropic Nd-Fe-B permanent magnets have a prospect of achieving high coercivity with improved thermal stability and less or even no reliance on heavy rare earth elements [1-4]. These magnets are usually produced by the hot deformation of melt-spun ribbons [1,5]. This deformation results in platelet-shaped Nd2Fe14B grains with a typical width of 200–500 nm and aspect ratio of 3–5. The grains are compressed along the c-axis and closely packed, creating a c-axis crystallographic texture. An important microstructural feature is the intergranular phase (IGP) which is localized at the 1–4 nm thin interface between adjacent grains [6]. This IGP is typically amorphous and has a high content of Fe and Co, i.e., 50–70 at.% in total at the ab-interfaces [6-9]. Consequently, the thin IGP is considered magnetic, enabling undesirable exchange coupling between grains. This is one of the main factors hindering the coercivity, which should be higher considering the fine grain size of hot-deformed Nd-Fe-B magnets [2,4].
To suppress the detrimental role of thin magnetic IGP, a grain boundary diffusion process (GBDP) can be performed using a low-melting-point eutectic alloy, such as Nd-M [10-20], Pr-M [13,21,22], Nd-Dy-M [23], Nd-Tb-M [24], and others [3,25] (M = Cu, Al, Ga, Zn, Fe, and their combinations). A hot-deformed magnet is coated with such alloy and heat-treated at relatively low temperatures (600-700 °C) that do not remarkably coarsen the grains. During this process, the rare-earth-rich nonmagnetic phase diffuses into the magnet along the flake boundaries and into the flakes through triple junctions [14], resulting in better magnetic isolation of the grains. This significantly increases the coercivity (µ0Hc) from 0.9–1.5 to 2.5–2.6 T at room temperature [10-20], but at the expense of reduced saturation magnetization and remanence (Mr). When a eutectic alloy contains Pr or heavy rare earth elements (HREE) such as Dy and Tb, the infiltration additionally results in a core-shell grain structure with enhanced magnetocrystalline anisotropy of shells, further improving the coercivity up to 3.0 T [1,13,21-25]. Hereafter, the GBDP refers to processing with a eutectic alloy unless otherwise specified.
Micromagnetic simulations have been extensively employed to explain the effect of the GBDP on the hysteretic properties of hot-deformed Nd-Fe-B magnets. In particular, the simulations have addressed the enhancement of coercivity [10], its improved thermal stability [21,24], details of the nucleation process, role of the core-shell structure along with its nonuniformity [21,24], influence of coarse grains near the surface of flakes [18,22], and effect of diffusion depth [16]. However, most micromagnetic models represent an idealistic scenario wherein the entire thin magnetic IGP becomes a thicker nonmagnetic phase after the GBDP. Figure 1a shows a high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image superimposed with an energy-dispersive X-ray spectroscopy (EDS) map of a hot-deformed Nd-Fe-B magnet after the GBDP using the eutectic Nd-Cu alloy. This is representative of the typical microstructure of such magnets. Two regions are highlighted at the boundaries of a grain: a region where the grain is covered by the Nd-rich phase depleted in Fe (Fig. 1b), and a region where the grain is still in contact with another one through the thin IGP with high Fe content (Fig. 1c), which is expected to be magnetic. Such adjacent grains, as in the latter case, can be seen in the scanning electron microscopy (SEM) images of many samples after the GBDP [10-15,17-19,21,23-25], so the magnetic isolation of grains is often incomplete [10,15]. To account for this microstructural feature, a new micromagnetic model is required in which both the rare-earth-rich nonmagnetic phase and thin magnetic IGP are introduced in a more realistic manner.
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Figure 1. (a) Low-magnification HAADF-STEM image combined with STEM-EDS map of a hot-deformed Nd-Fe-B magnet after the GBDP using the eutectic Nd-Cu alloy. It shows the typical microstructure with incomplete grain isolation by the Nd-rich phase. This is highlighted in two regions with the (b) Nd-rich phase and (c) thin IGP, whose high-resolution HAADF-STEM images are shown along with composition line profiles extracted from corresponding STEM-EDS.
In this work, micromagnetic simulations were used to investigate how the incomplete magnetic isolation of grains affects the coercivity of hot-deformed Nd-Fe-B magnets processed via grain boundary diffusion with a Nd-based eutectic alloy. Microstructural transformations after the GBDP were imitated in a series of models wherein the volume fraction of the Nd-rich nonmagnetic phase was gradually increased, while the contacts between grains through the remaining thin IGP were reduced. This improved the coercivity, while the remanence deteriorated naturally. Accordingly, Mr vs. Hc trade-off curves of hot-deformed Nd-Fe-B magnets were simulated and analyzed to provide insights into the mechanism of coercivity enhancement as well as the magnetism of thin IGP.
We developed finite element models that mimicked hot-deformed Nd-Fe-B magnets subjected to the GBDP in several steps. First, the initial polycrystalline geometry was generated in the Neper package using Laguerre tessellation with a specified grain aspect ratio and default grain-growth morphology [26]. To introduce the intergranular phases, an approach proposed for tomography-based models was adapted [27]. Each initial polyhedral grain was represented as an axis-aligned bounding box after faceting by planes that defined the interfaces with adjacent grains (see Fig. 2a for the schematic). These cutting planes were fixed; hence, when the bounding box was scaled down with respect to its center, the transformed grain had less or no contact area with neighboring grains (Fig. 2b; the central grain was transformed accordingly, while its neighbors were left unchanged for simplicity). Then, the thin magnetic IGP was introduced at the grain interfaces (Fig. 2c) and the final geometry was regularized [27]. The Nd-rich nonmagnetic phase was constructed by subtracting the grains and thin IGP from the model volume.
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Figure 2. (a) Two-dimensional schematic of a grain created by faceting its bounding box with cutting planes. (b) Transformed grain after scaling down the bounding box under fixed cutting planes. Neighboring grains were kept unchanged for simplicity. (c) Construction of thin IGP following the algorithm from Ref. [27]. The transformed grain exhibited reduced IGP coverage that imitated the GBDP.
Following the described workflow, 11 models were created, in which the nonmagnetic Nd-rich phase was varied from 2 vol.% (no GBDP imitation) to 55 vol.% by tuning the scaling coefficient. Figure 3a shows the extreme models and an intermediate one, each with a sliced fragment to demonstrate the inner part. In the range of 2–55 vol.%, the areal coverage of grains with the nonmagnetic Nd-rich phase significantly changed from 13 to 96% (Fig. 3b). To compensate for the decrease in grain size due to reduced bounding boxes, the models were accordingly scaled up (Fig. 3a) to maintain the mean grain size (D) and aspect ratio (AR) at 175 ± 5 nm and 3.9 ± 0.2, respectively. Figure 3c shows similar distributions of D and AR for the models with the smallest and largest Nd-rich phase contents. Note that both D and AR are volumetric estimates obtained via arbitrarily aligned 3D bounding boxes defined for each grain after faceting (D = max(E) and AR = max(E)/min(E), where E is a list of box edges). Experimental D and AR from SEM images tend to be underestimated; for example, the model with 2 vol.% of the Nd-rich phase exhibited D2D = 140 nm and AR2D = 3.4 evaluated from 2D slices of the model by xy-planes (10–20% decrease with respect to the actual values). With this in mind, we compared the synthetic microstructures of the models with those of real hot-deformed Nd-Fe-B magnets subjected to the GBDP from Refs. [10-18]. The experimental AR varied within the range of 2.8–3.4 corresponding well to AR2D in the models. In addition, the overall grain morphology of the models (Fig. 3a) was visually similar to that of SEM images [10-18]. However, the typical grain size of 230–330 nm was approximately twice as large as D2D in the models even though we created the largest possible models with reasonable statistics (189–199 grains) given the memory limitation of our computational facilities. As final notes on the models, the thickness of the magnetic IGP was set to 3.5 nm; this phase and grain surfaces were discretized with a mesh size of 2.3 nm, which was allowed to gradually increase up to 5 nm toward the grain depth. The largest model comprised 189×106 tetrahedral elements.
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Figure 3. (a) Several micromagnetic models of hot-deformed Nd-Fe-B magnets wherein the Nd-rich nonmagnetic phase was varied from 2 to 55 vol.% upon grain boundary diffusion imitation. (b) Dependence of grain coverage by the Nd-rich phase on its volume fraction; a direct correspondence of the Nd-rich phase volume fraction to its areal fraction in 2D slices (as in SEM images) is also shown. (c) Distributions of grain width and aspect ratio for selected models. (d) Distribution of the angle between inclined easy magnetization axis (EA) and axis of crystallographic texture (z-axis).
Micromagnetic simulations were carried out on NVIDIA A100 GPUs using the “b4vex” code, which performs the free energy minimization [28]. Magnetic properties of the Nd2Fe14B phase were prescribed to the grains: saturation magnetization µ0Ms = 1.61 T, uniaxial magnetic anisotropy constant K1 = 4.36 MJ/m3, and exchange stiffness A = 8 pJ/m. The saturation magnetization of the thin IGP was varied in the range of 0–1.5 T, while its exchange stiffness was scaled as  [9,27] with respect to the Nd2Fe14B phase. The magnetic anisotropy of the thin IGP was neglected. All models had the same set of easy magnetization axes (EAs), and the inclination angles of EAs from the z-axis (c-axis texture) followed a normal distribution with a standard deviation (SD) of 9.3° (Fig. 3d). This distribution was considered a representative case according to the tomographic data in Ref. [27]. In addition, the model without GBDP imitation (2 vol.%) exhibited Mr/Ms = 0.93 at IGP µ0Ms = 0.9 T, which is comparable to 0.94 for the hot-deformed magnet from Ref. [15].
The hysteresis loops of all models were simulated for different magnetizations of the thin IGP. Second quadrants of the loops are shown in Fig. 4 for some selected models with 6, 24, and 46 vol.% of the Nd-rich nonmagnetic phase. The obtained remanence vs. coercivity dependencies are summarized in Fig. 5a, which also includes relevant experimental data for hot-deformed Nd-Fe-B magnets after the Nd-based GBDP [10-18]; an alternative data representation of the coercivity vs. IGP magnetization is available in Supplementary Information (Fig. 1). Note that the simulation results were corrected by a -0.1 T shift along the coercivity axis to compensate for the twice smaller grain sizes in the models compared to those in the magnets from Refs. [10-18]. This correction was justified by a model with D = 370 nm and low vol.% of the Nd-rich phase; its coercivities at different IGP Ms were, on average, lower by 0.1 T than those of the corresponding model with D = 175 nm (Supplementary Fig. 2). Furthermore, the applied correction was in good agreement with the extrapolated experimental Hc(D) dependence from Ref. [29].
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Figure 4. Simulated hysteresis loops of hot-deformed Nd-Fe-B magnets subjected to eutectic grain boundary diffusion up to (a) 6, (b) 24, and (c) 46 vol.% of the Nd-rich nonmagnetic phase. Only the second quadrant of the loops is shown. Simulations were performed for different magnetizations of the thin intergranular phase.
We first analyzed the case of exchange-decoupled grains (IGP µ0Ms = 0 T) wherein the imitated GBDP only modified the magnetostatic interaction between grains. The coercivity exhibited a high value of 3.17 T and did not significantly change until the Nd-rich phase approached approximately 30 vol.%. Before this threshold, most of the grains retained connectivity through adjacent facets (Fig. 5b, i), thus still strongly interacting via the stray field. Therefore, a grain with the lowest nucleation field easily initiated a stray field-mediated cascade magnetization reversal. As a result, the coercivity was predominantly determined by the nucleation field of that grain (a so-called “weak link” [30]). This reversal could be suppressed after approximately 30 vol.% of the Nd-rich phase, when the net-like grain connectivity deteriorated enough to start splitting into grain clusters (Fig. 5b, ii-iv). This was accompanied by an almost linear increase in coercivity up to 3.75 T at 55 vol.% of the Nd-rich phase. One can interpret this within the Kronmüller theory of coercivity [31] as a decrease in the effective demagnetization factor, which has been experimentally observed in the ambient temperature range [9,32].
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Figure 5. (a) Simulated remanence vs. coercivity of hot-deformed Nd-Fe-B magnets as the content of the Nd-rich nonmagnetic phase increased, imitating grain boundary diffusion by a Nd-based eutectic alloy. Simulations were performed for different magnetizations of the thin IGP. Solid lines are guides for the eye. Dashed lines indicate the volume fraction of the Nd-rich phase (for simulations only). Experimental data are taken from Refs. [10-18]. (b) Graph representation of grain connectivity. Grains are indicated by center-located nodes connected by edges if the corresponding grains have a contact through the thin IGP. Colors encode different clusters of adjacent grains, while isolated grains are gray.
[bookmark: _Hlk154595768]Next, we considered the case of exchange-coupled grains, starting with the highest IGP magnetization of 1.5 T (Fig. 5). The coercivity dropped down to 1.98 T and remained the same up to about 46 vol.% of the Nd-rich nonmagnetic phase, at which the total area of the thin magnetic IGP and its grain coverage were reduced by more than an order of magnitude (see 2–46 vol.% range in Fig. 3b). Apparently, the thin IGP contributed in a local manner by decreasing the nucleation field of some “weak” grains (Supplementary Fig. 3). Even a small amount of such a highly magnetized phase near the grain edges is sufficient to significantly promote nucleation, and thus cascade magnetization reversal. Therefore, a higher content of the Nd-rich nonmagnetic phase is required to overcome the enhanced reversal and initiate an increase in coercivity.
In the aforementioned extreme cases of either strongly exchange-coupled or decoupled grains, the GBDP was inefficient in improving the coercivity in the low-infiltration range (< 30 vol.% of the Nd-rich phase). In this range, the grains were still well-connected, but their coverage by the thin IGP was significantly reduced. However, the situation was different for the intermediate cases when the IGP had moderate magnetization. In particular, the coercivity prominently increased at IGP µ0Ms of 0.45–0.6 T (Fig. 5). Thus, coercivity is sensitive to grain coverage by the IGP when its magnetization takes values at which the nucleation field exhibited the maximum change (Supplementary Fig. 3). This implies that the GBDP is most beneficial for moderate IGP magnetization.
In the high-infiltration range, all Mr vs. Hc curves showed a linear trend with the same slope as that in the exchange-decoupled case (Fig. 5). Therefore, this increase in coercivity was solely controlled by the magnetostatic interaction. The exchange interaction just defined the intercept by affecting nucleation.
Finally, we compared our simulation results with experimental data from Refs. [10-18]. The Mr vs. Hc curve at IGP µ0Ms = 0.9 T (A = 2.5 pJ/m) reproduced the experimental data well in the range of 24–46 vol.% of the Nd-rich phase (Fig. 5). This is the first estimation of the magnetization of thin IGP in hot-deformed Nd-Fe-B magnets. All previous studies on IGP magnetization were performed on sintered Nd-Fe-B magnets, yielding values in the range of 0.4–1.1 T [33-37]. Another conclusion is that IGP magnetization/composition in real magnets does not significantly change with the Nd-based GBDP, as assumed in simulations. Otherwise, the Mr vs. Hc data would show a smaller slope for highly infiltrated magnets. The discrepancies between experimental and simulated coercivities below 24 vol.% of the Nd-rich phase can be attributed to coarse and defective grains commonly present at the flake boundaries and magnet surface. When the GBDP is applied, the Nd-rich nonmagnetic phase first isolates these detrimental defects, which gradually improves the coercivity. Our models were considered as the internal parts of flakes, so such defective grains were not accounted.
In summary, we performed micromagnetic simulations of hot-deformed Nd-Fe-B magnets on models that imitated microstructural transformations after the grain boundary diffusion using a Nd-based eutectic alloy. The series of Mr vs. Hc trade-off curves were calculated for different magnetizations of the thin IGP. The IGP strongly affects the nucleation of magnetization reversal in the grains, so the infiltration reduces the grain coverage with this phase, suppressing its detrimental role. This is the main mechanism of coercivity enhancement until the Nd-rich nonmagnetic phase approaches the percolation threshold, when the net-like interconnected grains start splitting into clusters (≈ 30 vol.%). However, this mechanism is efficient only if the IGP has a moderate magnetization of 0.4–0.6 T. In real magnets, an additional contribution to coercivity enhancement comes from the magnetic isolation of defective grains at the magnet/flake surface. After the threshold, the linear increase in coercivity is mostly governed by the magnetostatic interaction. These results imply that the most promising way to improve the coercivity of hot-deformed Nd-Fe-B magnets while maintaining a reasonable remanence involves decreasing the IGP magnetization, whose current value was estimated to be 0.9 ± 0.1 T. This work also demonstrated the feasibility of high-remanent (m0Mr ~ 1.4 T) HREE-free Nd-Fe-B magnets with high coercivity (m0Hc > 3 T) if the nonmagnetic IGP can be achieved.
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Micromagnetic Simulations of Hot-deformed Nd-Fe-B Magnets
after Grain Boundary Diffusion Process
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Supplementary Figure 1. Simulated dependencies of coercivity on magnetization of thin intergranular phase (IGP) for hot-deformed Nd-Fe-B magnets subjected to the eutectic grain boundary diffusion process up to different vol.% of the Nd-rich phase. The mean remanences  are given for each model. The solid lines are guides for the eye.
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Supplementary Figure 2. Simulated dependencies of coercivity on magnetization of thin IGP for two models of hot-deformed Nd-Fe-B magnets with different grain widths (D) but same aspect ratio (AR). Both models had a similar low vol.% of the Nd-rich phase. The estimated mean coercivity difference was used to correct the simulation results, compensating for the grain size discrepancy between the models and real magnets from Refs. [10-18]. The solid lines are guides for the eye.
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Supplementary Figure 3. (a) Decrease in nucleation field (Hn) vs. magnetization of thin IGP simulated for a toy model – an isolated platelet grain fully covered by IGP. (b) Geometry of toy model and used micromagnetic parameters. IGP exchange stiffness was assumed to scale as  with respect to that of the Nd2Fe14B phase.
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