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Abstract

This study focuses on the modelling of the microstructure of Nd-Fe-B-based permanent magnets with
inclusions of various shapes using the OOF2 software. Nd-Fe-B magnets are key components in renewable energy
technologies, particularly in electric vehicles and wind turbines. However, their production poses technological
challenges, notably due to the reliance on imported rare-earth elements.

The objective of this research is to analyse residual stresses and misfit strains in polycrystalline structures
with different types of inclusions (specifically copper, Cu, in the form of spherical and triangular particles), which
arise as a result of thermal processes and structural phase interactions.

Using the finite element method implemented in OOF2, numerical models were constructed to evaluate the
influence of microstructural parameters on the magnetocrystalline anisotropy and coercivity of the magnets. The
results obtained may be utilised to optimise manufacturing processes and enhance the performance of Nd-Fe-B
permanent magnets.

Keywords: Nd-Fe-B magnets, microstructure, residual stress, misfit strain, OOF2, magnetocrystalline
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Rare-earth-based permanent magnets, particularly neodymium-iron-boron (Nd,Fey;B), are
indispensable components in modern technologies aimed at the advancement of green energy. They are
widely used in electric vehicle motors, wind turbine generators, and other high-tech devices that require
high magnetic energy density and stability. Due to their unique magnetic characteristics, sintered Nd-Fe-B
magnets exhibit high coercivity and remanence. However, their microstructure is complex, and their
magnetic properties are highly sensitive to microstructural features.

It is well known that during powder sintering and subsequent annealing, secondary phases form in the
intergranular regions and triple junctions. These phases consist of heodymium, copper, and compounds
involving iron, oxygen, boron, and other elements [1]. Such inclusions generally exert a detrimental effect
on the magnetic properties of the bulk material, both due to their intrinsic physical properties and due to
mechanical interactions with the main phase. These mechanical effects manifest as residual stresses and
type-1l strains that arise at grain boundaries during thermal processing, due to mismatches in thermal
expansion coefficients, phase transformations, and related factors.

Variations in atomic spacing within the crystal lattice associated with such stresses and strains can
significantly alter the magnetocrystalline anisotropy of an otherwise stress-free crystal, directly
influencing the magnetic properties of the material [2-7].

The accurate prediction of residual strains presents several challenges, primarily due to the
complexity and uniqueness of the microstructure — such as grain size and shape, intergranular phase



distribution, crystallographic orientation, and the morphology of inclusions. Additionally, it is difficult to
precisely determine the physical and mechanical properties of the secondary phases, including volume
change coefficients, thermal expansion, and elastic moduli.

A detailed analysis of selected microstructural scenarios characteristic of sintered Nd-Fe-B
magnets, alongside systematic accumulation of data, will not only enable estimation of residual strains,
but also contribute to the development of integrated models for structure optimisation, thermal treatment
regimes, and magnet design.

It is evident that analytical methods possess significant limitations and can be applied only to
simplified or idealised cases [4]. Approaching realistic scenarios necessitates the use of numerical
techniques and specialised software tools.

In this study, the mechanical state of polycrystalline Nd-Fe-B magnets containing various types of
inclusions was modelled using the OOF2 computational package. This software enables simulation of the
stress—strain state in polycrystals based on real or synthetic microstructural images [8, 9]. Accordingly, the
work investigates the influence of inclusion shape and orientation on the distribution of residual stresses
and localised strains.

Acrtificial microstructures of Nd-Fe-B crystals were modelled with inclusions made of a secondary
material, represented by shapes commonly found in actual sintered magnets — such as spheres and
triangles of varying geometries (Figures 1, 2). The model geometry was constructed to reflect different
inclusion morphologies, allowing a comparative analysis of residual stress distributions across the various
scenarios.
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Figure 1. Strain distribution in the Nd-Fe-B magnet structure with copper (Cu) inclusion in the form of a spherical element (a), an
equilateral triangular element (b), a curved convex triangular element (c)

The physical and mechanical properties of the primary Nd-Fe-B phase (stiffness matrix,
coefficients of thermal expansion) were taken from literature [10]. The crystal orientation was set to (001),
with the vertical axis aligned accordingly. The material properties of the inclusions were assumed to
correspond to pure copper, as copper represents a plausible inclusion scenario with well-established
material parameters.

Thermal strains resulting from cooling after sintering and annealing (from 500 °C) were considered in the
simulations. These were accounted for using the respective coefficients of thermal expansion,
crystallographic orientation, and stiffness constants for each constituent material.
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Figure 2. Strain distribution in the Nd-Fe-B magnet structure with copper (Cu) inclusion in the form of a curved concave
triangular element. The shape of the inclusion elements was adapted from [2]

Analysis of the simulation results revealed that the geometry of inclusions significantly affects
stress concentration. Triangular inclusions induce highly localised stress zones at their vertices, whereas
spherical inclusions result in a more uniform distribution. This indicates that the inclusion shape may be a
critical factor in designing microstructures with optimised magnetic performance.

Conclusions

The conducted simulations demonstrated that accurate evaluation of the stress—strain state within
the microstructure of Nd-Fe-B magnets reveals essential micromechanical factors influencing their
magnetic behaviour.

Residual stresses arising from the mismatch in thermal expansion coefficients between Nd-Fe-B
and copper lead to the development of localised deformations. The peak strain levels in the triple junction
interface zones for the studied inclusion geometries ranged from approximately +0.005 to +0.015,
depending on the inclusion shape and crystal orientation. This corresponds to an estimated impact on
coercivity of around 10%, underlining the importance of mechanical effects in magnet design.

Considering the shape and spatial distribution of inclusions within the microstructure may serve as
an effective engineering tool for optimising magnet performance while reducing dependence on rare-earth
material content.

Future work will aim to extend the range of analysed inclusions by incorporating other material
types and geometries, as well as to perform experimental validation of the numerical simulation results.
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MOJIEJIOBAHHS JE®OPMALII ACOLIIIIOBAHUX 13
3AJIMIIKOBUMM HATIPYKEHHSIMM 2-TO POJIY B
CHEYEHMX MOCTIMHUX MATHITAX Nd-Fe-B METOJAOM
CKIHYEHHMX EJIEMEHTIB

AHoTanist

YV pobomi posensidacmvcs modemosants Mikpocmpykmyp nocmiinux maenimie Ha ochosi Nd-Fe-B 3
BKIIOHEeHHAMU Pi3HOT hopmu 30 donomoz2oto npozpammozo 3abesnedenns OOF2. Nd-Fe-B maenimu e xmouwosumu
KOMNOHEHMAaMU y MEeXHON02IAX GIOHO6I0BAHOI eHEPeemUKU, 30KpeMA 8 eleKmpoMOOiAX ma eimposux mypOiHax.
Oouaxk ix 6upoOOHUYMBO CYNPOBOOINCYEMBCA MEXHOTIOTUHUMU BUKTIUKAMU, 30KPEMA Yepe3 3aIe)HCHICMb 6I0 iMnopmy
PpIOKO3eMeNbHUX eleMeHmis.

Memoro 0ocnioscenns € aHani3z 3aIUWKOSUX HANPYIICEHb | MICIMHUX Oepopmayiil y NONIKPUCMATYHUX
cmpykmypax 3 pizhumu exmovennsmu (3okpema mioi CU y euensnoi chepuunux ma mpukymHux GKIOYEHb), Uo
BUHUKAIOMb YHACTIOOK MEPMIUHUX NPOYecis I CmpyKmypHoi 63aemo0ii ¢as.

3a donomozoio memody rinyesux enemenmis, peanizosanoco ¢ OOF2, 6y10 nobyoosano uucenvui mooeri,
AKL 003605110Mb  OYIHUMU  BNJIUE MIKPOCIMPYKIMYPHUX NAPAMempie HA MACHIMOKPUCMATIYHY AHI30MPOniio ma
KoepyumueHy cuny maenimie. Ompumani pe3yiomamu Moxicyms Oymu GUKOPUCMAaHi 0Jisi ONMuMizayii 6upooHUHUuX
npoyecis [ nidsuwenns egpexkmuerocmi nocmitinux maznimie Nd-Fe-B.

Karouosi caosa: Nd-Fe-B marmitu, MikpocTpykTypa, 3aiMIIKOBI HampyKeHHs, MichirtHi medopmartii,
OOF2, maritoxkpucraniqHa aHI30TPOIIisS, KOCPUUTHBHA CHJIA, PIAKO3EMENbHI CIIEMEHTH, BKIJIFOYCHHS,
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