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Abstract: Exchange-coupling between soft- and hard-magnetic phases plays an important role in the
engineering of novel magnetic materials. To achieve exchange coupling, a two-phase microstructure
is necessary. This interface effect is further enhanced if both phase dimensions are reduced to the
nanometer scale. At the same time, it is challenging to obtain large sample dimensions. In this study,
powder blends and ball-milled powder blends of Fe-SmCo5 are consolidated and are deformed
by high-pressure torsion (HPT), as this technique allows us to produce bulk magnetic materials of
reasonable sizes. Additionally, the effect of severe deformation by ball-milling and severe plastic
deformation by HPT on exchange coupling in Fe-SmCo5 composites is investigated. Due to the
applied shear deformation, it is possible to obtain a texture in both phases, resulting in an anisotropic
magnetic behavior and an improved magnetic performance.

Keywords: high-pressure torsion; ball milling; nanostructured materials; exchange coupling;
magnetic anisotropy

1. Introduction

One parameter, which limits the performance of permanent magnets, is a sub-optimal
remanent magnetization (Mr). This usually leads to a reduced energy product—BHmax—
albeit a very high coercivity (Hc) is reached. An enhancement can generally be realized by
three pathways. First, manufacturing a textured magnetic material, where the magnetically
easy axis of many crystallites is aligned in one direction. Such textured magnets show a
pronounced rectangular hysteresis loop when the measuring field is applied parallel to
the easy axis and are referred to as anisotropic magnets [1]. Second, by combining a hard-
magnetic with a soft-magnetic phase forming an exchange-spring magnetic material. If the
soft-magnetic phase is finely dispersed within the hard phase, the high magnetization of the
soft-magnetic material is stabilized by the large anisotropy field of the hard-magnetic mate-
rial, as initially described by Kneller and Hawig [2]. Therefore, the magnetic polarization
of the soft phase remains oriented with the enclosing hard phase resisting demagnetization,
while it increases the magnetic moment of the entire material. Third, a refinement of
the microstructure could lead to an increase in Mr. In addition, a unimodal grain size
distribution increases the coercivity [3,4].

Combining all three pathways and simultaneously manufacturing bulk-like magnets,
which are indispensable for large-scale applications, is challenging [5]. Nanocrystalline
microstructures can be achieved, e.g., by ball-milling and the ball-milled powders can be
aligned in external magnetic fields to obtain a texture [6,7]. However, subsequent powder
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consolidation usually involves thermal treatments, which leads to grain growth and a
coarsening of the microstructure [8].

In a previous study, we already demonstrated the feasibility of severe plastic defor-
mation (SPD) using HPT-deformation of Fe and SmCo5 powders to produce Fe-SmCo5
exchange-coupled spring magnets with a broad range of chemical compositions [9]. Therein,
special emphasis was devoted to the evolution of the microstructure during deformation
and its correlation to magnetic properties. It was possible to reduce grain sizes and phase
dimensions by HPT-deformation, while simultaneously being able to obtain bulk-sized
magnets. A nanocrystalline, lamellar, dual phase structure with phase thicknesses below
1 µm was presented for deformation at room temperature. Additionally, an increasing
saturation magnetization (Ms) and Hc with an increasing deformation strain was observed.
However, the maximum Hc already peaked at a relatively low amount of applied strain. A
beneficial effect of plastic deformation on the magnetic performance is also reported for
different material systems, which could peak at a certain amount of applied strain [10,11].

Herein, we demonstrate the combination of all three approaches—texture, exchange-
coupling, phase and grain refinement—to improve the performance of permanent magnets
by SPD using HPT. The study is performed in direct comparison with ball-milled and
consolidated Fe and SmCo5 powders. Thus, the effect of HPT-deformation on the magnetic
properties can be isolated. The ball-milled powders are then subsequently HPT-deformed,
which allows a study of the effect of preceding ball-milling on the HPT-deformation and
the resulting magnetic properties. Besides, the potential of HPT-deformation to induce
texture is proven.

2. Materials and Methods

Powder blends with three chemical compositions (66, 43 and 26 wt.% Fe: MaTeck
99.9% − 100 + 200 mesh and remaining SmCo5: Alfa Aesar, intermetallic fine powder; in
the following denoted with the suffix 1–3, respectively) are used for the experiments. Parts
of the powder blends are milled in an air-cooled planetary ball mill (Retsch PM400) with
an 1:15 powder-to-ball ratio of 400 rpm between 1–3 h. To prevent heat development inside
the jar, an alternating 5 minutes’ interval of mill-time and cooling-time was programmed.
Powder handling, ball-milling and the consolidation process are carried out in an Ar-
atmosphere. All powder blends (un-milled and ball-milled) are hydrostatically consolidated
using an HPT device. Parts of the consolidated pellets are subsequently HPT-deformed
by applying 7.5 GPa at room temperature. Thus, three different types of samples are
obtained: ball-milled powder samples (denoted as ‘BM’ in the following), ball-milled and
HPT deformed powder samples (‘BM + HPT’) and un-milled but HPT-deformed powder
samples (‘HPT’). Based on our previous work [9], we limited HPT-deformation for this
study to a maximum number of 3 rotations, which corresponds to a shear strain γ = 56 at
a radius of 3 mm. HPT disc sizes are 8 mm in diameter and about 0.6 mm in thickness,
whereas samples for magnetic measurements were cut out with a wire saw. In Figure 1, the
positions of measurements and measurement directions in relation to HPT-deformation
directions are given.

Demagnetizing curves (1st half of complete hysteresis curve) between ±70 kOe at
300 K, starting from Hmax = +70 kOe, are recorded with a SQUID-Magnetometer (Quantum
Design MPMSXL-7, Quantum Design, Inc., San Diego, CA, USA) using the manufacturer’s
software MPMSMultiVu Application (version 1.54). The magnetic field was applied in
different HPT-disc directions as depicted in Figure 1.

To investigate the microstructure after HPT-deformation, scanning electron microscopy
(SEM; LEO 1525, Carl Zeiss Microscopy GmbH, Oberkochen, Germany) in backscattered
electron detection mode (BSE) is performed on the HPT-deformed samples. For texture
analysis, electron backscatter diffraction (EBSD) measurements are performed with a Bruker
e-FlashFS detector on an HPT-deformed Fe sample.

Commercially available and ball-milled powder blends were characterized using
conventional X-ray diffraction (XRD, D2 Phaser Bruker Corporation, Billerica, MA, USA)
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with Co-Kα radiation after different milling times. The theoretical reference peaks were
found in the Crystallography Open Database (SmCo5: COD 1524132, Fe: COD 9006587) [12].
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3.1. Sample Processing and Magnetic Properties 

XRD measurements of commercially available and ball-milled powder blends, con-
taining 34, 57 and 74 wt.% SmCo5 and remaining Fe, are presented in Figure 2a–c, respec-
tively. In the initial state (bottom pattern), Fe and SmCo5 peaks are visible for all compo-
sitions. To monitor the ball-milling process, parts of the powder blends are removed in 
steps of 30 min and are measured by XRD. With the increasing milling time, a significant 
peak broadening is observed for both phases. The broadening of the SmCo5 peaks takes 
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Figure 1. Schematic representation of the HPT-setup consisting of two anvils and the sample whereat
a halved HPT-disc is shown in more detail. The position and size of a SQUID specimen is highlighted
in green. Respective HPT-deformation directions are shown as coloured arrows. SEM measurements
are conducted in a tangential direction at a radius ≈ 3 mm as highlighted in blue. Radially resolved
HEXRD texture analysis is performed on a specimen (dark grey) in a tangential direction (red areas)
in transmission mode.

Synchrotron X-ray diffraction (HEXRD) measurements in transmission mode (Petra
III: P07B, DESY, Hamburg, Germany) were carried out to analyze the texture selected
nanocomposite samples (with highest SmCo5 content) as a function of the radius. The
beam energy used was 87.1 keV and the shutter size 0.1 × 0.1 mm2, while using a Perkin
Elmer XRD 1621 detector. The obtained data were calibrated with a diffraction pattern of
LaB6 powder (LaB6: COD 1000057) and further processed with DigitalMicrograph using
the PASAD package (PASAD-tools.v0.1) [13] and an in-house-developed MatlabTM code.
The codes’ output gives an integrated intensity as a function of the angle corresponding to
the Debye diffraction cone for every chosen diffraction peak. For pole figure analysis and
orientation density function (ODF) estimations, the MatlabTM toolbox MTEX (version 5.7.0)
was used [14]. Therein, the selected and processed Debye ring was used to extrapolate an
ODF estimation, allowing us to recalculate a pole figure. Due to the high crystal symmetry
of the investigated phases, a full ODF by spherical tomography is not necessary to claim on
a certain present texture [15]. However, large areas on the pole figure representations are
extrapolated and likely contain errors. This is why a transparent mask is used to overlay
the pole figure representations in this work, indicating a focus on the information obtained
from uncovered areas.

3. Results and Discussion
3.1. Sample Processing and Magnetic Properties

XRD measurements of commercially available and ball-milled powder blends, contain-
ing 34, 57 and 74 wt.% SmCo5 and remaining Fe, are presented in Figure 2a–c, respectively.
In the initial state (bottom pattern), Fe and SmCo5 peaks are visible for all compositions. To
monitor the ball-milling process, parts of the powder blends are removed in steps of 30 min
and are measured by XRD. With the increasing milling time, a significant peak broadening
is observed for both phases. The broadening of the SmCo5 peaks takes place already at an
earlier stage of ball-milling and therefore the peaks tend to vanish for longer milling times
and for powder blends with lower SmCo5 contents. Hence, a partly amorphous phase
cannot be excluded. The powder blend with the highest SmCo5 content (Figure 2c) tends
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to agglomerate and due to the similarity of the 30 min and 60 min XRD pattern, no further
energy input into the powder blend by prolonged ball milling is expected.
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Figure 2. XRD measurements as a function of milling time for powders consisting of 66 wt.% Fe—
34 wt.% SmCo5 (a), 43 wt.% Fe—57 wt.% SmCo5 (b) and 26 wt.% Fe—74 wt.% SmCo5 (c). The
theoretical reference peaks are found in the Crystallography Open Database (SmCo5: COD 1524132,
Fe: COD 9006587).

In the literature, an intermixing of elements, especially the formation of α-Fe(Co) and
interstitial SmCo(Fe) phases, are reported [16–19]. Although the formation of other phases
seems to originate in the severe deformation process, an additionally temperature process
is present in all reports. In this study, a temperature treatment of the powders as well
as during the HPT-processing is completely evaded. However, we do not exclude the
formation or diffusion of Fe or Co on an atomic scale, but in all recorded XRD patterns,
no additional peaks are found. Thus, neither decomposition of SmCo5 nor a significant
formation of an FeCo phase during milling is observed.

In Figure 3, the demagnetizing curves of the samples with the highest SmCo5 content
are exemplarily shown for the un-milled powder blend and all processing routes. The
processing history has a strong influence on the demagnetization curve. Ball-milling barely
increases Hc, but leads to an increased Ms. HPT-deformation of the BM powder decreases
the susceptibility, while Mr remains constant but Ms and Hc increases. Besides a slightly
smaller Ms, this behavior is even more strongly pronounced for the ‘HPT’ sample.

The magnetic properties of all processed samples are summarized in Table 1. Hc is
determined by a linear fit of data points close to zero crossing. An increase of Mr and
Hc with increasing SmCo5-content is found for all samples. For all compositions, both
magnetic parameters are highest for HPT-deformed samples without previous ball-milling.

The approach to the presented Ms value is obtained by a linear fit for 1/H at fields
above 35 kOe, determining the intersection with the ordinate. Samples containing a
higher amount of Fe show a higher Ms. Expected Ms values for single phase SmCo5 are
112 emug−1 [20] and 218 emug−1 for bulk Fe [21]. Applying a superposition based on the
samples’ chemical composition depicted in Table 1, a calculated Ms reveals 180, 158 and
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138 emug−1 for composition 1, 2 and 3, respectively. Ms values for HPT-deformed samples
lay constantly beneath these theoretical values.
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Figure 3. Demagnetizing curves starting from +70 kOe for the un-milled powder blend, ball-milled
powder sample (BM), ball-milled and HPT-deformed powder sample (BM + HPT) and un-milled and
HPT-deformed powder sample (HPT), exemplified for samples with the highest SmCo5-content. The
inset shows the demagnetizing branches in more detail.

Table 1. Magnetic properties measured by SQUID magnetometry. Ball-milled and powder samples
are denoted as ‘BM’, ball-milled and HPT deformed powder samples as ‘BM + HPT’ and un-milled
and HPT deformed powder samples as ‘HPT’. The prefix ‘rad’ and ‘tang’ denotes measurements
with the magnetic field applied parallel to the radial or tangential HPT-disc direction, respectively.
For all other listed HPT-deformed samples without any prefix, the field is applied parallel to the
axial HPT-disc direction. The suffix 1–3 corresponds to the chemical composition. Hc depicts the
coercivity measured in Oe, Ms is the saturation magnetization determined as described in the text
and Mr denotes the remanence, both given in the specific mass moment emu g−1.

Sample Fe/(wt.%) SmCo5/(wt.%) Hc/(Oe) Ms/(emu g−1) Mr/(emu g−1)
un-milled3 26 74 −1033 106 43.2

BM3 26 74 −1184 125 36.4
BM + HPT1 66 34 −274 196 5.4
BM + HPT2 43 57 −686 172 10.2
BM + HPT3 26 74 −3526 128 38.0

rad BM + HPT3 26 74 −1472 128 28.9
tang BM + HPT3 26 74 −1434 129 36.5

HPT1 66 34 −887 172 14.1
HPT2 43 57 −2366 150 30.8
HPT3 26 74 −5264 122 43.2

rad HPT3 26 74 −1192 120 26.3
tang HPT3 26 74 −1903 120 35.3

Due to the domain-wall pinning mechanisms and/or a present texture, one could
argue that even 70 kOe are not sufficient enough to completely saturate the material [22,23].
For the ball-milled and HPT-deformed samples, on the other hand, the Ms values are
partly above the theoretical value. This is most likely due to processing steps itself, i.e.,
ball-milling, where abrasions of the hardened steel jar and balls, but also powder-handling
could enrich the Fe content of the powders. However, the powder blends containing the
highest amount of SmCo5 could only be milled for 1 h and the increase in Ms is more
strongly pronounced for powders with a lower SmCo5 content which have been milled
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for a longer time (3 h). Thus, the assumption of Fe enrichment within the ball-milling and
powder-handling process is further supported.

To enable exchange coupling, the magnetic materials should exhibit a two-phase
microstructure with alternating hard- and soft-magnetic phases. A simple consideration,
valid for a perfect model system, implemented by a length within a complete exchange
coupling, is expected. This critical length for the soft magnetic phase is approximately

defined by twice the Bloch-wall width δw = π
√

Ahard

Khard of the hard phase, as its magnetic
stray field only reaches a certain distance and hinders the soft phase to change its ori-
entation upon an opposed magnetic field. Here, Ahard and Khard are the exchange and
anisotropy constant of the hard-magnetic phase [24,25]. With Ahard = 1.2 × 10−11 Jm−1 and
Khard = 17.2 × 106 Jm−3 [26,27] for SmCo5, an optimum soft phase thickness of ≈ 5.3 nm
is obtained. Another approximation for the soft phase thickness is based on the idea
of how easy the spins of that material align with the hard phase. The exchange length

lso f t
ex =

√
Aso f t

Kso f t depends on Asoft and Ksoft, expressing the same constants but for the soft-

magnetic phase. For α-Fe: Asoft = 2.5 × 10−11 Jm−1 and Ksoft = 4.6 × 104 Jm−3, lex ≈ 23 nm
is obtained [2,24]. Although this soft phase thickness differs by a factor of ≈ 4, both values
give an idea for the optimum dimensions of the Fe phase.

To investigate the microstructure after HPT-deformation, scanning electron microscopy
in backscattered electron detection mode (BSE) is performed on the HPT-deformed samples
(Figure 4). Using a BSE contrast, Fe or Fe-rich areas exhibit a dark contrast and SmCo5 or
SmCo5-rich areas a bright contrast, respectively. Although the same chemical composition
is present, the microstructure of the samples with the lowest SmCo5 content after HPT-
deformation differs significantly. Ball-milling has a clear influence on the dispersion of the
phases, as contrast differences in Figure 4a are hardly visible, while a more heterogeneous
microstructure is depicted in Figure 4d for the HPT sample. For both samples, however, a
lamellar microstructure, well suited for exchange coupling, is missing. With the increasing
SmCo5 content, a similar morphology is obtained for the BM + HPT2 sample (Figure 4b).
Although, the larger SmCo5 phases are visible as well. In the case of the ‘HPT’-sample, a
lamellar morphology is obtained (Figure 4e). A similar lamellar microstructure is found
for the samples with the highest SmCo5 content (Figure 4c,f). For these samples, different
thicknesses of the phases are present, and all are well below 1µm. For exchange coupling,
theoretical considerations prefer the soft-magnetic phase embedded in a hard-magnetic
matrix [24,28]. Based on XRD and SEM investigations, the HPT-samples (Figure 4e,f) con-
taining 57 and 74 wt.% SmCo5 and the BM + HPT-samples with 74 wt% SmCo5 (Figure 4c)
are most promising for a high exchange coupling effect, which is confirmed by the magnetic
measurements (cf. Table 1). However, a completely exchanged coupled material is not
expected due to the large number of different sized lamellae.

In general, no beneficial influence of initial ball-milling on the microstructural evo-
lution (e.g., homogeneity of deformation to achieve lamellar microstructure for all com-
positions, prevention of shear band formation, further phase refinement) during HPT-
deformation is observed, with consequences for resulting magnetic properties. In fact, a
partly amorphous SmCo5 phase resulting from initial ball-milling, which would reduce Hc,
cannot be excluded.

HPT-deformed samples with the highest amount of SmCo5 show the best hard mag-
netic properties. Thus, magnetic properties of these HPT-deformed samples are measured
in other HPT-disc directions as well. In Figure 5, the demagnetization curves in axial
(blue), radial (red) and tangential (green) HPT-disc directions are shown for the BM + HPT3
(Figure 5a) and the HPT3 sample (Figure 5b). By applying the magnetic measurement field
parallel to the radial and tangential directions drastically reduces Hc for both samples. Mr,
however, is nearly unchanged. Additionally, the shape of the demagnetizing curves for the
radial and tangential HPT-disc directions is different compared to the axial direction and
the curves also exhibit an increased susceptibility. Although the characteristics of the radial
and tangential curves are relatively similar, the tangential curve saturates faster and resists
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against demagnetization a little bit longer. Furthermore, the BM + HPT3 sample shows a
linear m(H) behavior in the second quadrant, while the HPT sample reveals a convex bent
shape. The magnetic properties obtained from these measurements are again summarized
in Table 1.
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Figure 5. Demagnetizing curves starting from +70 kOe for the ball-milled and HPT-deformed
powder (BM + HPT3) samples (a) and un-milled and HPT-deformed powder (HPT3) samples (b).
The schematic illustration in (a) visualizes the measurement directions in respect of the different
HPT-disc directions (axial: blue; radial: red; tangential: green). The insets show the demagnetizing
branches in more detail.

For textured hard magnets, the coercivity strongly changes, if the measurement field
is applied parallel or perpendicular to the easy axis of the crystals due to its large magne-
tocrystalline anisotropy [1,29–31]. The higher susceptibility is caused by the uncoupled
volume of the Fe phase, as the magnetic moment originating from SmCo5 in the magnet-
ically hard direction (basal plane) would saturate much slower. The magnetocrystalline
anisotropy of Fe is much lower compared with SmCo5, but again, the difference between
tangential and radial demagnetization curve can be explained with a textured microstruc-
ture. The crystallographic (100) direction is the Fe easy axis, which should be aligned in
the tangential HPT-disc direction, whereas the radial direction should correspond to the
crystallographic (110) semi-hard direction [29].
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3.2. X-ray Texture Analysis

Synchrotron X-ray diffraction (HEXRD) measurements are carried out to analyze the
texture of the as-deformed BM + HPT3 and HPT3 samples (with highest SmCo5 content) as
a function of the radius. The recorded diffraction rings clearly show a variation of intensi-
ties, which indicates the existence of a preferred microstructural crystallite orientation [15].
For an appropriate comparison and based on the diffraction rings, pole figure represen-
tations are created. To verify our results obtained by synchrotron measurements, EBSD
measurements are conducted on an HPT-deformed single-phase Fe sample. In Figure 6a,
the EBSD-recorded {110} and {100} pole figures for pure Fe are shown. In Figure 6b–d, the
HEXRD Fe {110} and {100} and SmCo5 {2111} and {2110} pole figures are presented. The Fe
pole figures show the typical simple shear texture for both the EBSD and the synchrotron
data-sets, which allows us to extend the pole figure analysis to the SmCo5 phase.
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Figure 6. EBSD pole figure of Fe based on EBSD measurements (a). Pole figure representations
of Fe reconstructed based on a HEXRD measurement of the HPT-deformed composite HPT3 (b)
and a representation of the same sample and diffraction pattern for two SmCo5 planes (c). Pole
figure representation for the BM + HPT3 sample and the same SmCo5 planes (d). An inset in the
image (b) for the Fe phase and in (c) for the SmCo5 phase visualizes the relative position of the HPT
disc with respect to the incident X-ray beam and shown pole figures. The position of the HEXRD
measurement within the sample is highlighted. The pole figure representations are partly covered
with a transparent mask to lay the focus on the information obtained from less extrapolated areas.

The {2110} planes are oriented parallel to the c-axis with their surface normal in the
basal plane of the SmCo5 crystal. The corresponding pole figure shows a minimum in axial
HPT-disc direction but a pronounced intensity is visible in radial direction, meaning that
the crystal-plane normal preferably pointing in this direction. The {2111} and {2110} planes
comprise an angle of 39◦. For the {2111} pole figures, this results in an intensity maxima
pointing to angles closer to the axial HPT-disc direction. Thus, the hexagonal crystals of the
SmCo5 phase tend to align their c-axis parallel to the axial HPT-disc direction with the basal
plane parallel to the shear plane, spanned by radial and tangential directions. This behavior
is similar for the BM + HPT3 and HPT3 samples, but is strongly pronounced for the latter
one and generally for larger applied shear strain (larger radius of HPT-disc). For the hard
magnetic SmCo5 phase, a clear correlation of texture with resulting magnetic properties
is found. Regarding the soft magnetic Fe phase, the magnetically easy axis directions
{100} partly orient in a tangential HPT-disc direction, leading to a stiffer hysteresis loop
(cf. Figure 5).
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4. Conclusions

In summary, HPT deformation offers an easy way to produce exchange-coupled bulk
Fe-SmCo5 magnets from commercially available powder blends without any thermal treat-
ments or complicated processing steps. Although ball-milling enhances Hc, no beneficial
effect for subsequent HPT-deformation is observed compared to un-milled powders. After
deformation, the formation of a heterogeneous microstructure with a lamellar morphol-
ogy and enhanced coercivity is observed. The magnetic anisotropic characteristic of the
Fe-SmCo5 magnets is correlated to a crystallographic texture in both the Fe and the SmCo5
phase. The SmCo5 crystals tend to orient their c-axes parallel to the axial HPT-disc direction
with their basal plane in the shear plane. The Fe phase aligns its magnetic easy axis in the
tangential HPT-disc direction.
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