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Severe plastic deformation of powder blends consisting of SmCo5-Cu results in magnetically hardened 
nanocomposite bulk materials. Previously it was reported that the microstructure is continuously refined 
with increasing deformation, yet, coercivity saturates at a certain level of strain and partial amorphization 
of the SmCo5 phase is observed. In this work larger strains, over the range of the previous work are applied 
showing further structural refinement but a strong decrease in coercivity. Micromagnetic simulations based on 
the experimentally observed microstructure serve to clarify the effect of amorphization in the SmCo5 phase 
and disclose the detrimental character of the amorphous phase. For a fixed volume fraction of nanocrystals 
the simulations reveal an increasing coercivity with decreasing the size of them due to increasing number 
of interfaces acting as pinning sites. Furthermore, our micromagnetic simulations disclose the mechanisms of 
saturation and decline of magnetic hardening due to the strain induced by high-pressure torsion.
As the demand for renewable energy sources increases, the demand 
for high-performance permanent magnets is also rising [1]. In order 
to fulfill the requirements for suitable hard magnetic materials, good 
intrinsic magnetic properties need to be combined with optimized ex-
trinsic magnetic properties, notably the remanent magnetization 𝑀r
and the coercivity 𝐻c. Therefore, the micro- or nanostructure need to be 
adjusted accordingly. The conventional processing techniques for per-
manent magnets are based on a powder-metallurgical sintering route 
[2]. It has been shown that the coercivity of such magnets usually does 
not exceed 20 −30% of the theoretical prediction of 𝐻c = 2𝐾u∕𝜇0𝑀s (𝐾u
as the 1st magnetocrystalline uniaxial anisotropy constant, 𝜇0 as the 
vacuum permeability, and 𝑀s as the saturated magnetization) given by 
the Stoner-Wohlfarth model for a magnetic field applied along the easy 
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direction [3,2]. Hence, it is challenging to develop a technology to ad-
just the nano- or microstructure of bulk magnetic materials.

Severe plastic deformation such as high-pressure torsion (HPT) is a 
well-known top-down approach to generate ultrafine-grained materials 
[4,5]. Recently it has been shown that HPT applied to powder blends is 
a promising process for the production of textured nanocomposite hard 
magnetic materials [6–9]. However, the process was also applied to 
several different other soft- and hard-magnetic material systems (bulk 
and powders), ranging from pure elements such as iron or cobalt, to 
nanocomposites, high entropy alloys and hard magnetic systems such 
as Nd-Fe-B and Sm-Fe-N. More details of the HPT process applied to 
magnetic materials can be found in recent review papers [9,10]. Ap-
plying the HPT process to powder blends allows the free selection of 
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Fig. 1. (a) Coercivity as a function of the particle size with insets of the room temperature magnetic hysteresis curves measured in axial direction and SEM-BSE 
images of the cross section of the HPT-deformed samples subjected to 1, 20 (adapted from [6] with permission) and 100 rotations, (b) XRD diffractograms, (c) 
4D-SPED orientation and phase map of a HPT-deformed sample subjected to 20 rotations showing two SmCo5 particles containing nanocrystallites in an amorphous 
matrix, separated by a Cu-layer. Diffraction patterns are shown for crystalline and amorphous SmCo and for Cu.
the magnetic phase and the grain boundary phase, without limitation 
of phase formations as in the case of the powder-metallurgical sintering 
route. In addition, HPT enables the adjustment of the microstructure by 
parameter variation such as the applied strain, pressure and tempera-
ture [6,7,9]. However, the microstructural effects on the magnetization 
reversal behavior at small length scales are very difficult to access ex-
perimentally.

Recently, micromagnetic modeling has been successful in simulat-
ing magnetization dynamics under various stimuli such as magnetic, 
elastic, and thermal fields. It has been widely employed in examining 
the role of microstructural features on magnetic reversal mechanisms, 
that is domain nucleation and domain wall pinning [11,12]. Up to date, 
micromagnetic simulations have been successfully performed on var-
ious microstructures of permanent magnets, notably, the nanoscopic 
granular [13–15] and cellular structures [12], in which various struc-
tural features, such as the grain shape [11,16,17], aspect ratio [18], 
and misalignment [13] have been examined and discussed. However, 
the microstructural evolution of nanocomposites, produced by severe 
plastic deformation, has been rarely modeled. Previously, an increasing 
coercivity with increasing strain was reported followed by a saturation 
above 10 HPT rotations [6]. In this work we further increase the degree 
of deformation and investigate the microstructural changes and mag-
netic properties. An emphasis is put on micromagnetic simulations that 
are reflecting experimentally observed microstructural features, to clar-
ify the role of partial amorphization on in HPT processed SmCo5-Cu 
nanocomposites.

The nanocomposites of SmCo5 and Cu were produced by high-
pressure torsion of a powder blend consisting of 80 wt.% intermetallic 
fine-grained powder of SmCo5 (Alfa Aesar) and 20 wt.% of Cu powder 
(99.9%, Alfa Aesar). For this work a sample subjected to 100 rotations 
was prepared, whereas the samples subjected to 1, 10 and 20 rotations 
were taken from previous work [6]. Experimental details as well as de-
2

tails of the investigation by microstructural, X-ray diffraction (XRD) and 
5

magnetic analyses can be found in [6] and in Supplementary Note 1. 
From the sample subjected to 20 rotations a lamella was prepared from 
a region showing strong microstructural refinement. TEM analyses was 
performed by 4D scanning precession electron diffraction (SPED) on a 
JOEL ARM-200F TEM (further experimental details and operation pa-
rameters can be found in Supplementary Note 1).

In Fig. 1a the coercivity is plotted as a function of the particle 
size. 𝐻𝑐 increases with a reduction in particle size for the samples sub-
jected to up to 10 rotations. This increase is predominantly related to 
the particle refinement in combination with thin Cu-layers in between 
the ferromagnetic particles with a sufficient thickness for magnetic de-
coupling [6,19]. With further increase of strain up to 20 rotations 𝐻𝑐

remains nearly constant even though the particle size further decreases 
and reaches the single domain size of 𝑙 = 1.7 μm [20]. Therefore, a fur-
ther increase of coercivity is expected, indicated by the dashed line. 
After 100 rotations the particle size is further diminished, but the co-
ercivity strongly decreases to 0.71 T. The second quadrant of the M(H) 
hysteresis curves, which was used to determine the coercivities can be 
found as an inset. The microstructures of the SmCo5-Cu nanocomposites 
subjected to 1, 20 and 100 rotations obtained by BSE imaging, shown 
as an inset, reveal a refinement with increasing number of rotations. Af-
ter 20 and 100 rotations, the SmCo5 particles show a strong elongation 
perpendicular to the direction of applied pressure while the particles 
are well surrounded by the diamagnetic fcc Cu-phase.

XRD analyses depicted in Fig. 1b reveals a pronounced peak broad-
ening with increasing number of rotations due to grain refinement and 
partial amorphization of the SmCo5 phase on a macroscopic length scale 
as indicated by TEM Fig. 1c. The intensity of Cu-reflexes such as (111)-
and (200)-decreases for the sample subjected to 100 rotations and the 
positions of the SmCo5-reflexes are slightly shifted to smaller angles. 
This shift implies an increased lattice parameter 𝑐 indicating that some 
copper gets dissolved in the SmCo5 phase forming SmCo5−𝑥Cu𝑥 [21] via 

mechanical alloying. SPED investigations by ACOM (Fig. 1c) provide a 
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Fig. 2. Simulated initial hysteresis curves for (a) varying nanocrystal size 𝑙nc with constant volume fraction 𝜑nc = 0.3. Inset: Schematic of the parameterized elliptical 
nanocomposites for micromagnetic simulations; (b) varying 𝜑nc with constant 𝑙nc = 20 nm; (c) micromagnetic models for 𝜑nc = 0.3 and 𝑙nc = 20 nm at specific magnetic 
fields of 𝐻 equal to (c ) 0.0 T, (c ) 0.8 T, (c ) 5.0 T, (c ) 6.5 T and (c ) 8.0 T. Here 𝑀 is valued as the maximum magnetization of each hysteresis.
ext 1 2 3 4 5

visual impression of the crystal orientation and phase distribution at the 
nanoscale. Selected diffraction patterns emphasize partial amorphiza-
tion of the SmCo5 phase, showing diffuse rings in contrast to discrete 
spots for crystalline SmCo5 and Cu. Dark areas in the phase and orien-
tation map correspond to unindexed regions with low reliability in the 
analyses, mostly due to amorphization. In the amorphous SmCo5 phase 
nanocrystals with approximately 10 to 50 nm in size are embedded. The 
volume fraction of the nanocrystals was estimated to 𝜑nc = 0.26 for the 
sample subjected to 20 rotations.

The amorphous phase is believed to play a crucial role in the satura-
tion behavior of coercivity and possibly also in the further decrease in 
magnetic hardening with straining. Even though XRD indicates mechan-
ical alloying in the sample subjected to 100 rotations, this is neglected 
in the following, given that a formation of SmCo5−𝑥Cu𝑥 should not 
lead to the observed decrease in coercivity but rather to an increase 
[21]. We conducted micromagnetic simulations based on experimental 
characterization to understand the saturation of coercivity in a sample 
undergoing 20 rotations. The simulation domains contain an elliptical 
nanocomposite region (major axis of 900 nm, minor axis of 180 nm, 
and aspect ratio of 5:1) and a Cu-coated region (thickness of 50 nm), 
as shown in the inset of Fig. 2a and Fig. S2. SmCo5 nanocrystals were 
generated inside the nanocomposite region with controlled size 𝑙nc and 
volume fraction 𝜑nc. Effects of 𝜑nc and 𝑙nc on the coercivity were then 
separately examined. The micromagnetic simulations were carried out 
by open-source package MuMax3 [22] with numerical details elabo-
rated in Refs. [23,24]. The simulation domains were 1024 ×512 ×20 nm3

in size. Periodic boundary condition (PBC) was applied along the out-of-
plane (𝑧) direction by macro geometry approach [25], while Neumann 
boundary condition was applied on other boundaries [22]. It should be 
notified that the simulation domain is equivalent to an intersection of a 
long elliptic cylindrical structure with columnar nanocrystals, where the 
in-plane domain configuration and domain wall migration are mainly 
resolved. To reduce the computational consumption, finite difference 
grids with 1 × 1 × 10 nm3 in size were employed. Further details are 
summarized in Supplementary Note 2. In order to take numerical fluc-
3

tuations into account, five cycles of the hysteresis were examined for 
s

each nanostructure, with the averaged one presented in the following 
contents.

Following the scenario of micromagnetics (with details summarized 
in Supplementary Note 2), we take the exchange stiffness 𝐴ex, the mag-
netocrystalline anisotropy constant 𝐾u, and saturation magnetization 
𝑀s as the main material parameters. These parameters of nanocrys-
talline SmCo5 employed in the simulation use the ones measured on 
bulk material [26,27], which are listed in Table 1. Due to the lack of 
experimental investigations, the amorphous SmCo5 phase is assumed 
to have the identical exchange stiffness 𝐴ex and saturation magneti-
zation 𝑀s as the nanocrystalline phase, while its magnetocrystalline 
anisotropy is assumed to be uniaxial with 𝐾am

u = 0.01𝐾u, as also listed 
in Table 1. This is based on the experimental observations on similar 
hard magnetic systems, notably amorphous Nd-Fe-B [28–30], where the 
amorphous phase is treated as a soft magnetic matrix and is generally 
known to have negligible magnetocrystalline anisotropy [30–32]. The 
appearance of uniaxial magnetocrystalline anisotropy is due to local in-
ternal stresses or induced anisotropy by applied fields, which explains 
the non-zero 𝐾am

u for the amorphous phase. The Bloch domain-wall 
width is evaluated as 𝑙dw = 2.15 nm in the nanocrystalline phase and 
21.5 nm in the amorphous phase. For the diamagnetic Cu-phase, its 
magnetization with negative linear-correlation w.r.t. 𝐇ext is modeled 
with a magnetic susceptibility 𝜒 as the modification in free energy 
density terms is discussed in Supplementary Note 2, though the Cu-
phase has a negligible contribution to the magnetization reversal of 
the whole nanostructures. As unveiled by microstructure analyses in 
Fig. 1a, SmCo5 particles are surrounded by Cu-phase, implying a mag-
netic decoupling among particles.

It is worth noting that the magnetic exchange coupling on the in-
terface inherently differs from the bulk phases, determined by the local 
structure and chemical component. Such difference further influences 
the domain wall migration across interfaces. Unfortunately, the mod-
eling of such interface effect remains phenomenological and relies on 
parameterization, mostly due to limited dimension and difficulties in 
experimentally determining structure/component of the interfaces. Re-

markably, Vansteenkiste et al. formulate the local effective field on in-
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Fig. 3. Simulated second and third quadrant of the hysteresis curves for (a) varying nanocrystallite size 𝑙nc with constant volume fraction 𝜑nc = 0.3; (b) varying 𝜑nc
with constant 𝑙nc = 20 nm; (c) micromagnetic models for 𝜑nc = 0.3 and 𝑙nc = 20 nm at specific magnetic fields of 𝐻ext equal to (c1) 0.0 T, (c2) -0.9 T, (c3) -4.6 T, (c4) 
-5.5 T and (c ) -6.9 T. Here 𝑀 is valued as the maximum magnetization of each hysteresis.
5 s

Table 1

Micromagnetic parameters of corresponding phases.

𝐴ex (pJ∕m) 𝐾u (MJ∕m3) 𝑀s (kA∕m) 𝜒

SmCo5 (nanocrystal)
8.6

18.3
810.8 -

SmCo5 (amorphous) 0.18
Cu 0 0 0 −6 × 10−5

terfaces as 𝐇intf
ex = 2𝑆

𝜇0
⟨𝐴ex∕𝑀s⟩H∇ ⋅∇𝐦, where ⟨𝐴ex∕𝑀s⟩H represents the 

harmonic mean of 𝐴ex∕𝑀s of adjacent bulk phases (Eq. 9 of Ref. [22]), 
and 𝑆 is a strength factor. It has been shown that the reduced 𝑆 from 
one brings extra pinning effects onto the domain wall migration [33], 
as 𝑆 = 1 can be physically interpreted as a complete atomic contact 
across the interface [34]. To avoid complexity in the analyses, in this 
work we took the default 𝑆 = 1 for both nanocrystal-amorphous and 
inter-nanogranular interfaces with assumption of the complete atomic 
contact, yet understanding the nanoscopic interface exchange coupling 
should be emphasized and, hopefully, explored in future studies with 
advanced characterization methods.

Fig. 2a shows the initial magnetization curves for varying nanocrys-
tal size with a constant volume fraction of 𝜑nc = 0.3 whereas Fig. 2b 
shows it for varying volume fraction with the constant size of the 
nanocrystals of 𝑙nc = 20 nm. To get a precise understanding how the 
initial magnetization occurs in this microstructure exhibiting an amor-
phous matrix with embedded nanocrystals, the micromagnetic simu-
lation of the magnetization processes at different external fields are 
plotted for one specific case of 𝜑nc = 0.3 and 𝑙nc = 20 nm in Fig. 2c. 
In the initial state half of the particle is magnetized upwards and half 
of it downwards (Fig. 2c).

Fig. 2a and b show that the saturation for all different cases is 
achieved at 𝐻ext = 13 T. From the microstructure (Fig. 2c) it is evi-
dent that first the amorphous phase turns its magnetization direction 
towards the external field at very small applied fields before the mag-
netization of the nanocrystals reverses. The continuous magnetization 
of the initial curve in the beginning stems from the amorphous phase. 
4

At the boundaries of nanocrystals the domain wall gets pinned, which 
causes the jumps of the magnetization curve. With increasing external 
field, the domain wall gets unpinned at the boundaries of the nanocrys-
tals and penetrates those. If the magnetization of a nanocrystal points in 
the direction of the external field, the domain grows within a group of 
neighboring crystallites. The jumps originate from single nanocrystals 
or groups of neighboring nanocrystals which change their magnetiza-
tion with increasing field.

Fig. 2a indicates a change of the coercivity mechanism with decreas-
ing size of the nanocrystals from nucleation to pinning dominant for 
𝑙nc = 10 nm. The same can be seen in Fig. 2b for a constant size of the 
nanocrystal 𝑙nc = 20 nm, when having a fully crystallite particle with-
out an amorphous phase. For small volume fractions of nanocrystals 
the coercivity mechanism is nucleation controlled and changes to pin-
ning for 𝜑nc = 1.0. With increasing volume fraction of the crystallites it 
is also obvious that higher fields are necessary to reach magnetization 
saturation.

When applying a negative field after saturation, the second and 
third quadrant of the hysteresis curve is depicted in Fig. 3a for varying 
nanocrystal size with a constant volume fraction of 𝜑nc = 0.3. Fig. 3b 
shows it for varying volume fraction with constant size of the nanocrys-
tals of 𝑙nc = 20 nm. The micromagnetic model can be seen again for dif-
ferent applied external field strengths for one specific case of 𝜑nc = 0.3
and 𝑙nc = 20 nm in Fig. 3c. Fig. 3a shows that a decreasing size of 
the nanocrystals leads to an increasing coercivity for a constant vol-
ume fraction of nanocrystals, since the number of crystal boundaries 
increases and hence pinning sites with decreasing size of nanocrystals.

By the aid of the micromagnetic simulations, it is obvious that when 
applying a negative field after magnetization of the particles (Fig. 3c1), 
the magnetization of the amorphous phase rotates at very small neg-
ative fields starting at −0.1T (Fig. 3c2 for 𝐻ext = −0.9T), which corre-
sponds to the smooth decrease of magnetization (Fig. 3a). For the case 
of 𝜑nc = 0.3 and 𝑙nc = 20 nm most nanocrystals do not change their mag-
netization at a field of -4.6 T, which is already much higher than its 
coercivity. Until this field, the domain wall is pinned at the nanocrys-
tal boundaries. With further increasing negative field, first nanocrystals 

change their magnetization, domain walls are unpinned, penetrate into 



F. Staab, Y. Yang, E. Foya et al.

Fig. 4. Simulated coercivity as a function of the nanocrystallite size 𝑙nc for a 
constant volume fraction of 𝜑nc = 0.3, and as a function of the volume fraction 
𝜑ncfor a constant nanocrystallite size 𝑙nc = 20 nm.

the nanocrystals and align them with the external field. The jumps orig-
inate again from single nanocrystals or groups of neighboring nanocrys-
tals which change their magnetization with increasing field in opposite 
direction. For a constant volume fraction of 𝜑nc = 0.3 a decreasing size 
of the nanocrystals leads to higher coercivities, but magnetization re-
versal of the nanocrystals starts at negative fields that are larger than 
the coercivity for all cases, meaning that the pinning effects on the 
nanocrystals boundaries have no influence on the coercivity (Fig. 3a). 
For a constant size of the nanocrystals an increasing volume fraction of 
the nanocrystals leads to an increasing coercivity (Fig. 3b, Fig. 4). Es-
pecially for the case of 𝜑nc = 0.7 the pinning effects on the nanocrystal 
boundaries lead to increased 𝐻c. The highest coercivity is reached if the 
particle does not contain amorphous phase 𝜑nc = 1.0, meaning that the 
amorphous phase is disadvantageous for improving the coercivity due 
to its significantly lower magnetocrystalline anisotropy (because of the 
lack of crystallinity) than nanocrystals’.

In Fig. 4 the coercivity is depicted as a function of the volume frac-
tion of the nanocrystals 𝜑nc (for constant 𝑙nc = 20 nm) and as a function 
of the nanocrystallite size 𝑙nc (for constant 𝜑nc = 0.3). It is obvious that 
the influence of the volume fraction of nanocrystals is much more dis-
tinct compared to the influence of the nanocrystallite size. This is due 
to the fact that the pinning effects of the nanocrystal boundaries for 
the small volume fractions of nanocrystals only start at external field 
strengths which are higher than the coercivity.

Comparing the simulated coercivities with the experimental obser-
vations, they fit very well. Especially for the nanocrystalline volume 
fraction of 𝜑nc = 0.3 and a size of the nanocrystals between 𝑙nc = 10 nm
and 𝑙nc = 20 nm which is in good agreement with the microstructural 
observations for the small particles made by TEM (Fig. 1c). By the aid 
of the micromagnetic simulations, the effect of the amorphous phase 
and the embedded nanocrystals can be understood on a length scale, 
at which an experimental investigation is very difficult. The simula-
tions show that the amorphous phase is disadvantageous to obtain a 
high coercivity, and domain wall pinning occurs at the boundaries of 
the nanocrystals. Except the particle containing large volume fractions 
of nanocrystals 𝜑nc > 0.7, the pinning at nanocrystal boundaries has no 
effect on the coercivity since pinning occurs at negative external fields 
that are larger than the coercivity. Hence, the negative effect of the 
amorphous phase predominates. The formation of amorphous phase 
with increasing number of rotations is one reason for the saturation 
and strong decrease of the coercivity, even though the microstructure 
gets refined further when subjecting the sample to 100 rotations. The 
results of the simulations, revealing the negative effect of the amor-
phous phase, show that the HPT process needs to be adjusted in such 
a way that the particle size of SmCo5 is reduced to the single do-
5

main region while simultaneously the formation of amorphous phase 
Scripta Materialia 240 (2024) 115808

is suppressed. One possible process parameter which can be used to ad-
just the microstructure is the process-temperature which may lead to 
dynamic crystallization during the process and thus can suppress the 
formation of amorphous phase. Our micromagnetic simulations pro-
vide an understanding of the mechanisms of the saturation behavior 
of magnetic hardening due to the induced strain by HPT of SmCo5-Cu 
nanocomposites on a length scale that is hard to analyze by experimen-
tal investigations and can be used for optimization strategies.
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