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Abstract

In this thesis, severe plastic deformation by high-pressure torsion is used to produce magnetic
materials with tunable properties. Magnetic tunability is ensured by using combinations of
materials, which exhibit large miscibility gaps in the thermodynamical equilibrium and consist
therefore of one diamagnetic element and at least one ferromagnetic element. Upon processing
a considerable grain refinement and intermixing is observed for certain compositions, whereas a
microstructural steady state is aimed for each composition investigated. For an understanding
of the structure-property relationship in severe plastically deformed materials, a large focus
of this study is on the correlation of magnetic and microstructural properties.

A spin-glass state, arising in as-deformed Fe-Cu specimens, clearly demonstrates the
formation of a supersaturated solid solution upon high-pressure torsion. Tiny, residual Fe-rich
particles give rise to superparamagnetic behavior. The amount of the residual Fe-particles
is controlled by the composition, maintaining a switching between superparamagnetism
to a spin-glass state. A remarkable tunability in the magnetic properties was found by
annealing treatments already at relatively low temperatures, enabling a change between
superparamagnetic to single-domain and even multi-domain behavior. The replacement of Cu
with Ag leads to bulk ferromagnetic properties. For the Ag-based alloys, different deformation
behaviors were observed, which are traced back to differences in the mechanical properties of
the alloying elements.

For the Co-Cu system single-phase solid solutions with ferromagnetic properties develop,
whereat large Co-contents exhibit soft magnetic properties. The magnetic moment and the
coercivity in the Co-Cu system is found to be controlled by the Co-to-Cu ratio. Furthermore
the coercivity is tuned by subsequent thermal treatments, whereby these alloys have been
found to exhibit a remarkable thermal stability regarding the microstructure. A further
improvement in terms of soft magnetic properties was achieved by substituting small amounts
of Co with Fe. For larger Fe-contents, the magnetic behavior changes and a considerable
large coercivity is observed.
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Kurzfassung

In der vorliegenden Arbeit wird die Herstellung von magnetischen Materialien mit einstellbaren
Eigenschaften über Hochverformung mittels Hochdrucktorsion untersucht. Die magnetischen
Eigenschaften können durch die Verwendung von Materialkombinationen variiert werden,
welche im thermodynamischen Gleichgewicht große Mischbarkeitslücken aufweisen. Die un-
tersuchten Materialsysteme bestehen deshalb aus einem diamagnetischen und mindestens
einem ferromagnetischen Element. Bei der Herstellung wird eine Kornfeinung erreicht. Einige
Zusammensetzungen weisen eine Durchmischung der Elemente auf. Für alle untersuchten
Zusammensetzungen wird das Erreichen einer stabilen Mikrostruktur angestrebt. Zur Unter-
suchung der Struktur-Eigenschaft Beziehung in hochverformten Materialien, widmet sich diese
Studie zu einem großen Teil der Korrelation zwischen magnetischen und mikrostrukturellen
Eigenschaften.

Ein Spin-Glas Zustand, welcher in verformten Fe-Cu Proben auftritt, zeigt eindeutig
die Bildung eines übersättigten Mischkristalls durch Hochdrucktorsion. Winzige, noch vor-
handene Fe-reiche Partikel rufen superparamagnetisches Verhalten hervor. Der Anteil an
Fe-reichen Partikeln wird über die Zusammensetzung gesteuert, was ein Umschalten zwi-
schen superparamagnetischen und Spin-Glas Verhalten ermöglicht. Eine beachtliche Variation
der magnetischen Eigenschaften wird bereits durch Glühbehandlungen bei vergleichsweise
geringen Temperaturen erreicht. Dadurch werden Änderungen von superparamagnetischen
Verhalten über Ein-Domänen bis hin zu Mehr-Domänen Konfigurationen erreicht. Wird Cu
durch Ag ersetzt bilden sich ferromagnetische Eigenschaften aus. Die Ag-basierten Legierun-
gen weisen ein anderes Verformungsverhalten auf, welches auf die stark unterschiedlichen
mechanischen Eigenschaften der Legierungselemente zurückgeführt wird.

Im Co-Cu System bilden sich einphasige Mischkristalle mit ferromagnetischen Eigenschaften,
wobei weichmagnetische Eigenschaften für hohe Co-Gehalte erreicht werden. Das magnetische
Moment und die Koerzitivfeldstärke werden über das Verhältnis zwischen Cu und Co gesteuert.
Darüber hinaus erfolgt ein weiteres Abstimmen der Koerzitivfeldstärke durch anschließende
Glühbehandlungen, wobei eine hohe thermische Stabilität der Mikrostruktur festgestellt
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Kurzfassung

wurde. Die Substitution von geringen Teilen von Co mit Fe führt zu einer Verbesserung der
weichmagnetischen Eigenschaften. Erhöhte Anteile von Fe führen hingegen zu einer Erhöhung
der Koerzitivfeldstärke.
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1. Introduction

1.1. Structure-property relationships in ferromagnetic
materials

Ferromagnetic materials exhibit spontaneous ordering, meaning the spins align parallel to
each other without any external force. Therefore, these materials can exhibit a magnetization
even in absence of an external field. In ferromagnetic materials, areas of the same direction
of magnetization form out, which are denoted as domains and separated by domain walls.
Typically, a ferromagnet consists of several domains. Size of the domains and their magneti-
zation direction yield the magnetization of the ferromagnet. The overall magnetization can
be reduced to zero when applying a field in the opposite direction of the magnetization. This
field is called coercive field or coercivity. By cycling a full loop (i.e. saturation along one
direction, saturation in the opposite direction and back again), energy is partially converted
into heat. The energy loss is given by the hysteresis loops’ area, being mainly controlled
by the coercivity. Based on the coercivity, magnetic materials can be separated into two
different types: hard and soft magnetic materials. Hard magnetic materials exhibit large
coercivities and can be found, e.g., in loudspeakers, electric motors or simply as refrigerator
magnets. In contrast, soft magnetic materials exhibit low coercivities. Their main areas of
application are magnetic shielding and conversion of electric energy, e.g. in transformers. As
in transformers, full hysteresis loops are passed in fractions of seconds, the accompanying
energy loss plays a key role in such devices. By tuning the coercivity, the energy efficiency of
such devices can be improved significantly [1–3].

It is known for quite a while that the coercivity depends on the microstructure, in particular
a correlation to grain size has been found. Smallest coercivities are usually achieved for
large grain sizes, which is because domain walls can move unimpeded, whereas for small
grain sizes, grain boundaries hinder the domain wall motion [2]. In the mid 1970s, small
coercivities were as well observed in amorphous materials [4]. This quite surprising result
was traced back to an exorbitant reduction in magnetocrystalline anisotropy, since in such
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1. Introduction

materials no easy axis can form. This effect has been observed for nanocrystalline materials
in the early 1990s as well [5]. A theoretical model, describing the dependence of coercivity
on grain size, was developed in the mid 1990s and is still state of the art [6]. Fig. 1.1 shows
the coercivity as a function of grain size. Large grain sizes favor soft magnetic properties. As
the grain size decreases the coercivity increases until a state forms, in which the grain size
equals the domain size, i.e. single domain behavior. Further decrease in grain size causes the
magnetocrystalline anisotropy to average out, leading to a reduction in coercivity, which is
proportional to the sixth power of the grain size.

The interplay of microstructure and magnetic properties does not only apply to coercivity.
Instead, nanoscaled materials show unique magnetic effects, as for example superparamag-
netism [7]. As the volume of an isolated ferromagnetic particle falls below a certain limit,
an initially magnetized particle looses its magnetization in a specific period of time (the
so-called Néel relaxation time). This effect occurs because the energy barrier to fall into a
demagnetized state (which scales with volume) can be overcome by thermal energy. Although
the model describes the behavior of isolated ferromagnetic particles, it has also been observed
for ferromagnetic particles in a non-magnetic matrix [8].

Figure 1.1.: Coercivity as a function of grain size. Reprinted from [9] with permission from Elsevier.
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1.2. Motivation and aim of the work

1.2. Motivation and aim of the work

Magnetic components can be found in a lot of everyday objects and are centerpieces of many
electronic devices. A significant role of magnetic materials is also their use in the fields of
sustainable energy and electric mobility, as electromagnetic interactions are fundamental in
electric motors or generators and also in conversion of electrical energy. The usage of magnetic
materials is of course not only limited to energy applications and consumer electronics, but
is manifold as magnetic materials are also used in mechanical engineering (e.g. bearings),
data storage (e.g. hard disc drive HDD), refrigeration [10], medicine (e.g. magnet resonance
tomography MRT or blood cleansing [11]), or even in the generation of highly brilliant X-ray
beams (undulators in synchrotron facilities) to name a few. Although being all magnetic
materials, for every application certain requirements must be met, which is where materials
science sets in.

In terms of soft magnetic materials, superior properties can be achieved for smallest grains
as described above. Currently, such materials are commercially available and processed from
amorphous sheets. The magnetic properties are tuned by subsequent annealing treatments
causing the formation of ferromagnetic nanometre-sized particles. The superior magnetic
properties come with the drawback of high production costs due to complex manufacturing
processes. Furthermore, for the production of bulk materials subsequent processing steps
such as stacking of sheets need to be carried out. The synthesis of soft magnetic materials,
which are directly available in bulk form, is therefore desirable.

With sample processing by high-pressure torsion (HPT), a technique of severe plastic
deformation (SPD), bulk materials can be produced [12]. Moreover, grain refinement can
be induced down to hundreds or even tens of nanometers [13]. A concomitant change
in the magnetic properties has already been reported [14–17], although very few research
is available on this topic. Furthermore, it has to be stated that the interplay between
microstructure and magnetic properties in SPD materials is poorly understood owing to the
complex microstructure. For this purpose, the main focus in this thesis is on the correlation
of magnetic properties and microstructure. For an in-depth investigation of the structure-
property relationships, the usage of cutting edge methodologies is necessary, such as atom
probe tomography (APT), magnetic force microscopy (MFM) and magnetometry by using a
superconducting quantum interference device (SQUID).

The aim of this thesis is the synthesis of magnetically tunable and soft magnetic mate-
rials. Magnetic tunability is ensured by the usage of elements which do not mix in the
thermodynamical equilibrium. For this purpose the sample compositions investigated in this
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1. Introduction

study consist of one diamagnetic (Cu, Ag) and at least one ferromagnetic component (Fe,
Co). Upon HPT-deformation the formation of supersaturated solid solutions is aimed for,
delivering homogeneous material properties.

1.3. High-pressure torsion

In this thesis, sample synthesis is performed by HPT. Initially invented by Bridgman in
the 1930s to study materials under high-pressure [18], HPT experienced a renaissance since
Valiev and co-workers found this method to be capable of grain refinement [19]. In HPT, a
coin-shaped specimen is located between two anvils under large hydrostatic pressure (several
GPa). The anvils rotate against each other, resulting in large shear strain acting onto the
material. During deformation, the geometry of the sample does not change. The achieved
shear strain γ can be calculated according to the following equation [12]:

γ = 2πnr
t

(1.1)

where n is the number of turns, r is the radius and t is the sample thickness. Theoretically, a
coin-shaped HPT-sample reflects therefore all states between γ(r = 0) = 0 and γ(r = rMAX).
For large numbers in γ, a steady state is achieved, meaning that the microstructure does
not change anymore as γ increases [20]. Such a homogeneous microstructure is desireable to
achieve uniform properties over a sufficient large radius. A steady state regime is usually
observed, when applying high numbers of turns and was found to originate from grain
boundary migration [21].

By HPT-deformation of multi-phase materials, intermixing can be observed, even for
materials which do not mix in thermodynamical equilibrium, resulting in supersaturated
solid solutions [22]. The occurence and the grade of supersaturation depend on the used
materials and the driving force to induce supersaturation is still not well understood [23].

HPT-deformation results in a large number of lattice defects and grain refinement. As
the shear strain increases, the grain size decreases until a microstructural saturation is
reached. Whereas in single phase materials the saturation grain size is found to be in the
ultrafine-grained (UFG) regime [20], multiphase materials exhibit lower saturation grain size
and even attain the nanocrystaline regime [24], as shown in fig. 1.2. Furthermore, it was
found that the saturation grain size can be controlled by the deformation temperature, which
is attributed to the enhanced mobility of triple junctions [25].
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Figure 1.2.: Sketched evolution of the grain size as a function of strain for single-phase and multiphase
materials by HPT. Reprinted from [24] with permission from John Wiley & Sons.

1.4. Methodologies for resolving structure-property
relationships

The preparation of materials by SPD results in complex, non-equilibrium microstructures.
To be able to correlate microstructural and magnetic properties, an in-depth analysis of both
is crucial. The methods used in this thesis for investigating microstructural and magnetic
properties are briefly presented in the following chapters.

1.4.1. Atom probe tomography data analysis

APT is a characterization method to gain a 3-dimensional image of the sample’s atomic
arrangement. A needle-shaped specimen is exposed to a pulsed high-voltage. Due to the
extreme curvature of the tip of the needle, the electric field rises in the vicinity of the sample’s
tip, such that individual atoms overcome the binding energy, i.e., evaporate. The atoms
are directed towards a detector, gaining the lateral atomic position. In-depth position and
mass-to-charge ratio are measured by time-of-flight mass spectroscopy. From this data, a
3d-image, i.e. reconstruction, of the atomic structure can be calculated ending up in a
four-dimensional dataset (x-, y-, z-position, mass-to-charge ratio). To suppress thermal
artifacts, such measurements are usually conducted at cryogenic temperatures [26].
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Figure 1.3.: Cluster analysis with Voronoi-cells. On the left, the experimental and the randomized
distribution of Voronoi-volumes is shown. The experimental minus random curve (EMR) gives
the threshold for the volume Vthresh and the amount of significantly clustered atoms N0

C . On the
right, the extraction of clustered atoms is shown as an example for 2-dimensional distributed atoms
(a). First, the Voronoi-volumes are calculated (b). Atoms with a concentration larger than cthresh
(Voronoi-volume smaller than Vthresh) are the ones, which are significantly clustered (colored red in
(c)). Reproduced from [30] with permission from Elsevier.

The quantitative analysis of a reconstruction has to be treated with caution, since errors,
inherent to the field evaporation process occur: in the preparation of the reconstruction,
often a hemispherical sample tip is assumed, which does not necessarily reflect the true shape
of the specimen [26], but the initial shape can be determined with transmission electron
microscopy (TEM) investigations which have to be conducted beforehand [27]. In [28] it
was shown, that the spatial resolution in APT depends on the crystal orientation, whereas
the resolution is worse in lateral direction than in-depth. Furthermore, the trajectories of
different atomic species differ, causing errors in the reconstruction, referred to as "chromatic
abberations" [29].

Quantitative evaluation of the reconstruction is therefore often based on the analysis of
atomic distributions since the reconstruction provides good statistics due to the large dataset.
One type of analysis is therefore cluster analysis, for instance based on the evaluation of
Voronoi-volumes [30]. The Voronoi-volumes are evaluated for one or more atomic species.
To reveal the amount of significantly clustered atoms, this data are subtracted from the
distribution of Voronoi-volumes measured for a randomized data set revealing an upper limit
for cluster size. An example for the extraction of clustered data is shown in fig. 1.3.
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1.4. Methodologies for resolving structure-property relationships

Figure 1.4.: Probability of a solute atom to be isolated. Reproduced from [31] with permission from
John Wiley & Sons

The analysis based on Voronoi-volumes depends on a parameter, which is gained from a
randomized data set. In contrast, De Geuser proposed an algorithm based on the evaluation of
nearest-neighbor distances wich does not depend on any input parameter. The distribution of
isolated atoms for the determination of matrix composition (DIAM) is based on the analysis
of the radial distribution function, i.e., the analysis of the nearest-neighbor distances only
[31]. We consider a volume, consisting of two atomic species A and B. Species B is present in
form of precipitates (concentration Cp) as well as embedded in the matrix (concentration
Cm). The probability of finding two atoms of species B at distance d reads than:

Piso(d) = f Cp/C0 e
− 4π

3 d
3
ρp + (1− f) Cm/C0 e

− 4π
3 d

3
ρm (1.2)

with C0 being the overall concentration of B in the observed volume, f being the molar
fraction of precipitates, ρp and ρm represent the average atomic density of species B in the
precipitate and matrix, respectively. The evaluated nearest-neighbor distance can therefore
be described in terms of precipitates as well as matrix contribution, as shown in fig. 1.4. In
further studies [32] it has been shown that the precipitates volume fraction can be written as:

fV = C0 − Cm
Cp − Cm

(1.3)

The DIAM analysis has also been compared to data from small-angle scattering revealing a
good agreement for large precipitate sizes [33], but show that the size might be overestimated
for too small precipitates due to, e.g., chromatic abberation [29].
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1.4.2. Magnetic force microscopy

In MFM, a magnetic tip is mounted on a cantilever. The tip is scanned over a sample, and
the interaction between tip and sample is measured. The magnetic interaction of tip and
sample can be expressed as

~F = ∇(~m · ~B) (1.4)

m represents the magnetic moment of the tip and B is the magnetic stray field of the sample
at the position of the tip. As this force is usually rather small (in the range of 10−11 N), the
magnetic interaction cannot be measured by determining the cantilever’s bending, but instead,
dynamic measurement techniques are used. In such types of measurements the cantilever is
operated close to its resonance frequency ω. Any interaction between tip and sample changes
the cantilever’s effective spring constant and therefore the resonance frequency according to
[34] by

∆ω ≈ −ω0

2k
dF

dz
(1.5)

with k being the spring constant of the cantilever. The tip-to-sample interaction is therefore
monitored by the shift of the resonance frequency. Instead of the force, the force gradient is
measured in this mode.

Due to a small tip volume, the interaction is also restricted to a small volume, given by
the stray field. To attain high resolution, small tips are therefore favorable [35]. The higher
resolution comes with the drawback of a smaller signal, since smaller volume causes less
interaction.

For the purpose of gaining a scan signal which does only include magnetic interactions, it is
necessary to separate topographic effects. Therefore, scans are usually performed in two-pass
mode: in the first pass the topography is measured yielding an atomic force microscopy (AFM)
scan signal. In the second pass the tip is raised to a predefined lift height (usually tens
or hundreds of nanometres) and the MFM data are acquired by keeping the tip to sample
distance constant.

To quantitatively analyze the MFM data, methods which have been employed for surface
roughness characterization by AFM and soft X-ray diffraction [36, 37] can be used for MFM
as well [38, 39]. These procedures consider the autocorrelation function and the height-height
correlation function [40]. The auto-correlation function C(x) is calculated for each line in the
scan and is written

C(x) =< [z(x0 + x)− < z >][z(x0)− < z >] > (1.6)
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1.4. Methodologies for resolving structure-property relationships

with z representing the phase signal of the MFM signal. The calculated auto-correlation
function can than be approximated by, e.g., a self-affine surface with a cut-off, reading

C(x) = σ2 e−(|x|/ξ)2α (1.7)

with σ representing the standard deviation of the magnetic signal (for AFM this value
represents the root mean square roughness). ξ is the lateral correlation length, i.e., the
length scale within two points of the scan correlate. α is the Hurst parameter, describing
the "jaggedness" of the signal and ranges from 0 to 1. Small values in α represent sudden
fluctuations in the phase signal. Another function describing surface roughness is the
height-height correlation function

H(x) =< [z(x0 + x)− z(x0)]2 > (1.8)

exhibiting the following behavior [40]

H(x) =

x
2α for x� ξ

2σ2 for x� ξ
(1.9)

The parameter set of σ, ξ and α is calculated from both functions, yielding quantitative
description of the scan signal and thus the magnetic structure of the investigated material.

1.4.3. Magnetometry

In magnetometry, the magnetic moment is measured as a function of field and / or temperature.
Such measurements are typically performed in DC-mode, representing the static properties
of a magnetic material. An example for a magnetometric scan is the hysteresis, as the
magnetic moment is measured as a function of the magnetic field. To fully characterize the
behavior of a magnetic material, temperature dependent scans have to be performed. The
measurement of the saturation magnetic moment versus temperature for instance, reveals
the Curie temperature. Furthermore, zero field cooling (ZFC) and field cooling (FC) scans
should be mentioned at this point, which are usually performed between room temperature
and cryogenic temperatures [41, 42].

In ZFC mode, a demagnetized sample is cooled in absence of an external field. At the
lowest temperature a magnetic field is switched on and the magnetic moment is measured
upon heating. As the highest temperature is reached, the sample is cooled and the magnetic
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1. Introduction

Figure 1.5.: ZFC (red) and FC curves (black) for nanoporous Pd(Co). Arrows indicate temperature
sweep direction. Reproduced under the terms of the CC–BY 4.0 license. [46] © 2019, John Wiley &
Sons.

moment is measured during cooling. The latter measurement is called FC measurement.
From the temperature dependence of both curves, for instance magnetic phase transititions
can be observed, as for example superparamagnetism [43], spin-glass behavior [44] or su-
perconductivity [45]. Fig. 1.5 shows the magnetic moment of nanoporous Pd(Co) as an
example, measured in ZFC and FC condition [46]. The splitting of both curves represents
a behavior typical for superparamagnetism, with the maximum in ZFC representing the
superparamagnetic blocking temperature. Below the blocking temperature, the material
behaves ferromagnetic. Above the blocking temperature, the magnetization decays, since
the energy barrier can be overcome by thermal energy. This behavior is usually observed
for ferromagnetic particles with several nanometeres in size, embedded in a non-magnetic
matrix.

1.4.4. AC-hysteresis measurement

As mentioned above, the application of soft magnets involves cycling of the hysteresis loop
in fractions of seconds. Therefore, also the investigation of the dynamic magnetic behavior
is crucial. For AC-hysteresis measurements a wound core is fabricated. The core material
is made of the material to be investigated, whereas two wire coils are wound on, which
are denoted as primary and secondary windings in the following [47, 48]. Usually these
measurements are performed on a ring-core sample, since shape anisotropy can be neglected
for such geometries. Applying an electrical current on the primary coil leads to a magnetic
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field H, according to
H(t) = I(t) ·NP

lm
(1.10)

In the above equation, I is the applied current, NP is the number of primary windings and
lm is the mean length of the core material. The induced magnetic voltage V in the secondary
winding yields the magnetic flux B

B(t) =
∫
U(t′)dt′
NS · A

(1.11)

in the above equation, NS stand for the number of windings and A is the cross-section area
of the core material. From monitoring the time-dependent H and B, the magnetic hysteresis
is generated.

The dynamic behavior can therefore be investigated by tuning the applied current according
to [eq. 1.10]. Exposing the material to high frequencies of the magnetic field leads to larger
losses. This behavior is reflected in the measurements by an increasing area of the hysteresis
loop for an increasing frequency. A mathematical model describing the evolution of the
energy losses as a function of frequency reads as follows

W (f) = Wh +Wcl(f) +Wexc(
√
f) (1.12)

[Eq. 1.12] shows that the losses can be separated into three different terms, which are the
(static) hysteresis lossWh, the classical lossWcl and the anomalous or excess lossWexc [49–51].
The classical loss depends on the formation of eddy currents and is linearly proportional to
the frequency f . The excess loss Wexc is controlled by the motion of domains and scales with
√
f [52]. Furthermore the (static) hysteresis loss Wh can be evaluated from an extrapolation

of the loss curve to f → 0.
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2. Results and discussion

Starting with conventional powders, in total five different systems are investigated, each
consisting of one diamagnetic element and at least one ferromagnetic element: Cu-Fe, Cu-Co,
Cu-Fe-Co, Ag-Fe and Ag-Co. For each composition the formation of a nanocrystalline
saturated state from initial powders is aimed. Therefore a homogeneous deformation by
HPT has to be ensured. Investigations regarding the microstructure as well as the magnetic
properties are carried out as depicted in fig. 2.1. In the following, the results are presented
individually for the different material systems.

Figure 2.1.: Schematic layout of one half of an HPT-sample. The used methods with their respective
observation directions are highlighted. Reproduced under the terms of the CC–BY 4.0 license. [53]
© 2019, MDPI.

2.1. Magnetic tunability in Fe-Cu solid solutions

To achieve a saturated steady state in Fe-Cu solid solution, the necessary deformation has
been evaluated. The hardness is very sensitive to the microstructure and can be used to
estimate the formation of the saturated state. In fig. 2.2 the hardness as a function of
shear strain γ is shown for as-deformed Fe14wt.%-Cu. The first plateau at 150 HV0.5 arises
from the formation of substructures and is already reached at small strains. A significant
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2. Results and discussion

Figure 2.2.: Vickers hardness of HPT-deformed Fe14wt.%-Cu. On the left, the hardness as a function
of shear strain γ is shown in as-deformed state, revealing a saturation for γ ≥ 1000. On the right,
the mean hardness (γ ≥ 1000) is shown as a function of annealing temperature. Reproduced from
[54] with permission from Elsevier.

rise in hardness is visible between γ=10 and γ=1000, but no further increase is visible at
higher strains, indicating a microstructural saturation for γ ≥1000. Therefore the samples
investigated in the Fe-Cu system have been prepared using 100 turns leading to shear strain
of γ ≈ 4500 at r=3 mm, maintaining a microstructural saturated steady state. Scanning
electron microscopy (SEM) show a homogeneous microstructure in the nanocrystalline regime.

Upon annealing treatment, a slightly higher hardness is visible for 150℃, but at higher
annealing temperatures the hardness decreases, which is associated to demixing and grain
coarsening. From synchrotron X-ray diffraction (XRD) (fig. 2.3), a major fcc-phase can be
identified for Fe14wt.%-Cu, but small and broad reflections in the synchrotron XRD pattern
point at the presence of tiny bcc-Fe particles. Similar observations are made for Fe07wt.%-Cu
and Fe25wt.%-Cu.

In the following, an exhaustive analysis on the magnetic properties of as-deformed Fe14wt.%-
Cu is carried out and correlated to the microstructure. The hysteresis is depicted in fig. 2.4(a)
and shows a large high-field susceptibility in the as-deformed state. Furthermore, the total
magnetic moment is lowered with respect to bulk-Fe as well as a coercivity in the semi-hard
regime is measured. Further analysis is performed by measuring ZFC-FC-curves (fig. 2.4(b)),
showing distinct peaks in the ZFC- and FC-curve, indicating superparamagnetic behavior. In-
depth characterization of the magnetic behavior is carried out by AC-SQUID susceptometry,
leading to the conclusion, that a spin-glass state is present as well as a superparamagnetic
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2.1. Magnetic tunability in Fe-Cu solid solutions

Figure 2.3.: Synchrotron XRD pattern of Fe14wt.%-Cu as a function of annealing temperature. The
measurement was carried out using a beam energy of 100 keV in transmission mode. Reproduced
from [54] with permission from Elsevier.

phase exists in the as-deformed state. To correlate the measured magnetic properties with
the microstructure, detailled APT-investigations are carried out, as shown in fig. 2.5. In the
reconstructed volumes, tiny Fe-particles are visible, whereas the concentration is investigated
in the proximity of these particles, showing Fe-contents of up to 40 at.% inside the particles.
The grain boundaries are investigated as well, where Fe- and Cu-concentrations have been
observed to rise locally, showing large inhomogeneities along the grain boundaries. Both,
the Fe-particles and Fe along the grain boundary are expected to cause the bcc-pattern
in the XRD-spectra as well as the superparamagnetic behavior. The composition of the
Cu-grain is investigated as well, using the DIAM-algorithm as described in section 1.4.1. The
Fe-content inside the grain is determined to be 18.81 at.%. This composition exceeds the
thermodynamical limit of solubility and shows the presence of a supersaturated solid solution.

Exchange coupling is sensitive to the interatomic distance. Fe, which is present in a
supersaturated solid solution with Cu, exhibits a larger interatomic distance than bulk-Fe,
whereas the effective exchange coupling can be calculated from Ruderman-Kittel-Kasuya-
Yosida (RKKY)-interaction and covers ferromagnetic as well as antiferromagnetic exchange
leading to a spin-glass state [44]. The susceptometric measurements are therefore a di-
rect evidence of the supersaturated solid solution and the capability of HPT to tune the
microstructure even on an atomic scale.

To investigate the thermal stability of the metastable state observed in the as-deformed
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Figure 2.4.: In (a), the specific magnetic moment versus magnetic field of Fe14wt.%-Cu as a function
of annealing temperatures, measured at 300 K, is shown. The inset gives the magnetic moment at
70 kOe as a function of temperature in the as-deformed state. The magnetic moment of bulk Fe is
218 emu·g−1 [2]. (b) shows ZFC-FC-curves for Fe14wt.%-Cu measured at 50 Oe as a function of
annealing treatments. Adapted from [54] with permission from Elsevier.

material, magnetic measurements are conducted for the 150℃, 250℃ and 500℃ annealed
states as well. Fig. 2.4(a) shows the hysteresis for the different annealing treatments.
The decreasing slope in the high-field regime points at a diminishing Fe-content in the
supersaturated solid solution. The hysteresis evolves towards a typical bulk hysteresis loop
at 500℃ owing to the demixing of phases. Furthermore, AC-susceptometry measurements
show that the spin-glass state is not dominant anymore at 250℃. To sum up, the study
on AC-susceptometry demonstrates that the magnetic properties can be changed from a
ferromagnetic to a spin-glass state by HPT corresponding to a supersaturated solid solution.
Furthermore, a successive removal of the spin-glass phase can be achieved by annealing
treatments. The investigations on AC-susceptometry are shown in detail in Paper C.

The detailed analysis as described above is carried out for Fe14wt.%-Cu, but these results
apply to Fe07wt.%-Cu and Fe25wt.%-Cu as well, since similar microstructures and magnetic
properties are observed for these compositions. ZFC-FC measurements on Fe25wt.%-Cu show
a larger contribution of superparamagnetism, whereas in Fe07wt.%-Cu almost no indications
of superparamagnetism are observed. Since all samples have been processed with the same
parameters, the varying magnetic behavior is expected to arise from different microstructural
arrangements. Therefore, APT experiments have been conducted and the Fe cluster sizes
have been analyzed for all three compositions by Voronoi-volumes, showing that larger
clusters are present as the Fe-content increases. These results are in line with magnetometry
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2.1. Magnetic tunability in Fe-Cu solid solutions

Figure 2.5.: APT analysis of Fe14wt.%-Cu. The reconstructed volume in (a) consists of Fe19.1at%-
Cu80.8at.%. Isosurfaces indicate regions with 28.1at.% Fe or 63.7at.%Cu. The composition of the
volume in the green box is investigated with the DIAM-algorithm, as shown in (b). (c) and (d)
represent the compositions of Cu and Fe, respectively along the grain boundary (grey box in (a)).
The heat maps give the composition in at.%. Reproduced from [54] with permission from Elsevier.

which shows a superparamagnetic behavior for Fe25wt.%-Cu and a spin-glass behavior for
Fe07wt.%-Cu, whereas for Fe14wt.%-Cu both magnetic phases are present as shown in the
AC-susceptometry study above. For the evolution of magnetic hysteresis, in particular the
coercivity, a similar behavior is observed for all compositions investigated: at 150℃, stress
relief takes place, leading to a diminishing coercivity according to magnetoelastic anisotropy.
At intermediate annealing temperature agglomeration of Fe sets in, leading to the formation
of clusters close to single-domain. Upon annealing at 500℃ a ferromagnetic hysteresis curve
forms, exhibiting multi-domain behavior with the saturation magnetization of bulk Fe. The
study on magnetic properties for various Fe-Cu compositions is covered in detail in Paper B.

The results demonstrate a tunability from spin-glass to superparamagnetic behavior, which
can be achieved by varying the Fe-content. Furthermore, the coercivity can be controlled by
additional annealing treatments, which was found to cover a broad range from single-domain
to multi-domain behavior.
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2. Results and discussion

2.2. Towards soft magnetic tunability in Co-Cu

Homogeneous microstructures have been obtained during HPT at room temperature (RT)
between 28wt.% and 67wt.% of Co. For lower Co-contents residual particles are visible.
RT-deformation of higher Co-contents leads to brittle specimen and accompanying crack
formation. It is possible to push the limits of processing towards higher Co-contents by
applying two consecutive steps of HPT-deformation at different temperatures: in the first
step HPT-deformation is conducted at high temperatures (e.g. 500℃) leading to a chemical
homogenization and grain refinement in the UFG-regime with absence of cracks. The second
step is applied at RT causing grain refinement in the nanocrystalline regime and further
homogenization. The 2-step processing method by HPT is shown in detail in paper D.

Although Co is present in hcp crystal structure in the initial powder, for all Co-Cu samples,
an fcc single-phase microstructure is obtained in the as-deformed state as shown in fig. 2.6(a).
The patterns of the as-deformed state exhibit an extreme peak broadening arising from
the high defect density but also from grain refinement [55]. To quantify the grain size,
transmission Kikuchi diffraction (TKD) measurements are carried out at multiple positions,
revealing a median grain size of 100 nm (Co28wt.%-Cu), 78 nm (Co49wt.%-Cu) and 77 nm
(Co67wt.%-Cu; see paper A for more details).

The composition which exhibits the highest ferromagnetic content (Co72wt.%-Cu) is
prepared by a 2-step deformation process, as mentioned above, whereby investigations on the
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Figure 2.6.: XRD-patterns of Cu-Co HPT-deformed samples. (a) shows synchroton XRD patterns
as a function of composition, measured in transmission mode at 100 keV. (b) shows Co72wt.%-Cu
in as-deformed and annealed states, measured in reflection mode with Co-Kα radiation. The legend
in (a) applies to (b) as well.
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2.2. Towards soft magnetic tunability in Co-Cu

Figure 2.7.: HAADF-TEM micrographs of Co72wt.%-Cu in as-deformed state and 600℃-annealed
state (left). On the right, the corresponding EDS maps show the Cu-distribution.

thermal stability are conducted on this sample. The XRD-patterns (fig. 2.6(b)) show the
single-phase microstructure to be stable up to 400℃. At 600℃, two fcc-patterns are visible.
TEM micrographs in high-angle annular dark-field (HAADF)-mode reveal the evolution of
grain size and chemical homogeneity and are taken of the as-deformed and 600℃ annealed
state (fig. 2.7). Only small changes in grain size are visible upon annealing but the distribution
of Cu, as shown in the energy dispersive X-ray spectroscopy (EDS) maps, changes from a
homogeneous appearance in the as-deformed state, to the formation of Cu-rich regions at
600℃, corresponding to the XRD-pattern in fig. 2.6(b).

Hysteresis measurements reveal a ferromagnetic behavior for all compositions investigated,
as can be seen in fig. 2.8(a). Slopes in the high-field regime of Co28wt.%.-Cu and Co37wt.%-
Cu indicate a partial break-down in long-range ordering and therefore the presence of small
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Figure 2.8.: Specific magnetic moment m as a function of applied field H measured at 300 K for
various compositions of Co-Cu (a). In (b) the evaluated coercivity HC and the saturation magnetic
moment mSAT are plotted as a function of Co-content. The dashed line in (b) represents the
saturation magnetic moment of fcc-Co=166.1 emu·g−1.

amounts of paramagnetic Co. The specific magnetic moment deviates from the bulk magnetic
moment of Co, which is typical for the formation of solid solutions [56], but attains the
magnetic moment of fcc-Co for Co72wt.%-Cu. The coercivity HC , as evaluated from hysteresis
loops diminishes as the Co-content increases, which can be seen in fig. 2.8(b). The results show
that soft magnetic properties can be induced in mixtures of Co-Cu by HPT and enhanced
properties can be observed as the Co-content increases.

The magnetocrystalline anisotropy is a material parameter closely related to the coercivity.
Hcp-Co exhibits a large magnetocrystalline anisotropy, causing hard magnetic behavior
for single-domain Co [57]. Upon phase transformation to fcc-Co, the magnetocrystalline
anisotropy is expected to decrease [58], causing a magnetic softening. As shown above, all
Co-Cu samples exhibit nanocrystalline microstructures in the as-deformed state, pointing
at a further lowering in the magnetocrystalline anisotropy due to random anisotropy [6].
Despite, a quantitative description of the measured, low, coercivity fails, even when both
parameters are taken into account. Since the microstructure does not show isolated fcc-Co
particles in a Cu-matrix, as a description by random anisotropy would suggest, a contribution
from alloying, namely due to formation of supersaturated solid solution is conceivable.

For further analysis of the magnetic properties, the domain structure is investigated, which
is conducted by MFM for Co72wt.%-Cu. The as-deformed state and annealed states are
measured to investigate the evolution of domain structure upon annealing, i.e., demixing.
Quantitative analysis of the scans is performed as shown in sec. 1.4.2, revealing a lowering
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Figure 2.9.: Coercivity HC determined from SQUID-magnetometry as a function of magnetic lateral
correlation length ξ from MFM for different annealing treatments. The line is a guide to the eyes.
Reproduced under the terms of the CC–BY 4.0 license. [61] © 2020, Elsevier.

in the lateral correlation length ξ with increasing annealing temperature. When putting
ξ into relation with HC as measured with SQUID-magnetometry, a magnetic hardening
effect upon annealing is visible, as shown in fig. 2.9. Since the as-deformed state exhibits
a single-phase supersaturated solid solution, as shown above, the diminishing ξ is likely to
arise from demixing processes, as for instance spinodal decomposition [59, 60], causing the
Co-atoms to agglomerate. The Co-rich regions grow upon annealing and attain the bulk
magnetic properties of Co. The 600℃ annealed state exhibits the smallest ξ with the highest
HC . The study on MFM is covered in further detail Paper D.

For solid solutions of Cu-Co both, the magnetic moment and the coercivity is controlled
by the Cu-to-Co ratio. The materials investigated show soft magnetic properties, which are
enhanced by larger Co-contents. A further improvement of soft magnetic properties is limited
by the relatively large magnetocrystalline anisotropy of Co.

2.3. Superior soft magnetic properties in Cu-Fe-Co alloys

As shown above, Cu-Co samples form supersaturated solid solutions with soft magnetic
properties upon HPT-processing. Since Fe-Co alloys exhibit smaller magnetocrystalline
anisotropies as well as higher magnetic moment, further improvement towards superior soft
magnetic properties can be made by addition of Fe [62].
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Figure 2.10.: SEM micrographs of as-deformed samples with ternary compositions. The diagram in
the middle shows the compositions investigated in comparison to binary compositions from above
(Fe-Cu, Co-Cu). Images on the left (a)-(c) show samples processed by RT deformation. Images on
the right (d)-(f) shows samples processed by 2-step HPT deformation. The scale bar in (a) applies
to all micrographs.

Similarly to binary Co-Cu samples, HPT-deformation at RT yields a homogeneous de-
formation only for intermediate Co or Fe concentrations. For higher concentrations of the
ferromagnetic phase, the 2-step deformation process, as described above, is employed. In
fig. 2.10 SEM micrographs of various compositions, processed either by RT deformation (red
dots) or 2-step deformation (green stars), are shown. To investigate the influence of various
ratios of Co and Fe a constant ferromagnetic content is maintained, i.e. the Cu-content
remains at about 20wt.% for various Fe-to-Co-ratios. The addition of high amounts of Fe
(≥20wt.%) leads to the formation of a compound consisting of two crystalline phases, namely
an fcc-phase and a bcc-phase. Hysteresis measurement of an Fe-rich sample, consisting of
Cu25Fe63Co12, reveal a rather high coercivity of ≈40 Oe. Furthermore, an enhanced saturation
magnetic moment is measured, showing the formation of an Fe-Co alloy, corresponding to
results from XRD-measurements.

For Co-rich ternary compositions, single-phase supersaturated solid solutions form upon
HPT-deformation, as in the case for binary Co-Cu samples. Investigations on the magnetic
properties of Cu17Fe11Co72 (wt.%) show a magnetic moment, which equals the sum of Fe
and Co magnetic moments. This result demonstrates that no Fe-Co alloys form, as an Fe-Co
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Figure 2.11.: Evolution of coercivity of Cu17Fe11Co72 versus frequency for various in-situ annealing
treatments.

alloys would exhibit a higher magnetic moment. The coercivity of this composition cannot be
properly resolved by SQUID-magnetometry, as the coercivity is smaller than the remanent
field of the superconducting magnet [63, 64]. Instead, the coercivity is determined by means
of AC-hysteresis measurements. For this purpose a ring core is fabricated. The frequency
dependent evolution of the hysteresis provides insights into the dynamic contributions of
losses (arising from domain wall motion and eddy currents) [49–52]. Furthermore, the
static coercivity can be approximated by extrapolating the dynamic loss curve towards zero
frequency, which is determined to 162 A/m in the as-deformed state. Eddy current losses scale
with conductivity. Since HPT-processed materials exhibit high densities of lattice defects the
conductivity is significantly lowered [65] and eddy current losses can be neglected. Instead,
the dynamic behavior is found to arise to a major extend from a low mobility of domain wall
motion. To investigate the evolution of magnetic properties upon annealing the hysteresis is
measured in-situ during thermal treatment. Fig. 2.11 shows the dynamic behavior for the
in-situ annealing treatments, as investigated in paper F. Up to 400℃, a decreasing coercivity
is measured, arising from temperature dependence of the magnetocrystalline anisotropy
[66], but might also arise from stress relief [67]. At 600℃, a large increase in coercivity
is measured, corresponding to the decomposition of the single-phase supersaturated solid
solution and the formation of a compound with significantly larger grain size. The dynamic
loss parameter b shows a huge increase at 400℃, preceding the increasing coercivity at 600℃.
This behavior indicates the formation of pinning centres, such as precipitates, hindering
the motion of domain walls. Ex-situ experiments on the microstructure reveal a persisting
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single-phase crystallographic configuration up to 400℃. It should be stated that pinning
centres which have precipitated have not been resolved by SEM or XRD. However, the
evolution of hardness as a function of annealing temperatures peaks at 400℃ which might
arise from a formation of tiny precipitates. At 600℃ a compound consisting of three phases,
according to the thermodynamical equilibrium, is present. The in-situ study is covered in
detail in paper F.

The results demonstrate a significant enhancement in soft magnetic properties with respect
to Co-Cu samples by adding small amounts of Fe. XRD- and SEM-investigations on the
thermal stability show a persisting single-phase microstructure up to 400℃. At 600℃,
decomposition into the stable phases according to the thermodynamical equilibrium is
observed.

2.4. Magnetic properties in Ag-based materials systems

In the Fe-Ag systems, a strong localization of deformation is observed for high Fe-contents.
Low Fe-contents (≤ 30 wt.%) in contrast, show a homogeneous deformation and grain
refinement (fig. 2.12(a)) for Fe and Ag with respect to the grain size of the initial powders.
In SEM-backscattered electrons (BSE) images, a high phase contrast is visible, indicating
a poor grade of intermixing. Hysteresis measurements, reveal a typical bulk Fe hysteresis
loop (fig. 2.13), pointing again out, that the Ag-phase and the Fe-phase did not mix during
deformation (see Paper A for more details).

Figure 2.12.: SEM-BSE micrographs for Fe30wt.%-Ag (a) at an equivalent strain of γ ≈ 3000 and
Co20wt.%-Ag (b) at an equivalent strain of γ ≈ 6000. Note the different scale bars.

In the Co-Ag system also strong localization during deformation can be observed for
high Co-contents. For small Co-contents, deformation leads to grain refinement only in the
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2.4. Magnetic properties in Ag-based materials systems

Figure 2.13.: Hysteresis of Fe18wt.%-Ag measured with SQUID at 300 K. The dashed line represents
the saturation magnetic moment of bulk Fe 218 emu·g−1. The inset shows a coercivity of 400 Oe.
Reproduced under the terms of the CC–BY 4.0 license. [53] © 2020, MDPI.

Ag-phase. Shape and grain size of the Co-particles do not change during deformation as
can be seen in fig. 2.12(b). The lack of deformation in the Co-particles is expected to arise
from the large difference in plastic deformation behavior of both, the Ag- and the Co-powder
[22]. Since no intermixing could be achieved for any composition in the Co-Ag systems, the
magnetic properties have not been investigated, but are expected to show no deviation with
respect to the ferromagnetic behavior of the initial powder.

In comparison to the Cu-based systems shown above, the Ag-based systems have found
to be rigid to the formation of solid solutions by HPT. As has been described in [22], the
intermixing upon HPT depends to a major extend on the mechanical properties, in particular
plastic properties, of the used materials. Since the Ag exhibits a much smaller hardness than
the Fe or Co phase, the soft Ag-phase is deformed stronger than the Fe or Co phases. On
the other hand, Fe exhibits a smaller hardness than Co, explaining the grain refinement of Fe
particles. In the Co-Ag alloys, fragmentation of Co-particles can be observed only to a small
extend.
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3. Summary and Outlook

This study demonstrates the capability of SPD by HPT in producing bulk materials with
functional properties. The initial multi phase materials form nanocrystalline microstructures
upon processing. Several material systems have been investigated in this study, whereby the
magnetic properties are traced back to the microstructure. In case of the Fe-Cu system, a
spin-glass state is formed upon deformation, where the amount of the spin-glass phase is
controlled by the composition, caused by the formation of a supersaturated solid solution.
Larger Fe-contents favor the formation of superparamagnetic Fe-particles. Furthermore, with
subsequent annealing treatments, demixing is triggered, leading to the formation or growth of
Fe-particles, exhibiting magnetic single-phase and for higher temperatures even multi-phase
behavior.

In case of Co-Cu solid solutions, tunability in the magnetic moment and the coercivity
has been observed, which was achieved by varying the Co-to-Cu ratio. The alloys form
homogeneous supersaturated solid solutions. Soft magnetic properties have been observed for
high Co-contents. A further improvement of the soft magnetic properties was achieved by
substituting small amounts of Co with Fe. With too large Fe-contents the magnetic properties
change to a hard magnetic behavior, arising from a different deformation characteristic.

Although wide compositional ranges have been investigated in the Co-Cu and the Cu-Fe-Co
systems, the processing is limited by the characteristics of the initial phases. In particular,
mechanical properties are assumed to be responsible for the limits in processability. For this
reason, in the Fe-Ag system no intermixing has been observed. In case of the Co-Ag system
fragmentation of the mechanically harder Co-particles is observed to a very small extend,
whereat the majority of the deformation is restricted to the mechanically soft Ag-phase.

Moreover, in this study it has been demonstrated that by combining microstructural with
magnetic measurement techniques an in-depth analysis of the microstructural assembly can
be worked out, since even smallest changes in the atomic arrangement cause changes in
the magnetic properties. A correlation of both techniques can be therefore used in the
development of an holistic understanding of the microstructure, which would be utterly
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3. Summary and Outlook

impossible by using solely microstructural investigation techniques.

Further improvements in terms of soft magnetic properties of HPT-processed materials can
be achieved by reducing the grain size even further. One possibility to diminish the grain size
is the usage of an additional step of HPT-deformation: since the grain size in HPT-deformed
materials depends on the deformation temperature, a subsequent deformation step at lower
temperatures is expected to lead to enhanced soft magnetic properties. Another approach
to achieve smaller grain sizes includes the synthesis of initial powders. It has been reported
that powder preparation by inert-gas condensation or microwave plasma synthesis is capable
of producing powders with grain sizes in the range of several nanometers [13, 68, 69]. A fully
dense and bulky specimen can then be produced by means of HPT.

To push the boundaries in terms of coercivity, the ultimate goal is the formation of an
amorphous microstructure by HPT. In this context, combinations of materials have to be
used, which enable the formation of bulk metallic glasses. Research on mechanical alloying
has already demonstrated the formation of amorphous microstructures in a large variety of
systems, e.g. in mixtures of transition metals with Zr and Ti [70–74]. An amorphization by
HPT-deformation has also been already observed for certain compositions [75], although very
limited literature is available on this topic.
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A. Magnetic Binary Supersaturated
Solid Solutions Processed by Severe
Plastic Deformation
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Abstract

Samples consisting of one ferromagnetic and one diamagnetic component which are immiscible
at the thermodynamic equilibrium (Co-Cu, Fe-Cu, Fe-Ag) are processed by high-pressure
torsion at various compositions. The received microstructures are investigated by electron
microscopy and synchrotron X-ray diffraction, showing a microstructural saturation. Results
gained from microstructural investigations are correlated to magnetometry data. The Co-Cu
samples show mainly ferromagnetic behavior and a decrease in coercivity with increasing
Co-content. The saturation microstructure of Fe-Cu samples is found to be dual phase.
Results of magnetic measurements also revealed the occurrence of two different magnetic
phases in this system. For Fe-Ag, the microstructural and magnetic results indicate that no
intermixing between the elemental phases takes place.

Keywords: severe plastic deformation, high-pressure torsion, supersaturation, magnetic
properties, nanocrystalline
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A.1. Introduction

Creating materials with tailored functional properties has been a large field of interest for
many years. In the field of magnetism, for example, it was shown that the magnetic moment
of γ-Fe2O3 can be tuned electrochemically [1]. Another approach to create materials with
tunable magnetic properties is to exploit effects of magnetic dilution. Therefore, metastable
materials are fabricated, consisting of elements which exhibit large miscibility gaps in the
thermodynamic equilibrium. The concept is to synthesize homogeneous structures consisting
of components with different magnetic properties (e.g., ferromagnetic and diamagnetic). For
instance, Chien et al. [2] processed Fe-Cu samples by the vapor quenching method or Childress
et al. [3] produced Co-Cu samples by magnetron sputtering. Both approaches showed that
magnetic properties can be tuned, e.g., the Curie-temperature was shifted towards smaller
values for high Cu-containing compositions. Such metastable solid solutions can also be
processed with ball-milling [4, 5], leading to samples in powder form. Another route to
prepare such samples is with high-pressure torsion (HPT) deformation [6, 7], a severe plastic
deformation (SPD) technique, which has the advantage that the resulting sample is already
in bulk form. It was shown that binary supersaturated solid solutions can be processed
at high homogeneity by HPT [8, 9]. The microstructure of as-deformed samples typically
exhibits grain sizes in the nanocrystalline regime. First, investigations regarding magnetic
tunability have been carried out on HPT-processed Co26wt.%-Cu, showing large deviations in
the saturation behaviour of the as-deformed state with respect to bulk hcp-Co [10]. Further
investigations revealed the sensitivity of the magnetic properties, such as coercivity and
remanence, on the processing parameters as well as the influence of subsequent annealing
treatments as the microstructure and elemental distribution could change.

As covered by Herzer [11], grain sizes in the nanometer regime lead to a decrease in
coercivity. In this regime, the coercivity is not controlled by domain wall motion and its
hindering due to obstacles like grain boundaries. Instead, the grains’ random alignment of
the magnetic easy axes lead to a breakdown in coercivity [12].

In this study, supersaturated solid solutions are prepared by HPT consisting of one
ferromagnetic and one diamagnetic component. The microstructure of the as-deformed
samples, which are already available in bulk form, are characterized and correlated to their
magnetic properties.
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A.2. Materials and Methods

The investigated binary compounds consist of Co-Cu, Fe-Cu or Fe-Ag. To obtain any desired
chemical composition, conventional powders are used as starting materials (Fe: MaTeck 99.9%
−100+200 mesh, Co: GoodFellow 99.9% 50–150 µm, Cu: AlfaAesar 99.9% −170+400 mesh,
Ag: AlfaAesar 99.9% −500 mesh). An Ar-filled glovebox is used to store the powders and
prepare the powder mixtures, which are hydrostatically compacted in Ar-atmosphere at a
nominal pressure of 5 GPa applied. Pre-compacted samples are then severely deformed by
HPT for 50 or 100 turns at the same pressure at room temperature. A detailed description of
the used setup is given in Ref. [13]. The resulting samples are 8 mm in diameter and about
0.5 mm thick. Samples in the Co-Cu system are prepared at medium compositional ranges.
Co37wt.%-Cu, Co49wt.%-Cu and Co53wt.%-Cu samples are processed using 50 turns at the
HPT, leading to shear strains of γ ∼ 1500 at r = 2 mm. Co28wt.%-Cu and Co67wt.%-Cu
samples are processed by using 100 turns, leading to shear strains of γ ∼ 3000 at r = 2 mm.
In this system, compositions with lower or higher Co-contents could not be successfully
processed, due to large residual Co-particles or cracking during HPT deformation. In the
Fe-Cu system, samples with low Fe-content (Fe7wt.%-Cu, Fe14wt.%-Cu, Fe25wt.%-Cu) are
processed using 100 turns at the HPT, leading to a shear strain of γ ∼ 3000 at r = 2 mm.
Samples with higher Fe-contents fail due to shear band formation during HPT deformation.
The Fe18wt.%-Ag sample is deformed with 100 turns at the HPT (γ ∼ 3000 at r = 2 mm).

Figure A.1 shows a schematic diagram of an as-deformed sample and a layout of the
positions where the measurements are carried out. Vickers hardness measurements are
performed at half height of the sample in a tangential direction in steps of ∆r = 0.25 mm
(not shown). Further investigations of the microstructure are carried out by scanning electron
microscopy (SEM; Zeiss LEO 1525, LEO Electron Microscopy Inc., Thornwood, USA) in
a tangential direction of the sample. The chemical compositions of the samples, as stated
above, are measured by energy dispersive X-ray spectroscopy (EDX; Model 7426, Oxford
Instruments plc, Abingdon, UK). To investigate the grain sizes, an EBSD/TKD (Electron
Back Scattering Diffraction/Transmission Kikuchi Diffraction) system (Bruker Nano GmbH,
Berlin, Germany) attached to the SEM was used. For TKD data analysis, the manufacturer’s
software Esprit version 2.1 was utilized. Additional microstructural investigations are carried
out with synchrotron X-ray diffraction measurements in transmission mode (Petra III: P07
synchrotron facility at Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany; Beam
Energy: 100 keV; Beam Size: 0.2 × 0.2 mm2). Diffraction patterns are recorded in the axial
orientation at r ≥ 2 mm.
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Figure A.1.: Schematic representation of half of an high-pressure torsion (HPT) sample. Regions
for the described measurements are highlighted. Scanning Electron Microscopy (SEM) images are
taken in a tangential direction of the sample at r ≥ 2 mm, Transmission Kikuchi Diffraction (TKD)
investigations are carried out in the samples axial direction. X-ray diffraction (XRD) measurements
are carried out in transmission mode (r ≥ 2 mm; beam parallel to axial direction). Samples for
SQUID-magnetometric measurements are cut out at r ≥ 2 mm.

Magnetic properties are measured in a SQUID-Magnetometer (Quantum Design MPMS-
XL-7, Quantum Design, Inc., San Diego, USA) operated with the manufacturer’s software
MPMS MultiVu Application (version 1.54). The applied magnetic field points in the axial
orientation of the sample. Magnetic hysteresis are measured at 300 K in magnetic fields up
to 70 kOe. Zero Field Cooling (ZFC) and Field Cooling (FC) measurements are recorded
between 5 K and 300 K at 50 Oe.

A.3. Results and Disussion

A.3.1. Microstructure

Vickers hardness measurements are carried out as the measurements are very sensitive to
small changes in the microstructure. Hardness values plotted versus shear strain showed a
saturation behavior starting at r ≥ 2 mm, indicating the as-deformed microstructures reached
a steady state above this position.

Figure A.2a–c show SEM images of as-deformed Co-Cu samples, taken in a tangential
direction of the sample at r ≥ 2 mm (back-scatter mode). The micrographs indicate a
homogeneous phase and show very small grain sizes in the nanocrystalline regime. Figure A.2d–
f show TKD orientation maps of similar samples, taken in an axial direction. At least three
EBSD-scans per specimen were jointly analyzed to evaluate the area weighted grain sizes.
Taking only high angle boundaries into account leads to the following results: 100 nm, 78 nm
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Figure A.2.: Backscattered Electrons (BSE) micrographs of as-deformed Co-Cu samples at r ≥ 2 mm
in tangential direction. Images of Co28wt.%-Cu (a); Co49wt.%-Cu (b); and Co67wt.%-Cu (c) show
homogeneous microstructures. In (d–f), the corresponding TKD images, taken along the axial
direction, are shown. High Co-containing compositions show smaller grain sizes.

and 77 nm for Co28wt.%-Cu, Co49wt.%-Cu, Co67wt.%-Cu, respectively. SEM images of
Fe-Cu with low (7 wt.%) and high (25 wt.%) Fe-contents are shown in Figure A.3a,b. A few
remaining particles are visible in the micrograph of Fe25wt.%-Cu. In Figure A.3c, the SEM
image of Fe18wt.%-Ag is displayed. The deformed microstructure exhibits many remaining
dark particles at various sizes.

Statistically significant information of each sample’s constituting phases are revealed by
synchrotron diffraction measurements, as shown in Figure A.4. In the diffraction patterns
of the Co-Cu samples (Figure A.4a), only very weak occurence of hcp-Co may persist.
The received patterns consist mainly of fcc-peaks, showing that Co undergoes a phase
transformation from hcp to fcc during HPT as reported in previous studies [14–16]. The
deviations of the fcc-Cu peaks can be explained with the change of the chemical composition
of the samples, summarizing that the received microstructures is mainly fcc, either rich in
Cu or Co.

Diffraction patterns of Fe-Cu (Figure A.4b) samples exhibit pronounced peaks of fcc-Cu,
but also weak bcc-Fe peaks can be identified. These results are in agreement with SEM images
as described above, which also show a few remaining particles and leads to the conclusion
that a dual phase structure is present. The diffraction pattern of the Fe18wt.%-Ag sample
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Figure A.3.: BSE micrographs of as-deformed Fe-based samples at r ≥ 2 mm along the tangential
direction. The microstructure of Fe7wt.%-Cu (a) appears homogenous. Fe25wt.%-Cu (b) exhibits
some remaining particles embedded in a highly homogeneous matrix. Fe18wt.%-Ag (c) shows high
contrast variations indicating less Fe dissolved in the Ag-matrix.
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Figure A.4.: Synchrotron XRD patterns of as-deformed samples. In the patterns of Co-Cu samples
(a), only one set of fcc-peaks remains; (b) XRD patterns of Fe-Cu samples show pronounced fcc-Cu
peaks and weak bcc-Fe peaks. In the XRD pattern of Fe18wt.%-Ag, (c) bcc-Fe and fcc-Ag peaks
overlap.

is shown in Figure A.4c. The occurring phases in the pattern can not be clearly identified
due to an overlap in the bcc-Fe and fcc-Ag peaks. These peaks are very broad, indicating a
remaining dual phase structure.

A.3.2. Magnetism

Figure A.5a shows the hysteresis of Co-Cu samples measured at 300 K. The magnetic
moment per gram of cobalt is plotted versus the applied field. The three samples with the
highest Co-content (Co49wt.%-Cu, Co53wt.%-Cu, Co67wt.%-Cu) saturate easily, indicating
a pronounced ferromagnetic ordering. The saturation behavior of the samples with lower
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Figure A.5.: (a) magnetization versus applied field for Co-Cu samples measured at 300 K; (b)
coercivity and saturation magnetization are plotted versus Co-content. The grey dotted lines in
both figures indicate the magnetic moment of fcc-Co (166 emu·g−1). Full saturation is not achieved
for Co contents ≤ 40 wt.% in a field of 70 kOe (open symbols in (b)).

Co-content, Co28wt.%-Cu and Co37wt.%-Cu illustrate a slight increase of the magnetization
with increasing magnetic field. Saturation is not completed even at the highest applied field
of 70 kOe, which indicates a paramagnetic contribution and, therefore, a partial breakdown in
the long-range ordering. In Figure A.5b, the magnetic moment per gram of Co in saturation
is plotted versus the Co-content. Therefore, the mean of the magnetic moment was calculated
at fields between 20 kOe and 70 kOe (filled symbols). For the samples with low Co-content,
Co28wt.%-Cu and Co37wt.%-Cu, the magnetization at 70 kOe is plotted (open symbols).
It can be seen that the magnetic moment of Co increases with increasing Co-content and
approaches the magnetic moment of bulk fcc-Co (166 emu·g−1 [17]). This result is in
accordance with findings on magnetron sputtered Co-Cu, but slightly shifted towards higher
magnetic moments [3]. The coercivity is evaluated with a least-squares fit of the hysteresis
two halves between −800 Oe and 800 Oe and plotted in Figure A.5b. The coercivity decreases
with increasing Co-content, reaching from 66 Oe down to 0.8 Oe.

From the TKD analysis, it was shown that high Co-containing compositions exhibit smaller
grain sizes than low Co-containing compositions. Comparing the coercivity of the samples
with their grain sizes, it can be seen that the coercivity decreases with decreasing grain size,
entering the regime of random anisotropy due to exchange coupled nanograins. Apart from
the decrease in grain size, the various chemical compositions may also lead to deviations of
the micromagnetic properties.

In Figure A.6a, the hysteresis of the Fe-Cu samples are shown. The magnetic moment
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Figure A.6.: (a) magnetization versus applied field for Fe-Cu samples measured at 300 K. Saturation
is not achieved, even at the highest applied field; (b) ZFC-FC for Fe-Cu samples at 50 Oe. Splitting
is not pronounced for Fe7wt.%-Cu. For Fe7wt.%-Cu and Fe14wt.%-Cu a cusp at the FC-curve is
found.

per gram of Fe is plotted versus applied field. The hysteresis of the Fe-Cu samples show
a very pronounced paramagnetic behavior at high applied fields. At low fields, a steep
increase in magnetization occurs, indicating the presence of long-range magnetic ordering and,
therefore, a ferromagnetic phase as expected from SEM and sychrotron XRD measurements.
This contribution increases with increasing Fe-content. The magnetization, even at the
highest applied field, is far away from the value of bulk bcc-Fe at 222 emu·g−1 for all
investigated compositions. This can be explained by the disorder of surface spins on genuine
Fe clusters formed by HPT deformation. Further magnetic characterization is carried out by
performing temperature dependent measurements at low magnetic field (50 Oe). Results of
ZFC-FC measurements on the Fe-Cu samples are shown in Figure A.6b. In the ZFC-FC
measurement of Fe25wt.%-Cu and Fe14wt.%-Cu, superparamagnetic blocking peaks below
room temperature can be identified, indicating the presence of remaining Fe clusters. Splitting
of the ZFC-FC-curves is not pronounced for the Fe7wt.%-Cu sample, but Fe7wt.%-Cu and
Fe14wt.%-Cu show a cusp in the FC curve at very low temperatures. Its origin may be found
in spin-glass behaviour, as reported in Refs. [18–20]. This phase transition is expected to
apply for Fe-contents below 20 at.% at about 50 K [2], which leads to the assumption that
Fe is not only clustered, but is also partially diluted in Cu. As the expected magnetic effects
for Fe-Cu samples are highly sensitive to the elemental distributions, further microstructural
investigations need to be carried out at atomic scales (e.g., by Atom Probe Tomography) to
get more in-depth information.
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Figure A.7.: Magnetization versus applied field for Fe18wt.%-Ag measured at 300 K. The saturation
magnetization is 240 ± 20 emu·g−1, the coercivity is 400 Oe.

The hysteresis of the Fe18wt.%-Ag sample is shown in Figure A.7. Any deviation between
the saturation magnetization and the magnetic moment of bulk bcc-Fe is in the range of
the chemical composition uncertainty, leading to the conclusion that no distortion of the
Fe magnetic moment is observed. The coercivity, evaluated as described above, is 400 Oe.
These results again indicate that no intermixing between Ag and Fe takes place during HPT
and a dual-phase structure remains. It can be concluded that, for the Fe18wt.%-Ag sample,
only grain refinement takes place.

A.4. Conclusions

Binary solid solutions are processed by HPT. Three different systems, immiscible at the
thermodynamic equilibrium and consisting of one ferromagnetic and one diamagnetic com-
ponent, are investigated (Co-Cu, Fe-Cu, Fe-Ag). Correlating microstructural and magnetic
data lead to the following results: for Co-Cu samples, fcc-structures can be processed in
the medium composition range. Higher Co-containing compositions show the smallest grain
sizes as well as the lowest coercivity, demonstrating that the coercivity can be tuned by
varying the chemical composition. Co-Cu HPT samples are near the crossover of free-domain
motion and exchange-coupling of ultra-small grains exhibiting randomization of anisotropy,
with nearly identical initial susceptibilites independent of Co-composition. On the other
hand, Fe-Cu samples deliver phase separation of Fe-grains with monodomain magnetism
obeying Stoner–Wolfarth behavior with strongly composition dependent slopes of hysteresis
curves and a typical magnetic blocking effect. For Fe-concentrations below 20 wt.%, a partial
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dissolution of Fe in Cu is expected with spin-glass behavior (to be probed by frequency
dependent AC susceptibility measurements). For the Fe-Ag sample, magnetic measurements
indicate only grain refinement, but no intermixing of the elemental phases takes place.
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Abstract

Mixtures of Fe and Cu powders are cold-compacted and subsequently deformed with severe
plastic deformation by high-pressure torsion, leading to bulk samples. The dilution of Fe in
the Cu matrix is investigated with SQUID-magnetometry, whereas the magnetic properties
change as a function of Fe-content from a frustrated regime to a thermal activated behaviour.
The magnetic properties are correlated with the microstructure, investigated by synchrotron
X-ray diffraction and atom probe tomography. Annealing of the as-deformed states leads
to demixing and grain growth, with the coercivity as a function of annealing temperature
obeying the random anisotropy model. The presented results show that high-pressure torsion
is a technique capable to affect the microstructure even on atomic length scales.

B.1. Introduction

Metastable phases exhibit a high potential in application, since attractive functional and
magnetic properties were observed in such non-equilibrium states [1–3]. In particular, the
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immiscible Fe-Cu system is of great interest, as Fe, mixed with a low amount of Cu, exhibits
desirable magnetostrictive properties [4]. On the other hand, Cu mixed with low amounts of
Fe shows the granular giant magnetoresistive effect [5, 6]. But all of the mentioned studies
have in common, that sample preparation routes were used, which are hardly accessible for
industrial applications in terms of bulk products. Whereas magnetron sputtering or vapour
depositions turn out to be not feasible on large scales, upscaling is possible in the case of
mechanical alloying or rapid solidification. Anyway, one has to prepare a bulky sample, either
from powder or thin ribbons. Therefore, sample preparation directly in bulk form is desirable.
Techniques of severe plastic deformation, such as high-pressure torsion (HPT), are capable to
prepare such metastable phases directly in bulk form and can also be used at large scales.
However the achievable degree of intermixing has to be examined. Therefore, non-equilibrium
Fe-Cu samples are processed with HPT in this study, whereas intermixing is investigated for
various Fe-contents with advanced microstructural characterization techniques in combination
with SQUID-magnetometry.

B.2. Experimental

Powder mixtures, consisting of high purity powders (Fe: MaTeck 99.9% -100 +200 mesh,
Cu: AlfaAesar 99.9% -170 +400 mesh), were prepared with three different Fe-contents,
namely Fe07wt.%-Cu, Fe14wt%-Cu and Fe25wt.%-Cu, and hydrostatically compacted at
5 GPa. The cylindrical samples (d=8 mm, h∼0.5 mm) were subsequently deformed with
HPT at 5 GPa for 100 turns at room temperature. The applied amount of shear strain
at r=3 mm was γ∼3000. More details on sample preparation can be found elsewhere [7].
All compositions were exposed to annealing treatments at 150℃, 250℃ and 500℃ for 1 h
each, which were conducted in vacuum (p≤10−3 mbar) to prevent oxidation. Microstructural
analysis was carried out with a scanning electron microscope (SEM; Zeiss LEO 1525), with
attached electron backscatter diffraction (EBSD; Bruker Nano eFlashFS), in samples tangential
direction. Investigation on crystallographic compositions was carried out with synchrotron
X-ray diffraction at DESY (beam energy: 100 kV; beam size: 0.2x0.2 mm2). The beam was
oriented in axial direction of the sample at r=3 mm. Further microstructural analysis was
performed via atom probe tomography (APT) experiments on a LEAP4000 X at 50 K in
laser mode with a pulse repetition rate of 250 kHz. Magnetic properties were investigated
using a SQUID-magnetometer (Quantum Design MPMS-XL-7).
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Figure B.1.: Synchrotron-XRD diffraction patterns of as-deformed samples and of Fe14wt.%-Cu in
annealed states, measured in transmission mode.

B.3. Results and Discussion

B.3.1. Microstructural Characterization

HPT-processing applies a shear strain onto the sample, which increases with increasing radius
[8], causing a microstructural evolution, which strongly affects the mechanical properties. To
verify that a steady state is reached, Vickers hardness testing is carried out. The hardness
shows a saturating behaviour at r≥1 mm for 100 turns and therefore further investigations
are carried out at large radii. Fig. B.1 shows synchrotron XRD-patterns of as-deformed
samples, as well as the patterns of Fe14wt.%-Cu in annealed states as an example. The
as-deformed samples exhibit very prominent fcc-Cu peaks, but tiny bcc-Fe peaks can also
be identified. The latter are two orders in magnitude smaller and reveal the presence of
residual Fe-particles. Annealed samples show an increasing intensity for bcc-Fe, indicating
demixing. While the peak-width of the 150℃-annealed sample does not change with respect
to the as-deformed state, the 250℃- and the 500℃-annealed sample both show a narrowing
of peak-width arising from grain growth. Annealed Fe07wt.%-Cu and Fe25wt.%-Cu samples
exhibit the same behaviour.

B.3.2. Magnetic Properties

The magnetization versus the applied magnetic field is measured in the as-deformed state
for all compositions at 300 K and at 8 K (Fig. B.2). The hysteresis, measured at 300 K,
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Figure B.2.: Specific magnetization m versus the applied field H as a function of Fe-concentration,
measured at 300 K and 8 K. Note: the saturation magnetization of bulk Fe is 220 emu/g.

do not saturate, even at the highest applied field of 70 kOe. The observed high-field
susceptibility is expected to arise from diluted Fe with suppressed long-range interaction. A
non-zero high-field susceptibility was also observed in measurements at 8 K. Although the
hysteresis show paramagnetic features, non-zero coercivities are observed. Fig. B.3 shows
the coercivites deduced from hysteresis measurements for all investigated configurations.
The coercivity as a function of annealing temperature shows the same development in all
investigated compositions. This behaviour can be correlated with the microstructural states
in this system. It is known, that HPT-processed samples exhibit a high amount of residual
stresses σ in the as-deformed state [9]. The high magnetostriction λS of Fe gives then rise
to an enhancement of anisotropy by magnetoelastic anisotropy, which reads Kσ=3/2 · σλS.
Approximating the coercivity with the anisotropy field, as proposed in the Stoner-Wohlfarth
model, HC∝Keff/MS, this further leads to an increase in coercivity [10]. Upon annealing
at 150℃neither grain growth nor demixing was observed, but recovery mechanisms lead to
a reduction in residual stresses [11], which therefore lowers the coercivity. The coercivity
of the as-deformed, as well as of the 150℃-annealed sample arises therefore from random
anisotropy [12]. Annealing at higher temperatures leads to demixing and grain growth. The
coercivity as a function of annealing temperature increases for the 250℃-annealed sample
to around 400 Oe. The random anisotropy model peaks at d=

√
A/K and breaks down for

larger grain sizes d. Using typical values for bcc-Fe [13], the peak coercivity can be calculated
to HC≈600 Oe, in the order of the measured value. Annealing at 500℃leads to a drop
in coercivity, indicating a crossover from single-domain to multi-domain behaviour with a
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Figure B.3.: Coercivity HC as a function of Fe-concentration and annealing temperature. The
coercivity shows the same behaviour in all investigated compositions. Filled bars represent measure-
ments at 300 K, whereas open bars represent measurements at 8 K. For the 150℃annealed state of
Fe25wt.%-Cu the coercivity is below the measurements resolution.

classical 1/d-scaling law. Fig.B.4 shows the phase map derived from an EBSD scan of the
500℃-annealed sample (Fe14wt%-Cu). The Fe grain size was analyzed to d=(210±80) nm.
The corresponding coercivity can be calculated, leading to H th

C =(100±50) Oe, higher than
the coercivity determined from hysteresis measurements (HC=60 Oe). For HPT-processed
samples, grains elongate in radial direction, therefore the grain size is underestimated in the
direction observed in the EBSD scan, which might explain the deviation.

Additionally, low-field magnetic measurements are carried out. In Zero-Field Cooling (ZFC)
measurements, the demagnetized sample is cooled in the absence of an external field. Starting
from the lowest observed temperature, the magnetic moment is recorded during heating. In
Field-Cooling (FC) measurements, the magnetic moment is recorded during cooling in an
external field. Fig. B.5 shows ZFC/FC-measurements for the as-deformed states. For reasons
of comparability, the data are normalized, i.e. the susceptibility at 300 K is subtracted from
all values. Herein, Fe25wt.%-Cu shows a large splitting and a broad peak in the ZFC-curve,
which is a typical behaviour for thermal activation[14]. The ZFC/FC-curves of Fe14wt.%-Cu
also shows splitting of both curves, but in the FC-curve also a maximum at around 50 K can
be identified. A local maximum in the FC-curve is also observed in Fe07wt.%-Cu. In the
literature this feature is often attributed to a spin-glass behaviour of diluted Fe [15–17].
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Figure B.4.: Post-processed EBSD scan of Fe14wt.%-Cu, annealed at 500◦C. Red regions represent
Cu grains, while green regions represent Fe grains. Lines mark grain boundaries. The mean grain
size of Fe is determined to (210±80) nm. The shearing direction is parallel to the horizontal axis.
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Figure B.5.: Normalized zero-field cooling and field-cooling curves of as-deformed samples as a
function of Fe-concentration. In all measurements a field of H=50 Oe was applied. Open symbols
represent FC-curves, whereas filled symbols represent ZFC-curves.
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B.3.3. Atom probe tomography

To investigate the distribution of Fe on the atomic scale, APT experiments are carried out.
As mentioned above, the splitting in the ZFC/FC-curve is attributed to thermal activation,
and therefore to the presence of Fe particles, small enough for thermal relaxation. Thus, the
measured APT data is analyzed with respect to Fe-clusters, using Delaunay triangulation.
Details on the used clustering algorithm can be found elsewhere [18]. In Fig. B.6(a)-(c) the
atom probe reconstruction of Fe07wt.%-Cu, Fe14wt.%-Cu and Fe25wt.%-Cu respectively
is plotted, showing the distribution of Fe. Therein, Fe25wt.%-Cu shows large volumes of
clustered Fe-atoms, as expected from the observed ZFC/FC-curve. In Fig. B.6(d)-(f) the
results from the clustering algorithm are shown. Qualitative differences arise, as the formation
of Fe-clusters depends on the present local crystallographic defects. The cluster sizes span
over a wide range, whereas the cluster size for Fe25wt.%-Cu shows the broadest distribution.
This can also be attributed to the observed maxima in the ZFC/FC-measurements (Fig. B.5),
which are expected to arise from magnetic blocking. Anyway, in every sample about 95% of
all Fe-atoms are rejected by the clustering algorithm, meaning the majority of Fe-atoms is
diluted in the Cu-matrix, which explains the large high-field susceptibility in Fig. B.2. One
important parameter to achieve accurate spatial reconstruction is the detection efficiency
of the used APT system. In [19] it has been shown, that the cluster size distribution is
systematically underestimated by the detection efficiency.

B.4. Conclusion

In this study, the magnetic and the microstructural properties of HPT-processed binary
Fe-Cu samples, in the as-deformed as well as in annealed states, are correlated, whereas a
specific focus is on the investigation of the amount of intermixing. In the as-deformed states,
Fe is present in two different configurations, namely diluted in the fcc-Cu matrix, as well as
in form of clusters. The ratio of clustered and diluted Fe varies as a function of composition
and gives rise to either thermal relaxation (in case of Fe25wt.%-Cu), magnetic frustration (in
case of Fe07wt.%-Cu) or a superposition of both, which is true for Fe14wt.%-Cu. The results
further prove that intermixing of Fe and Cu can be obtained with HPT on an atomic scale.
The coercivity as a function of the annealing temperature complies the random anisotropy
model, showing Fe-particle sizes below the exchange length persist in annealed states, which
further gives rise to magnetic tunability.
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Figure B.6.: APT reconstruction data for Fe07wt.%-Cu (a), Fe14wt.%-Cu (b) and Fe25wt.%-Cu
(c). 105 Fe-Atoms are plotted (blue dots). Red dots represent clustered Fe-Atoms. (d)-(f) show the
Fe-cluster size distributions of Fe07wt.%-Cu, Fe14wt.%-Cu and Fe25wt.%-Cu, respectively.
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Abstract

The capability of high-pressure torsion on the preparation of supersaturated solid solutions,
consisting of Cu-14Fe (wt.%), is studied. From microstructural investigations a steady state
is obtained with nanocrystalline grains. The as-deformed state is analyzed with atom probe
tomography, revealing an enhanced solubility and the presence of Fe-rich particles. The
DC-hysteresis loop shows suppressed long range interactions in the as-deformed state and
evolves towards a typical bulk hysteresis loop when annealed at 500℃. AC-susceptometry
measurements of the as-deformed state reveal the presence of a superparamagnetic blocking
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peak, as well as a magnetic frustrated phase, whereas the transition of the latter follows the
Almeida-Thouless line, coinciding with the microstructural investigations by atom probe
tomography. AC-susceptometry shows that the frustrated state vanishes for annealing at
250℃.

Keywords: severe plastic deformation (SPD), high-pressure torsion, spin glass, three
dimensional atom probe (3DAP), nanocrystalline materials

C.1. Introduction

Metastable solid solutions of immiscible components provide many opportunities for modifying
physical properties, making them interesting for potential applications. The components
forming such solid solutions should obey several conditions: they are immiscible and do not
form any stable phases at thermal equilibrium. When ensuring these conditions, a continuous
tunability of the mechanical and magnetic properties is possible by simply changing the
composition.

Regarding magnetic properties, the binary Fe-Cu system is of particular interest, because
it exhibits attractive aspects regarding cost and of course because of the well-known high
magnetic moment of Fe. Several studies report on the improvement and tuning of the
magnetic hysteresis by preparing such solid solutions of Fe and Cu, either by vapor deposition
[1] or by mechanical alloying [2–4]. In [5], it was shown that mechanically alloyed solid
solutions of Fe-Cu exhibit soft magnetic properties. The resulting coercivity can be modeled
by random anisotropy, with grain sizes below the exchange length of Fe [6]. As in the regime
of random anisotropy, the coercivity is proportional to the sixth power of the grain size, it
is evident that the resulting magnetic properties are extremely sensitive to the method of
preparation.

Apart from soft magnetic properties, the metastable Fe-Cu system exhibits also attractive
magnetoresisitive properties. For instance, the granular giant magnetoresistance (GMR) was
measured on mechanically alloyed Fe-Cu [7–9]. Granular GMR systems require ferromagnetic
particles seperated from the copper matrix rather than a continuously intermixed state,
whereby the resistivity can be correlated to the Fe-particle size [10], again making the effect
extremely sensitive to the processing method and the involved parameters.

To benefit from the described effects on an industrial scale, it is evident that the major
focus has to be directed on the method of sample preparation and on the process parameters.
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Whereas vapor deposition turns out not to be feasible on larger scales, upscaling is possible for
mechanical alloying, but one has to prepare a bulk sample from powder. This circumstance
requires an additional process, which can also give rise to a change in the physical properties,
as mentioned above. Therefore, a technique, capable of upscaling as well as to directly prepare
a bulk sample is desired. This is where severe plastic deformation (SPD) [11] comes into
play. SPD involves techniques like accumulative roll bonding (ARB), equal channel angular
pressing (ECAP) and high-pressure torsion (HPT). All of these approaches have in common
that the sample does not change its shape during deformation. Among these techniques,
especially HPT is of great interest, since the deformation can be applied continuously. Thus,
values in shear strain can be reached which are hardly accessible by other techniques of SPD,
which gives rise to microstructural refinement and saturation [12]. Some studies already
dealt with microstructural characterization of HPT-processed Fe-Cu [13, 14], but the effects
described above require a certain amount of intermixing even on an atomic scale. Therefore,
the microstructural investigation has now to be extended towards nano scales, thus the
capability of HPT for magnetic dilution has to be addressed.

In this study, a sample consisting of Cu-14Fe (wt.%) is prepared by HPT. The focus
is on the correlation of microstructural data with the magnetic properties, by combining
atom probe tomography (APT) data with SQUID-magnetometry in DC- and AC-mode.
As supersaturated states are known to be metastable in thermodynamic equilibrium, a
subsequent annealing treatment is expected to lead to large changes in the physical properties.
To reveal the evolution of the magnetic properties in particular, also annealed states are
investigated in this study, to specifically tune desired magnetic properties such as coercivity.

C.2. Experimental

High purity powders (Fe: MaTeck 99.9% -100 +200 mesh, Cu: AlfaAesar 99.9% -170 +400
mesh) were mixed, with an elemental composition of 14wt.% Fe and 86wt.% Cu, corresping
to 16at.% Fe and 84at.% Cu. The powder mixture was hydrostatically compacted at room
temperature, with an applied pressure of 5 GPa, in Ar-atmosphere to avoid contamination.
The pre-compacted samples (diameter 8 mm, thickness ∼0.5 mm) were exposed to HPT
at 5 GPa, for 100 turns, with an applied amount of strain γ ∼ 3000 at r = 3 mm. A
detailed description of the HPT process and sample preparation can be found elsewhere
[15–17]. Subsequent annealing treatments were performed in vacuum to avoid oxidation
(p ≤ 10−3 mbar) at 150℃, 250℃ and 500℃ for 1h, followed by furnace cooling. Vickers
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hardness testing was carried out with a Buehler Micromet 5100 in tangential sample direction
(a detailed description of the sample layout and its respective orientations is given in [16]).
Analysis of the microstructural evolution was performed using a Zeiss LEO 1525 Scanning
Electron Microscope (SEM) in tangential sample direction. The crystalline phases constituting
the material were investigated by synchrotron X-ray diffraction experiments in transmission
mode (beam energy 100 keV; beam size 0.2x0.2 mm2). The beam was oriented parallel to
the samples axial direction, at a radius of r = 3 mm. Needle-shaped specimens for APT
were prepared by the standard lift-out process [18] in a FEI Helios NanoLab 600i dual beam
focused ion beam / scanning electron microscope (FIB/SEM) device. The final specimens
were sharpened using annular milling at 30 kV acceleration voltage followed by a low kV
milling at 5 kV acceleration voltage for 2 min to remove regions severely damaged by the
implantation of energetic Ga ions. APT experiments were conducted using a LEAP 5000 XS
at a temperature of 35 K or 40 K in laser pulsing mode. A pulse repetition rate of 250 kHz, a
pulse energy of 25 pJ and a detection rate of 1.5% were used. The commercial software IVAS
version 3.8.2 was used to reconstruct the tip volume using a radius evolution according to the
voltage curve and an initial tip radius deduced from a high resolution SEM image acquired
after final tip sharpening. Magnetic properties were investigated by SQUID-magnetometry
(Quantum Design MPMS-XL-7) in AC- and DC-mode. Therefore, samples at r ≥ 2 mm were
cut out, with the external magnetic field pointing in axial orientation of the sample.

C.3. Results and Discussion

C.3.1. Microstructural evolution as a function of temperature

For HPT-processing, the applied shear strain γ increases with increasing radius [eq. C.1] [11],
which gives rise to microstructural evolution, e.g. grain and phase refinement [12].

γ = 2πnr
t

(C.1)

In [eq. C.1], n denotes the number of turns and t is the sample thickness. To confirm a
saturated steady state, Vickers hardness testing in the tangential direction of the sample
is performed (Fig. C.1). The complex hardening behavior is typical for HPT-processed
composites of immiscible components [19]. A plateau at 150 HV0.5 is observed, which arises
from the formation of substructures in the individual phases [13]. As this plateau is already
reached at very low strains (γ ≤ 1), its transition from the undeformed state is not captured
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Figure C.1.: Results obtained by Vickers hardness testing in the as-deformed and annealed states.
On the left side, the hardness in the as-deformed state is plotted as a function of shear strain. A
saturated state is observed at γ ≥ 1000. The dotted line is a guide to the eyes. On the right side
the mean hardness (γ ≥ 1000) is plotted as a function of annealing temperature.

Figure C.2.: Backscattered electron SEM images, taken in tangential direction of the sample, of the
as-deformed sample (a) and samples annealed at 150℃ (b), 250℃ (c) and 500℃ (d). The radial
direction is parallel to the horizontal axis. The scale bar in (a) applies to all images.

experimentally. The hardness starts to increase at γ = 10 and shows a second plateau at
γ ≥ 1000 and saturation. Thus, in all further measurements the sample is investigated at
large radii, i.e. r ≥ 1 mm to ensure γ ≥ 1000 and therefore a saturated steady state.

Annealing at 150℃leads to a slight increase in hardness with respect to the as-deformed
state, which is characteristic for nanocrystalline materials [20]. Upon annealing at higher
temperatures, the hardness decreases, arising from grain growth, following the Hall-Petch
relation [21, 22].

Fig. C.2 shows backscattered electron micrographs that reveal the microstructural evolution
of samples in the as-deformed and annealed states at r ≥ 2 mm. The as-deformed state
(Fig. C.2a) shows a homogeneous and nanocrystalline microstructure. Neither grain growth
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Figure C.3.: Synchrotron-XRD diffraction patterns of as-deformed and annealed samples, measured
in transmission mode.

nor demixing is observed during annealing at 150℃ (Fig. C.2b). The SEM image of the 250℃-
annealed sample (Fig. C.2c) shows the formation of dark, Fe-rich, regions and in the SEM
image of the 500℃ annealed sample (Fig. C.2d), grain growth, as well as high phase contrast
is observed. Synchrotron-XRD measurements reveal the evolution of crystalline phases during
annealing (Fig. C.3). The pattern of the as-deformed state shows dominant fcc-Cu peaks, but
also weak bcc-Fe reflections can be identified. As the intense (220) Cu-peak does not overlap
with another peak, the lattice constant is calculated from the peak position to a = 0.362 nm,
which is close to the value of pure Cu, as found in the literature (aCu,lit = 0.3615 nm [23]).
The Fe-peaks are about two orders in magnitude smaller, and reveal, due to an extreme peak
broadening, the presence of tiny residual Fe-particles. During annealing, the bcc-Fe peaks
grow, indicating separated Fe and Cu phases for the 500℃-annealed sample. The peak width
diminishes with annealing temperature, due to an increase in grain size.

As has been shown in several studies, HPT is capable to enhance the miscibility in the
thermodynamically unstable Fe-Cu system [13, 24, 25]. The hardness measurements shown
above (c.f. Fig. C.1), points also to a contribution of solid solution hardening, occuring in
supersaturated systems [13]. On the other hand, XRD-measurements (c.f. Fig. C.3) show
weak bcc-Fe peaks, contradicting a complete supersaturation of Fe in Cu. To investigate
the grade of supersaturation in more detail, the distribution of Fe-atoms is analyzed by
APT measurements. Two samples are investigated, whereas the overall compositions of the
reconstructed data are determined to be Fe19.1at.%-Cu80.8at.% and Fe19.0at.%-Cu80.9at.%,
respectively. In both cases the missing 0.1at.% splits up into some residuals of H, C, O
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and Ga, whereas the latter is expected to originate from FIB milling. Fig. C.4a show the
APT reconstruction of a first specimen. Isosurfaces of 28.7at% Fe and 63.7at. % Cu show
inhomogeneities in both, the Fe and Cu distributions. As has been proposed in Ref. [26–28],
precipitates of the minority phase are likely to occur at the grain boundary. To analyze
the composition at the grain boundary, its position is determined by analyzing slices of the
tomographic reconstruction perpendicular to the specimen’s long axis (see appendix for more
details). The grain boundary position is highlighted by the grey box in Fig. C.4a. To analyze
the composition at the grain boundary, 2D-projection maps are plotted in Fig. C.4c and d,
showing the distribution of Cu and Fe, respectively. The inhomogeneous distribution along
the grain boundary shows distinct Cu- and Fe-enriched regions, with the Fe-composition
locally rising to about 25at.%. At this point it is important to mention, that in the APT
reconstruction, another Fe-rich region in the upper part of the reconstructed volume is found.
In contrast, no indication of a grain boundary is found in the vicinity of this particle. Fig. C.5
shows the reconstruction of a second specimen analyzed by APT. The dashed lines indicate
the positions of the grain boundaries, which have been determined in the same way as
described in the appendix. Also here, Fe-rich regions are present inside the grains. The local
composition of Fe-rich regions is analyzed as shown in Fig. C.5. Proxigrams [29] reveal the
local concentration profiles in the proximity of the plotted isosurfaces. In Fig.C.5, proxigrams
of three Fe-rich particles are displayed, showing the Fe-concentration locally rising to about
40at.%. We can therefore conclude that Fe-rich particles can be detected at grain boundaries,
as well as inside the Cu-grains. Both might be responsible for the small bcc-Fe reflections
in the XRD-spectrum (c.f. Fig. C.3). As several Fe-rich particles are found at the grain
boundary as well as inside the grains, the amount of Fe, present in the grain (and furthermore
being present in a supersaturated state), needs to be analyzed. Therefore, a cuboidal volume
inside a grain is chosen to analyze the distribution of Fe. The overall composition of Fe
inside the sketched box is C=18.96at.%. We consider this volume, with Fe-composition C, to
consist of Fe-rich precipitates with composition Cp embedded in a matrix with composition
Cm. Both parameters can be evaluated by using the DIAM-algorithm, which is based on the
evaluation of the first-nearest neighbor distances [30]. The matrix composition is determined
to be Cm=18.81at.%, showing a highly supersaturated state. When assuming the presence
of clusters, which consist of pure Fe (i.e. Cp=1) we can estimate the minimum volume
fraction of Fe-rich precipitates: fV,min = 0.19% [31]. We furthermore calculate the pair
correlation function (PCF), which can be used to quantify the average size of precipitates in
the framework of small angle scattering [31, 32]. Fig. C.4b shows the calculated PCF. By
fitting the PCF to a function describing a lognormal assembly of spheres we can determine
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Figure C.4.: APT reconstruction of the as-deformed state. The reconstructed volume (a) consists of
Fe19.1at.%-Cu80.8at.%. Isosurfaces of 28.7at.% of Fe and 63.7 at.% of Cu are displayed. (b) shows
the PCF of Fe inside the green box in (a). (c) and (d) show projections of Cu and Fe, respectively,
along the grain boundary in (a). The heat maps give the concentrations in at.%.

the average particle radius from the correlation length to be 0.35 nm. This value should be
taken only as an approximation, since particle sizes below 1 nm should be interpreted with
caution [33], but indicates the presence of clusters consisting of several atoms. The PCF at
zero distance is equal to the mean square fluctuation (Cp − C)(C − Cm), but leads in the
present case to Cp ≥ 100%. This can likely be ascribed to an artefact of the measurement,
caused by the different evaporation fields of both, the precipitate and the matrix, causing
local magnification and making the precipitate to appear denser [33, 34].

We can conclude that the analysis, restricted to a limited volume inside the grain, gives
clear evidence of an enhanced solubility of Fe in Cu caused by HPT-processing [13, 24, 25].
Fe is found to be present either as solute and additionally, to a minimum fraction of 0.19%,
as precipitate in the dimension of several atoms.
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Figure C.5.: APT reconstruction of the as-deformed state. The reconstructed volume consists
of Fe19.0at.%-Cu80.9at.%. Isosurfaces of 28.7at.% of Fe and 63.7 at.% of Cu are displayed.
The dashed lines mark grain boundaries, which have been detected by analyzing slices of the
tomographic reconstruction, as explained in the appendix. Proxigrams of Fe-rich particles show the
Fe-concentration locally going up to about 40at.%.

C.3.2. Magnetic Properties

DC-magnetic properties

Figure C.6 shows the DC-magnetization versus applied magnetic field (at 300 K) of samples
which were exposed to various annealing treatments. For the as-deformed and 150℃-annealed
sample, a significant high-field susceptibility can be identified. This behavior indicates
supersaturation of Fe in the Cu-matrix, which suppresses ferromagnetic long range interaction.
A non-zero high-field susceptibility is also present in the 250℃-annealed sample, but the
slope decreases with respect to the as-deformed and 150℃-annealed sample, corresponding
to smaller degree of supersaturation with a concomitant initiation of segregation. The
500℃-annealed sample shows saturation at fields higher than 1 kOe, indicating a restoration
of ferromagnetic long range interaction and therefore a separation of Fe and Cu. The inlay
of Fig. C.6 displays the specific magnetic moment for the as-deformed state as a function
of temperature, recorded at 70 kOe. Although a strong dependence on the temperature is
observed, the magnetic moment, recorded at low temperatures does not coincide with the
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Figure C.6.: Specific Fe-magnetization m versus the applied field H for Fe14wt.%-Cu in the as-
deformed and annealed states, measured at 300 K. The inlay shows the magnetic moment m,
measured in the as-deformed state at 70 kOe, as a function of temperature T . The magnetic moment
of bulk Fe is 218 emu·g−1 [35].

saturation magnetization of the 500℃-annealed state. This deviation is expected to arise
from residual paramagnetic Fe in the as-deformed state, which does not saturate even at
low temperatures. In Fig. C.7 an enlarged view of the hysteresis at low magnetic fields
is displayed. The coercivity is 128 Oe in the as-deformed state and decreases to 55 Oe
for the 150℃-annealed state. HPT-deformed samples exhibit large residual stresses in the
as-deformed state [36] and therefore the diminishing coercivity is expected to arise from
recovery effects, in particular a reduction in residual stresses upon slight annealing [5]. The
250℃-annealed state exhibits a coercivity of 358 Oe, which decreases to 60 Oe in the 500℃-
annealed state, showing the crossover from the random anisotropy regime to the formation of
multidomain particles [17].

Additionally, the temperature dependence of the low-field susceptibility was investigated.
For zero-field cooling (ZFC) measurements the demagnetized sample is cooled in zero applied
field. At the lowest temperature an external field of 50 Oe is applied and the magnetic moment
is recorded during heating. In field-cooling (FC) temperature scans, the magnetic moment
is measured during cooling in the same external field. In Fig. C.8, ZFC/FC-measurements
are displayed. The curves are normalized to zero at 300 K, i.e. the recorded magnetic
moment at 300 K is subtracted for reasons of comparability. The 500℃-annealed sample
shows no splitting between the ZFC/FC-scans confirming again a reversible ferromagnetic
behavior and the absence of any thermal activation below 300 K. Samples annealed below
500℃exhibit a splitting between the ZFC and FC curves, as well as broad peaks in the
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Figure C.7.: Specific magnetizationm versus the applied field H for Fe14wt.%-Cu in the as-deformed
and annealed states, measured at 300 K. Enlarged view of Fig. C.6.

ZFC-measurements. A local maximum is observed in the FC-curves of the as-deformed state
and of the 150℃-annealed state which is characteristic for frustrated systems, rather than for
thermal activation [37]. Studies on the supersaturated Fe-Cu system with low amounts of Fe
report the existence of a spin-glass state [38–40].

AC-magnetic properties of as-deformed state

To analyze the origin of the observed splittings in the ZFC/FC temperature scans, AC-
susceptibility measurements are carried out at different frequencies f = 1 Hz and f = 100 Hz
at an AC-amplitude of 5 Oe, with DC-fields, ranging from 5 Oe up to 5000 Oe, applied.
Fig. C.9 shows the results for the measurements at f = 1 Hz with various superimposed
DC-magnetic fields. The observed maxima decrease in magnitude with increasing DC-
magnetic field and shift towards lower temperature. Parts of the AC-susceptibilities, namely
at T ≥ 100 K, seem to decrease faster in magnitude, indicating a second peak, whose behavior
at higher applied DC-fields is different. The same behavior is observed for measurements at
f = 100 Hz. Fig. C.10 shows the in-phase and out-of-phase components of the measurement
at f = 1 Hz with a superimposed magnetic field of H = 100 Oe. The presence of two peaks
is clearly visible in the out-of-phase component and indeed, both measurements can be fitted
by two lognormal distribution functions with excellent agreement. For further analysis, the
in-phase components are evaluated, as these components possess 30-times higher magnitude.

The low-T peak disperses sparsely with increasing DC-field and shows a small peak shift,
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Figure C.10.: Example of an AC-susceptibility measurement in the as-deformed state, measured
between 4 K and 250 K at f = 1 Hz. Here, a DC-magnetic field is applied (H = 100 Oe). The
driving amplitude is 5 Oe. The presence of two different peaks is clearly visible in the out-of-phase
component. Analysis was carried out by fitting the peaks with two lognormal distribution functions
(solid and dashed line).

both being characteristic features for frustrated systems. Experimental evidence of such
a frustrated state can be deduced from the scaling behavior of the low-temperature peak
position TSG for various magnetic fields. According to the theoretical Sherrington-Kirkpatrick
model for spin-glass, TSG(H) follows the Almeida-Thouless line for not too large magnetic
fields [41, 42]:

H = A

(
1− TSG(H)

TSG(0)

)3/2

(C.2)

In [eq. C.2], H denotes the applied DC-field and A is a constant describing either the
Heisenberg or Ising universality class of the system [43, 44]. TSG(H) denotes the spin-glass
freezing temperature as a function of H, i.e. the observed peak maximum. To prove for
the Almeida-Thouless line, susceptibility measurements are carried out at various DC-fields,
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The data are in agreement with [eq. C.2].

using AC-measurements at two different frequencies (f = 1 Hz, 100 Hz respectively). In
Fig. C.11 both, the applied DC-field H as well as the reduced temperature, are plotted in
logarithmic scale for both frequencies. From a linear fit one gets the slope in agreement with
the theoretically expected value of 3/2 delivering clear evidence of the existence of a spin
glass state with random dilution of the magnetic entities.

In contrast to the low-T peak, the high-T peak TB(H) disperses strongly with increasing
field. This behavior is indicative to thermal activation ("magnetic blocking"). Also no proper
scaling (power) law like in magnetic frustrated systems was found. For thermal activated
systems anticipating mono-domain particles, the magnetic-field-dependence of the blocking
temperature TB(H) can be described according to [eq. C.3a] [45].

TB(H) = TB(H=0) ·
(

1− H

Hani

)2
(C.3a)

Hani = 2K
MS

(C.3b)

Hani denotes the anisotropy field, MS is the saturation magnetization and K is the bulk
magnetic anisotropy energy. The blocking temperature in absence of a DC-field TB(H=0)=TB
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obeys the Arrhenius-law [eq. C.4].

τ(f) = τ0 exp
(
KV

kB TB

)
(C.4)

In [eq. C.4] τ0 is the characteristic atomic precession time constant of the order 10−9 - 10−12 s,
kB is the Boltzmann constant, TB is the blocking temperature, V is the volume of the
superparamagnetic particle and τ(f) denotes the relaxation time (i.e. the inverse of the
AC-fields frequency) [45]. Fig. C.12 shows the behavior of TB, plotted versus the applied
DC-field, up to H = 500 Oe. For higher values in H, a proper allocation of the peak maximum
is hardly possible, due to an increased broadening of the peak width. TB decreases with
increasing DC-field, causing a lowering of the energy minimum for magnetization parallel to
the direction of H. A least-mean square fit to [eq. C.3a] yields results for TB(H=0) and Hani.
The latter can be related to the magnetic saturation MS [eq. C.3b]. Assuming the magnetic
anisotropy to arise from magnetocrystalline anisotropy only (K = KFe

1 = 4.8 · 104 J/m3 [46]),
yields MS = 3.4 kG for the measurements at f = 1 Hz and MS = 3.7 kG for the measurement
at f = 100 Hz, leading to 220 emu·g−1 and 239 emu·g−1 respectively, in good agreement with
the bulk saturation magnetization of Fe [35]. From TB(H=0) an average particle size can be
estimated [eq. C.4], leading to 9 - 10 nm for both frequencies, when assuming τ0 = 10−9 s
and spherical particles.

To sum up, the described AC-magnetic measurements reveal the presence of two different
magnetic phases in the as-deformed state: superparamagnetism can be attributed to residual
Fe-particles. On the other hand, the magnetic frustrated phase is expected to arise from
individual Fe-atoms diluted in the Cu-matrix, i.e. the supersaturated state.

AC-magnetization: characterization of annealed states

In contrast to the as-deformed and 150℃-annealed state, the FC-curve does not show a
significant cusp for the 250℃-annealed state, but a splitting in the ZFC/FC remains (cf.
Fig. C.8). To investigate its origin, AC-susceptibility measurements are performed between
4 K and 250 K for various frequencies f=0.1 Hz - 1 kHz in absence of an external field H. As
mentioned above, the as-deformed sample shows solute Fe-atoms in the Cu-matrix. Therefore,
the grade of supersaturation for the 250℃-annealed sample can be evaluated by testing for
the dynamic scaling law [eq. C.5], which applies for spin-glasses [47, 48].

τ(f) = τ ∗
(

T0

TSG(f)− T0

)zν
(C.5)
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Figure C.12.: Blocking temperature TB versus the applied DC-field H for the as-deformed state.
Data deduced from AC-susceptibility measurements. The lines result from least-squares fits to
[eq. C.3].

In [eq. C.5], τ(f) denotes the relaxation time, i.e. the inverse of the AC-fields frequency, τ ∗

is a constant, T0 is the static freezing temperature and TSG(f) is the freezing temperature at
a specific frequency f , i.e. temperature of the observed peak maximum in the T -scan. For
spin glasses, typical values of zν are 4 - 12 [49]. T0 is obtained by extrapolating TSG(f) to
f = 0 Hz. The data are plotted in Fig. C.13. For the as-deformed sample zν = 6.0 ± 0.8,
which denotes a spin-glass behavior, whereas for the 250℃-annealed sample the data do
not scale in a proper manner. This is also reflected by the low value of fitting confidence
R2 = 0.86 for the latter case. The least-squares fit delivers a slope of 2.0 ± 0.5, which does
also not coincide with the expected values of zν = 4 - 12, leading to the conclusion that the
spin glass behavior is not anymore dominant in the 250℃-annealed state. In contrast, the
results obtained for the as-deformed sample fit quite well to the model of magnetic frustration
and spin-glass behavior.

From the large coercivity in the 250℃-annealed state (cf. Fig. C.7), also the presence of
larger Fe-particles is assumed in this state, which cannot be traced by AC-magnetometry
[17]. Additionally, a small amount of solute, non-interacting, atomic iron clusters persists in
(super)paramagnetic state, as the hysteresis loop does not saturate (cf. Fig. C.6).
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Figure C.13.: Logarithmic plot of the dynamic scaling law [eq. C.5]. Data deduced from AC-
susceptibility measurements for the as-deformed and 250℃-annealed sample. T0 was determined by
extrapolating the data towards f = 0 Hz.

C.3.3. RKKY-interaction as origin of the magnetic frustrated phase

Magnetic frustration, as obtained with AC-magnetometry, can be attributed to randomly
distributed, separated Fe-atoms, coupled via RKKY-interaction [50, 51]. Varying nearest
neighbor distances give rise to either ferromagnetic or antiferromagnetic interaction ("bond-
disorder"). To estimate the interatomic Fe-Fe distances, a 50x50x50 fcc-supercell is simulated
(periodic boundary conditions applied), whereas 16% of all sites are randomly occupied,
corresponding to the samples Fe-content (14 wt.% ≡ 16 at.%). The lattice constant of the
supercell is set to 0.362 nm, as obtained by synchrotron-XRD. Evaluating the interatomic
distances of the supercell leads to a mean Fe-Fe distance of dFe = (0.27 ± 0.04) nm. To
calculate the RKKY-interaction [eq. C.6] only the nearest-neighbor interaction is taken into
account.

Jeff = J∗
sin(ξ)− ξ · cos(ξ)

ξ4 (C.6a)

ξ = 2kF · dFe (C.6b)

In [eq. C.6], J∗ is the on-site exchange constant, arising from the contact-interaction between
localized Fe-spins and delocalized conduction electrons of the copper matrix. ξ is a dimension-
less parameter of the Fermi wave vector kF and the interatomic Fe distance dFe. Fig. C.14
shows a plot of the RKKY-interaction, calculated for kF = kF,Cu, as the matrix consists of
Cu. The spread of ξ was deduced from the standard deviation of interatomic Fe-Fe distances
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Figure C.14.: RKKY-Interaction calculated for kF,Cu [eq. C.6]. The dashed line represents ξ as
estimated from simulation, with the shaded area being the respective standard deviation. ξ spans
over a wide range, giving rise to ferromagnetic (FM) and antiferromagnetic (AF) interactions.

as calculated above. ξ spans over a wide range of Jeff , covering antiferromagnetic, as well as
ferromagnetic interactions, capable to explain the magnetic frustration in the as-deformed
state.

It should be stated that the presented model is a simple approach when comparing it
to the the complex microstructure, which has been revealed by APT. The exact grades of
supersaturation are expected to vary locally, but, as shown by APT, it can locally even
exceed the overall Fe-content of 16at.%. Also, Fe-particles which are expected to give rise
to superparamagnetism in the as-deformed state are not included. The above presented
model should therefore be taken as an approximation of the real system but can sufficiently
explain the origin of the magnetically frustrated phase, closely related to the enhanced grade
of supersaturation caused by HPT-deformation.

C.4. Conclusion

A powder mixture of Fe and Cu is cold compacted and subsequently deformed with HPT
until a saturated microstructure is generated. The grade of intermixing is investigated
by correlating microstructural analysis with magnetometry. APT experiments reveal a
complex microstructure in the as-deformed state. Apart from Fe-rich particles being present
at the grain boundaries and inside the grains, the grains itself exhibit a larger solubility
as in the thermodynamical equilibrium. The supersaturated grains are found to consist
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of solute Fe as well as tiny precipitates, being a direct evidence of the capability of SPD
methods to enhance the solubility limit with respect to the thermodynamical equilibrium.
AC-susceptometry measurements of the as-deformed sample reveal a magnetic frustrated
state, as well as thermally activated behavior. The magnetic frustrated state was proven
by temperature scans as a check of the dynamic scaling law and by magnetic-field shifts
following the Almeida-Thouless line and can be associated to supersaturated solid solutions
of Cu-Fe. The thermal activated behavior is expected to arise from residual Fe-particles.

The frustrated and thermal activated magnetic phases persist upon annealing at 150℃,
but a diminishing coercivity points out that a reduction in residual stresses takes place. The
magnetic frustrated phase vanishes during annealing at 250℃. Despite, larger Fe-particles
give rise to an enhancement in coercivity. The 500℃-annealed state shows a fully decomposed
microstructure, with a bulk ferromagnetic behavior and the formation of multidomain particles
with its typical hysteresis loop.
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Determination of grain boundary positions

In Fig. C.15, the APT reconstruction of Cu-14Fe (wt.%) in the as-deformed state is shown,
which is used to investigate the grain boundary position. The sequence of 2D-projection
slices shows either distinct Cu-poles or a diffuse pattern. The Cu-poles can be attributed to
a strong atomic ordering in fcc-configuration and therefore to the presence of grains. The
diffuse patterns point at the presence of a grain boundary.
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Figure C.15.: APT reconstruction of the as-deformed state. The reconstructed volume (a) consists
of Fe19.1at.%-Cu80.8at.%. Isosurfaces of 28.7at.% of Fe and 63.7 at.% of Cu are displayed. Slices of
the tomographic reconstruction are used to identify the position of the grain boundary. The distinct
pole in (b) corresponds to a strong orientation preference and therefore the presence of a grain. In
(c), apart from the pole, a diffuse pattern can be identified, indicating a grain boundary, which is
also visible in (d).
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Abstract

In this study, a preparation route of Co-Cu alloys with soft magnetic properties by high-
pressure torsion deformation is introduced. Nanocrystalline, supersaturated single-phase
microstructures are obtained after deformation of Co-Cu alloys, which are prepared from an
initial powder mixture with Co-contents above 70 wt.%. Isochronal annealing treatments
up to 400℃ further reveal a remarkable microstructural stability. Only at 600℃, the
supersaturated phase decomposes into two fcc-phases. The coercivity, measured by SQUID
as a function of annealing temperature, remains significantly below the value for bulk-Co in
all states investigated. In order to understand the measured magnetic properties in detail,
a quantitative analysis of the magnetic microstructure is carried out by magnetic force
microscopy and correlated to the observed changes in coercivity. Our results show that the
rising coercivity can be explained by a magnetic hardening effect occurring in context with
spinodal decomposition.

Keywords: severe plastic deformation (SPD), high-pressure torsion, supersaturation,
magnetic force microscopy (MFM), nanocrystalline
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D.1. Introduction

Desirable magnetic properties have frequently been attributed to the nanocrystalline regime [1,
2]. Nanocrystalline soft magnetic materials are already commercially produced, in particular
by melt spinning, yielding amorphous sheets. In additional processing steps, these sheets
are stacked and exposed to annealing treatments to adjust the grain size, further tuning the
magnetic properties such as saturation magnetization, coercivity, and permeability [3, 4]. In
contrast to this type of material synthesis, also known as bottom-up approach, the production
of such nanocrystalline magnetic materials starting with coarse grained materials (top-down
approach) has gained attraction recently [5, 6]. The advantage is obvious: additional
processing steps, such as stacking of sheets can be omitted. Furthermore, (expensive) rare-
earth elements, necessary for metallic glass formation, can be neglected. For the top-down
approach, high-pressure torsion (HPT) is an attractive technique, as the prepared samples are
already present in bulk form. Moreover, with this technique the microstructure can be tuned
while the sample retains its shape during preparation. Being a technique of severe plastic
deformation (SPD), HPT exhibits the advantage that the applied shear deformation can act
continuously, i.e., any desireable amount of deformation can be applied [7]. This deformation
can cause grain refinement with the possibility of attaining the regime of nanocrystallinity
[8]. Metastable phases can form during HPT-deformation, and may be retained even after
pressure release [9]. Starting with conventional powders, any chemical composition can be
investigated by HPT. In particular, Co-based materials have raised interest due to their
low magnetostriction, favoring soft magnetic properties [1, 10]. Studies dealing with the
immiscible Co-Cu system have demonstrated that single phase supersaturated solid solutions
can be prepared by HPT [11], whereas higher Co-contents yield better soft magnetic properties
[12]. As recent studies reported on failing synthesis by HPT for Co-contents above 67 wt.%
[12], the scope of the current study is to establish a promising sample preparation route
for high Co-contents yielding a single phase supersaturated solid solution. The magnetic
properties of supersaturated solid solutions are highly sensitive to temperature [13]. Therefore,
in this study an in-depth characterization of the temperature stability and its influence on
the magnetic properties is carried out.

D.2. Experimental

Conventional powders (Co: Alfa Aesar, -22 mesh, Puratronic®, 99.998%; Cu: Alfa Aesar, -
170+400 mesh, 99.9%) were mixed to a desired composition and hydrostatically consolidated in
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Ar-atmosphere. The resulting coin-shaped specimen (diameter: 8 mm; thickness: 1 mm) was
exposed to SPD by HPT at temperatures between ambient conditions and 500℃(facilitated by
inductive heating of the anvils) [8]. During HPT, a pressure of 5 GPa was applied, while using
a rotational speed of 1.28 min−1. To ensure a microstructural steady state, 50-150 numbers
of turns were chosen, corresponding to a shear strain of about 1000-3000 at a radius of 3 mm.
Subsequently, isochronal annealing treatments were performed in a conventional furnace for
1 h each, followed by a quick cooling in air. Vickers microhardness was measured with a
used load of 500 g (HV0.5; Buehler Micromet 5100). The microstructure was investigated
using scanning electron microscopy (SEM; Zeiss LEO1525). An attached energy dispersive
X-ray spectrometer (EDS; Bruker e−-Flash) was used to measure the samples’ chemical
compositions, which are given in weight percent (wt.%) herein. The crystallographic states
were characterized using X-ray diffraction (Bruker D2 Phaser) using Co-Kα radiation. DC-
hysteresis measurements were performed with a SQUID-magnetometer (Quantum Design
MPMS-XL 7) at 300 K and 8 K. Magnetic force microscopy (MFM) measurements were
carried out using a Horiba France SmartSPM in two-pass mode at lift-heights between 10 nm
and 20 nm using hard magnetically coated tips (coercivity 15 Oe) exhibiting tip radii of
≤15 nm (NANOSENSORSTM SSS-MFMR). For MFM measurements, sample and tip were
put on the same potential, eliminating electrostatic interaction. Topographic as well as MFM
scans are visualized and processed with the software Gwyddion 2.53. Topographic scans are
corrected by mean plane subtraction as well as by aligning rows. In case of MFM scans, data
are analyzed as measured.

D.3. Results and Discussion

D.3.1. Sample synthesis with high Co-content

As has recently been reported in [12], single-phase Co-Cu samples can be prepared for
intermediate Co-contents (28 wt.% - 67 wt.%) by HPT at room temperature, yielding bulk
samples with grain sizes in the nanocrystalline regime (77 nm-100 nm [12]). Using the same
processing parameters, sample preparation with higher Co-contents (> 67 wt.%) fails due to
crack formation. To obtain the desired single phase nanocrystalline microstructure at higher
Co-contents, the sample synthesis is improved as presented in the following method.

The initial powders used in this study are shown in Fig. D.1(a),(b). The morphology of
the Cu-powder (Fig. D.1(a)) appears globular, whereas the Co-powder (Fig. D.1(b)) shows
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Figure D.1.: SEM micrographs: (a) and (b) show the initial Cu and Co powders, respectively. (c)
shows a HPT-sample deformed at RT (100 turns) consisting of Co78-Cu22 (wt.%). (d) and (e) show
Co78-Cu22 deformed at 300℃ (100 turns) and Co93-Cu7 deformed at 500℃ (50 turns) respectively.
(f) shows a sample consisting of Co88-Cu12, which was exposed to a two-step deformation process at
500℃ (50 turns) and RT (50 turns). Micrographs of HPT samples are taken in tangential direction
at a radius of 3 mm. Please note the different scale bars.

many tiny particles agglomerating to structures with large surfaces. Room temperature
deformation of Cu mixed with Co-powder shows abrasion of the harder (dark) Co particles
(Fig. D.1(c)) which is considered as an intermediate stage in the formation of supersaturated
solid solutions [14], but the formation of cracks impedes further deformation. To overcome
the crack formation limiting the development of a homogeneous microstructure, the idea is
to generate the desired microstructure by two consecutive steps of HPT deformation: in the
first step, HPT deformation is performed at elevated temperatures, avoiding crack formation,
and generating an ultra-fine grained structure at enhanced homogeneity. In the second step,
the same sample is exposed to HPT-deformation at room temperature, yielding the desired,
nanocrystalline microstructure.

Fig. D.1(d) shows an SEM micrograph of Co78-Cu22 deformed at 300℃ for 100 turns
yielding a homogeneous deformation with a complete absence of cracks. Homogeneous
deformation is also reached for even higher Co-concentrations: Fig. D.1(e) shows Co93-Cu7
deformed at 500℃ (50 turns). Although the deformation at elevated temperatures yields
homogenization of strain distribution darker and brighter regions in the sub-µm regime are
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observed in the micrographs fig. D.1(d) and (e). Therefore, a homogeneous supersaturation
is not yet reached. As the scope of this study is to reach nanocrystalline grain sizes while
maintaining a high chemical homogeneity, a subsequent HPT-deformation step at lower
temperatures (e.g., room temperature) is expected to yield the desired microstructure.
Fig. D.1(f) shows a micrograph of a sample consisting of Co88-Cu12 deformed at 500℃ (50
turns), which was subsequently exposed to an additional deformation step at room temperature
(50 turns). The resulting microstructure exhibits enhanced chemical homogeneity and
furthermore a smaller grain size, in comparison to Fig. D.1(e). As has been reported in
the literature, the steady state grain size is a function of temperature [15], which has been
recently attributed to the deformation temperature dependent mobility of triple junctions
[16].

D.3.2. Investigations on the thermal stability

Nanocrystalline materials are often prone to grain growth at low homologous temperatures [1],
causing the loss of the initial superior magnetic properties [3, 4]. The thermal stability can be
reduced further by a positive heat of mixing, as it is the case for the presented Co-Cu samples
[11]. Therefore, a detailed investigation of the thermal stability of a Co72-Cu28 (wt.%) alloy
is carried out in the following, serving as an example of the Co-Cu alloys described above.
The presented sample was prepared by a two-step HPT deformation process, where the first
step is performed at 300℃ (100 turns) and the second step is performed at room temperature
(50 turns).

Microstructural characterization

Figure D.2(a) shows the micrograph of a sample consisting of Co72-Cu28 in the as-deformed
state. In comparison to the sample, which has been exposed only to deformation at 300℃ (c.f.
Fig. D.1(d)), the microstructure reveals an enhanced chemical homogeneity, as well as reduced
grain size. The micrographs in Fig. D.2(b)-(e) show the sample annealed at temperatures
of 150℃, 300℃, 400℃ and 600°, for 1 h each. From these images, no grain growth can be
observed, but chemical contrast forms slightly, indicating separation of the chemical phases for
annealing treatments up to 400℃ (Fig. D.2(b)-(d)). A considerable phase contrast as well as
significant larger grain sizes can be observed for an annealing treatment at 600℃ (Fig. D.2(e)).
Mechanical properties are very sensitive to the microstructure. Therefore, Vickers-hardness is
measured as a function of annealing temperature. The mean values of several measurements
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Figure D.2.: SEM micrographs of (a) Co72-Cu28 (wt.%) processed by a two-step deformation process
at 300℃ (100 turns) and subsequently at RT (50 turns). The sample in (a) has been exposed to
subsequent annealing treatments at 150℃ (b), 300℃ (c), 400℃ (d) and 600℃ (e). The scale bar in
(a) applies to all micrographs. Images are taken in BSE-mode in the tangential direction. (f) shows
the hardness as a function of annealing temperature.

between radii ,r, of 2 mm and 3.5 mm (according to an average of the HPT strain status) are
plotted in Fig. D.2(f). Due to the nanocrystalline grain size as well as solid solution hardening,
the hardness in the as-deformed state is enhanced with respect to the coarse grained and
pure phase materials. An increasing hardness is observed for annealing treatments up to
400℃, which is a common behavior for nanocrystalline materials, for details see [17]. The
600℃-annealed state shows the lowest hardness among all measured values, which can be
explained by the largest grain size as well as by the reduction or absence of solid solution
hardening.

XRD-measurements are presented in Fig. D.3. In the as-deformed state, only one set of
fcc-peaks is visible, showing a single-phase solid solution. Apart from slightly diminishing
FWHM, no significant change in the XRD spectra can be observed for annealing treatments
up to 400℃. A splitting into two sets of fcc-peaks is found for annealing at 600℃ coinciding
with the microstructure obtained by SEM (c.f. Fig. D.2(e)). From the XRD-pattern, the
lattice constants are evaluated. To compensate for experimental errors, the Nelson-Riley
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Figure D.3.: XRD-pattern (Co-Kα radiation) of Co72-Cu28 (wt.%) exposed to different subsequent
annealing treatments (c.f. Fig. D.2). Peak positions of fcc-Cu, fcc-Co and hcp-Co are indicated
below the spectra.

function is used for a precise evaluation of the lattice constants [18].

∆a
a
∝ cos2θ

sinθ
+ cos2θ

θ
(D.1)

[Eq. (D.1)] is used for evaluating the lattice constant a, with θ being the diffraction angle
of the maxima. The y-intercept of a linear regression represents ∆a = 0 and leads to a
precise determination in a. The resulting lattice constants are displayed in Fig. D.4, showing
slight changes for annealing treatments up to 400℃, arising most likely from compositional
fluctuations in powder metallurgical sample preparation. At 600℃, two different fcc-phases
are identified, with the lattice constants being very close to the pure elements. However, it
can not be concluded that both phases are chemically pure, i.e, some small amounts of Co
might persist in the Cu-phase and vice versa. Furthermore, the Co-contents xCo (at.%) are
calculated for each a according to Vegard’s law [19].

a = xCo · aCo + (1− xCo) · aCu (D.2)

For the above estimation of Co-contents, the lattice constant are taken as in the following:
aCu = 3.615 Å, aCo = 3.544 Å. In Fig. D.4, the Co-contents according to Vegard’s law are
indicated.

Although the single-phase nanocrystalline microstructure was determined to be stable up
to 400℃, it should be stated, that this value might not be achieved for different Co-Cu ratios.
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Actually, in several studies dealing with SPD-processed materials the temperature limit for
single phase supersaturated microstructures was reported to be extremely sensitive to the
particular composition investigated [9, 20].

DC-magnetic properties

In [12], it has been proposed that an increasing Co-content yields higher saturation magneti-
zation as well as lower coercivity. To examine this presumption, hysteresis measurements
using SQUID are performed at 300 K and 8 K between −7 T and +7 T. DC-hysteresis
curves are shown in Fig. S.2. The approach to saturation magnetization is monitored by
plotting the mass magnetization σ versus the inverse external field H−1 between 2 T and
7 T, whereas the y-intercept of a linear regression yields σSAT at H = ∞, i.e., the saturation
mass magnetization, which is plotted in Fig. D.5. The positive as well as the negative
saturation magnetization is evaluated. Fig. D.5 shows changes in σSAT upon annealing. It
is known that the magnetic moment of fcc-Co (166.1 emu·g−1) deviates from the magnetic
moment of hcp-Co (162.5 emu·g−1). As revealed in the XRD-pattern (c.f. Fig. D.3), Co is
present in an fcc configuration in all investigated states. It is therefore more likely that the
observed changes in σSAT up to an annealing temperature of 400 ℃arise from compositional
fluctuations, which can be also seen in the XRD-pattern to some extent and are a common
problem in powder metallurgy. A change in σSAT between 400℃ and 600℃ can be attributed
to chemical demixing, as the supersaturated Co-Cu phase exhibits a suppressed magnetic
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moment [21]. Assuming the magnetic moment for fcc-Co to be 166.1 emu·g−1 an evaluation
of the mean Co-content from σSAT yields 71 ± 1 wt.%. This is in good accordance with the
results from XRD-measurements, taking into account the completely different approaches for
these quantification methods.

For an enhanced resolution in the determination of the coercivity HC , hysteresis loops are
measured at 8 K. It should be stated that errors in the applied H-field lead to a deviation in
the determination of HC . But as this is a reversible artifact [22], the relative evolution of HC

is unaffected. HC as determined from hysteresis measurements is also plotted in Fig. D.5
for all measured states. HC increases with increasing annealing temperature, in contrast to
the classical assumption that large grain sizes (possessing multidomain structure) favor soft
magnetic properties. The observed behavior of HC corresponds rather to random anisotropy
[4, 23]. However, it should be noted that a prerequisite for random anisotropy is for the
magnetic exchange length to exceed the grain size, which seems not to be the case when
referring to micromagnetic constants of bulk-Co. Another important aspect is the huge
change in coercivity between the initial powder and the as-deformed state. HC of the initial
powder is also not reached for annealing treatments at 600℃, revealing the strong influence of
the microstructure on the coercivity. Furthermore, a reduced magnetocrystalline anisotropy
is assumed for fcc-Co in comparison to hcp-Co, which is present in the initial powder [24].
Yet the mentioned points do not suffice to quantitatively describe the observed changes in HC .
A similar temperature behavior of the coercivity has also been reported for SPD-processed
Co26-Cu74 (at.%) [13], but in contrast, in the present study a significantly smaller coercivity
is measured and no indications of dilute ferromagnetic phase nor superparamagnetism were
found. This is most likely due to the enhanced Co-content in our study forming percolating
ferromagnetic structures rather than isolated clusters.

Magnetic force microscopy

For an in-depth understanding of the observed DC-magnetic properties, a quantitative
analysis of the magnetic microstructure is carried out. MFM measurements are performed
in two-pass intermittant-contact (tapping) mode, i.e., in the first pass the topography is
measured, whereas in the second pass the magnetic stray field is measured by keeping
the tip-to-sample distance constant at an increased lift-height to minimize short-range
interactions contribution in the phase lag of the cantilever oscillations in the second pass,
i.e., to measure mainly magnetic force contribution to the phase lag of the cantilever in
the second pass. The magnetic microstructure is measured in axial sample direction. Fig.
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Figure D.5.: Saturation mass magnetization σSAT (at 300 K) and coercivity HC (at 8 K) evaluated
as a function of annealing temperature. The data are slightly shifted in x for better visibility. The
saturation magnetization of fcc-Co is 166.1 emu · g−1. The coercivity of the initial Co-powder is
also indicated. Note the break in the right y-axis.

D.6 shows representative topography and MFM measurements of the as-deformed and the
300℃ annealed state. The topography (Fig. D.6(a),(c)) appears very smooth in both states
and does not show any correlation to its respective MFM scan (Fig. D.6(b),(d)). An irregular
appearance of the domains is visible in both MFM measurements, most likely arising from
sample synthesis by SPD causing residual stresses [25]. The domain sizes are in the range of
100 nm corresponding to the grain size in the as-deformed state [12], indicating single-domain
behavior. To qualitatively characterize the morphology and magnetic domain sizes for each
annealing temperature, we employ the following procedure which has been introduced for a
comprehensive surface roughness characterization [26, 27] but can also be applied to the MFM
signal [28]. This procedure considers so-called auto-correlation and height-height correlation
functions [26]. For isotropic samples as in our case it is sufficient to perform a one-dimensional
analysis. The auto-correlation function C(x) is calculated for each scan line of the image [26].

C(x) =< [z(x0 + x)− < z >][z(x0)− < z >] > (D.3)

where z stands either for the height in nm or the phase signal of the MFM image in degrees.
For a self-affine surface with a cut-off [26, 27] C(x) can be described by

C(x) = σ2 · exp[−(|x|/ξ)2α] (D.4)
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Figure D.6.: 2µm x 2µm AFM scans of (a) as-deformed state and (c) 300℃ annealed state. The
corresponding MFM scans of the as-deformed and 300℃ annealed state are shown in (b) and (d)
respectively. The axial direction of the HPT specimen points out of the plane, the shear direction is
in horizontal direction. The lateral scale bar in (a) applies to all scans. The minimum height and
phase signal values are shifted to zero for visualization purposes.

with σ being the root mean square roughness (for MFM σ represents the standard deviation
of the average magnetic signal which is related to the out-of-plane magnetization contrast). ξ
represents the lateral correlation length, i.e., the length scale within the height or the MFM
signal of two points correlate. The Hurst parameter α represents the “jaggedness” of the
surface or the magnetic signal and ranges from 0 to 1, where small values in α represent sudden
fluctuations in height. Another function describing surface statistics is the height-height
correlation function H(x) [26].

H(x) =< [z(x0 + x)− z(x0)]2 > (D.5)

with the asymptotic behavior
H(x) = x2α for x� ξ (D.6)

In the following, both the auto-correlation function and the height-height correlation
function are calculated for the MFM scans [28]. To disentangle the magnetic information
from topography, these functions are also evaluated for the topographic (first-pass) scans.
At least 6 individual scans are evaluated for each state to enhance statistical significance.
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Figure D.7.: Quantitative analysis of AFM and MFM-scans. (a) and (b) shows auto-correlation
functions C(x) [eq. D.3] of topographic scans and MFM scans respectively. (c) and (d) shows
height-height correlation functions H(x) [eq. D.5] of topographic scans and MFM scans respectively.

Fig. D.7 shows representative C(x) and the H(x) curves evaluated for the the topographic
signal and MFM signal. Note that the data are plotted in the statistically significant range for
small values in x. Different shapes can be identified in the presented C(x). In contrast to the
topographic H(x) (Fig. D.7(c)), two slopes can be identified in magnetic H(x) (Fig. D.7(d)),
representing a multi-fractal behavior [28]. Therefore, a superposition of two self-affine fits
[29] yields a better description of the magnetic C(x):

C(x) = σ2(c · exp[−(|x|/ξ1)2α1 ] + (1− c) · exp[−(|x|/ξ2)2α2 ]) (D.7)

with c being a proportionality constant (0 ≤ c ≤ 1). In tab. S.1, the mean values of the fit
parameters of C(x) and H(x) are listed. The proportionality constant c weights the second
term (ξ2 and α2) in [eq. D.7] stronger. The analysis of the magnetic microstructure focuses
therefore on the second term in [eq. D.7]. Fig. D.8(a) presents the magnetic correlation
lengths (ξ1, ξ2) and the topographic correlation length (ξTOPO) as a function of annealing
temperature. Magnetic ξ2 shows a correlation with annealing temperature, whereas for the
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topographic lateral correlation length ξTOPO such a correlation cannot be observed. We can
therefore conclude that ξ2 is uniquely attributed to the magnetic microstructure. In particular
ξ2 is (75 ± 34) nm in the as-deformed state, corresponding to the grain size, as obtained
for similar materials [12] and therefore showing single-domain behavior. ξ2 decreases as a
function of annealing temperature, i.e., upon annealing the domain size decreases causing a
magnetic hardening.

In the following, the coercivity measured by SQUID-magnetometry is put into relation
with ξ2. It is important to keep in mind that the magnetic ξ2 decreases with increasing
annealing temperature, meaning that in Fig. D.8(b) rising annealing temperature shifts from
the right to the left. When referring to annealing treatments it seems unreasonable that
higher annealing temperatures cause smaller magnetic feature sizes, but as it was shown
in Fig. D.2 the microstructure does not show any change in grain size up to 400℃. As the
as-deformed state is very far from thermodynamical equilibrium, it is more likely that the
change in ξ2 arises from a demixing process causing the magnetic Co-phase to agglomerate.
Similar phase separation processes have already been observed in the Co-Cu system and
have been attributed to spinodal decomposition [30]. The same seperation process could be
responsible for the improved magnetoresistive behavior of annealed Cu-Co HPT-materials
[31]. In the 600℃ annealed sample, a demixed state is present with the highest coercivity
and the smallest magnetic ξ2.
It is important to mention that, although the magnetic hardening can be attributed to
single-domain behavior, the critical diameter for single-domain particle size is in the range
of 50 nm [23]. However, this value refers to bulk hcp-Co and one has to keep in mind that
Co neither is present in its hcp-phase nor chemically pure, i.e., further investigations on the
micromagnetic properties of such supersaturated fcc-Co phases need to be carried out.

D.4. Conclusion

In this study, Co-Cu samples with high Co-fractions are prepared using SPD by HPT. The
thermal stability of Co72-Cu28 (wt.%) is investigated in detail, with the main focus being on
microstructural and magnetic properties. By using a two-step HPT deformation at different
temperatures a homogenization of strain distribution, and as a consequence an improved
chemical homogeneity, is obtained. The resulting sample is nanocrystalline and exhibits a
supersaturated, fcc single-phase microstructure. The microstructure exhibits a remarkeable
thermal stability, since no changes can be observed in SEM and XRD for annealing treatments
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Figure D.8.: (a) Magnetic lateral correlation lengths ξ1, ξ2 in comparison to topographic ξTOPO as
a function of annealing temperature (c.f. tab. S.1). The data are slightly shifted in x for better
visibility. (b) Coercivity HC determined by SQUID-magnetometry versus magnetic ξ2 obtained
from correlating analysis of the MFM images. Note the log-axes.

up to 400℃. For annealing at 600℃, a demixed state, consisting of two fcc-phases, is present.
Magnetometric measurements showed an increasing coercivity as a function of annealing
temperature, meaning the observed changes in coercivity cannot be explained by formation
of multidomain structures. Correlating MFM measurements with DC-SQUID magnetometry
reveals domain sizes close to single-domain, whereas the demixed phases (with a magnetic
correlation length smaller than the grain size) yield a magnetic hardening effect, which is
able to explain the observed increase in coercivity – an indicator of demixing of the phases in
context with spinodal decomposition.
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Table D.1.: Roughness σ, lateral correlation length ξ, and Hurst parameter α as evaluated from
auto-correlation function C(x) and height-height correlation function H(x) for the topographic
(top) and magnetic signal (bottom). The data represent the mean values from at least 6 individual
scans. As the magnetic signal exhibits two different Hurst parameters, the magnetic C(x) is fitted
by [eq. D.7] with c being a proportionality constant.

fit-parameters as-deformed 150℃ 300℃ 600℃
topo σTOPO (nm) 3.2 ± 0.7 3.0 ± 0.2 2.6 ± 0.5 2.8 ± 0.2

ξTOPO (nm) 75 ± 30 55 ± 10 55 ± 15 70 ± 20
αTOPO 0.55 ± 0.05 0.35 ± 0.05 0.60 ± 0.05 0.65 ± 0.10

magn σ (deg) 0.15 ± 0.03 0.12 ± 0.02 0.11 ± 0.01 0.17 ± 0.01
ξ1 (nm) 110 ± 50 110 ± 70 20 ± 15 20 ± 10
ξ2 (nm) 80 ± 30 70 ± 20 50 ± 10 40 ± 10
α1 0.40 ± 0.10 0.30 ± 0.10 0.15 ± 0.05 0.25 ± 0.05
α2 0.25 ± 0.10 0.30 ± 0.10 0.35 ± 0.10 0.60 ± 0.05
c 0.2 ± 0.1 0.2 ± 0.2 0.1 ± 0.2 0.2 ± 0.1

Supplementary

M-H curves

Figure. D.9 shows the hysteresis of the as-deformed and the annealed states in comparison
to the pure Co-powder, measured at 8 K. The as-deformed and the annealed samples are
measured in hard axis configuration and exhibit therefore a smaller susceptibility than the
powder, which morphological shape appears more uniform. The evolution of coercivity and
saturation magnetization have already been discussed in detail in fig. D.5.
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Abstract

Initial powder mixtures of Cu, Fe and Co are exposed to severe plastic deformation by
high-pressure torsion to prepare solid solutions. A broad range of compositions is investigated,
whereas this study aims at the synthesis of soft magnetic materials and therefore at the
formation of a homogeneous and nanocrystalline microstructure. For intermediate Cu-
contents, high-pressure torsion at room temperature yields single-phase supersaturated solid
solutions. For smaller Cu-contents two consecutive steps of high-pressure torsion deformation
at different temperatures yield the desired nanocrystalline microstructure. Depending on the
Co-to-Fe-ratio, either a single-phase supersaturated solid solution or a nanocomposite forms.
The nanocomposite exhibits an enhanced magnetic moment, indicating the formation of an
(Fe,Co)-alloy upon severe plastic deformation. Soft magnetic properties are verified for large
Co-to-Fe-ratios and this microstructure is found to remain stable up to 400℃.

Keywords: severe plastic deformation, high-pressure torsion, supersaturation, nanocrys-
talline
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E.1. Introduction

Nanocrystallinity is a prerequisite to form high performance soft magnetic materials [1]. With
high-pressure torsion (HPT), a technique of severe plastic deformation (SPD), nanocrystalline
materials can be processed in bulk form [2]. Furthermore, it has been shown, that HPT
is capable to tune the coercivity even by orders of magnitude with respect to the initial
state, whereas larger effects have been observed for multi-phase materials [3–6]. To achieve
low coercivities, the formation of a homogeneous microstructure, exhibiting nanocrystalline
grains with low magnetocrystalline anisotropy, is desirable.

In Ref. [7], it was shown that such microstructures can be processed from binary powder
mixtures of Cu-Fe and Cu-Co, whereas Cu-Co samples exhibit soft magnetic properties. The
processing limits of HPT at room temperature have been examined as well: in case of Cu-Fe, it
was shown that homogeneous deformation was achieved for Fe contents below 25 wt.%. Higher
Fe-contents yield localization of strain resulting in a multi phase microstructure. In case of
Co-Cu, supersaturated solid solutions have been processed for Co contents between 28 wt.%
and 67 wt.%. Lower Co-contents yield residual particles, i.e., no complete supersaturation
could be obtained. Higher Co-contents result in brittle specimens with cracks forming
during deformation. By performing two consecutive steps of HPT-deformation at different
temperatures it was possible to push the limits of processability towards very high Co-contents
[8].

In the present work, different Fe-Co ratios are mixed with Cu. This study aims at superior
soft magnetic properties, since the addition of Fe can lead to decreasing magnetocrystalline
anisotropy and increasing saturation magnetization. The focus is on the processability of
Cu-Fe-Co alloys by HPT and the formation of homogeneous microstructures. Furthermore,
the thermal stability of the metastable supersaturated solid solutions is investigated.

E.2. Experimental

Samples were processed from conventional powders (Fe: MaTeck 99.9% -100+200 mesh; Co:
GoodFellow 99.9% 50-150 µm; Cu: Alfa Aesar -170+400 mesh 99.9%). Powder mixtures were
prepared and consolidated under hydrostatic pressure in Ar-atmosphere. The consolidated
powders were exposed to SPD by HPT, resulting in cylindrical specimens (diameter: 8 mm;
thickness: 1 mm). For deformation at higher temperatures (up to 500℃), the anvils were
inductively heated. HPT was performed under a pressure of 5 GPa at 1.28 min−1 rotational
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speed of the anvils. To ensure a microstructural steady state, 50-150 numbers of turns were
applied in total, resulting in a maximum achieved shear strain γ of 1000-3000 at a radius
of 3 mm. Microstructural investigations were performed by scanning electron microscopy
(SEM; Zeiss LEO1525) in backscattered electron (BSE) mode. The local composition of the
samples was determined by an energy dispersive X-ray spectroscopy (EDS; Bruker XFlash
6|60) system and is given in weight percent (wt.%) herein. Quantitative grain size evaluation
is carried out by Transmission Kikuchi Diffraction (TKD) using a Bruker e−-FlashFS. Vickers
hardness measurements were performed with a Buehler Micromet 5100 under a load of 0.5 kg
(HV0.5). The crystallographic structure was measured by X-ray diffraction using a Bruker D2
Phaser (Co-Kα radiation) and by synchrotron XRD (DESY; Petra III: P07) in transmission
mode at an energy of 100 keV. DC-magnetometric measurements were performed with a
Quantum Design MPMS-XL7 SQUID-magnetometer at 8 K.

E.3. Results and Discussion

E.3.1. Supersaturated solid solutions by HPT

In fig. E.1 the ternary phase diagram for compositions, which are investigated in this study are
shown. The compositions are determined by EDS. Compositions which have been processed
by HPT-deformation at room temperature (RT; 50 turns) are marked by red dots and are
referred to as RT-HPT in the following. The corresponding SEM micrographs are shown in
fig. E.1(a)-(c) and reveal grain sizes in the nanocrystalline regime. Furthermore low phase
contrast is apparent, indicating also a chemical homogeneity. The RT-HPT deformed samples
exhibit compositions close to the binary Co-Cu samples in Ref. [7]. Since the homogeneity of
deformation has been reported to be sensitive to hardness and crystal lattices of the initial
phases [9], successful processing of the ternary materials can be expected for compositions
close to the binary samples, which deform homogeneously. Indeed, ternary samples exhibiting
Fe-contents higher than 20 wt.% and/or Co contents above 70wt.%, show residual particles
and the formation of shear bands or cracks.

To access also different compositions, the 2-step HPT-deformation technique is employed
to compositions with low Cu-contents, as described in Ref. [8]. These samples are referred to
as 2-step HPT samples in the following. At first, the deformation is performed at elevated
temperatures (300℃ or 500℃; 100 turns or 50 turns). After, the sample is exposed to a
second deformation step at RT (additional 50 turns). The 2-step HPT samples are indicated
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Figure E.1.: SEM micrographs of as-deformed samples. The ternary phase diagram shows the
samples investigated in this study with the compositions determined from EDS-measurements.
Images on the left (a)-(c) shows samples, which are processed by RT-HPT. Images on the right
(d)-(f) shows samples processed by 2-steps of HPT as described in the text. Micrographs were taken
on HPT-discs cut in half at r=3 mm with the radial direction parallel to the horizontal axis. The
scale bar in (a) applies to all micrographs.
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Figure E.2.: In (a), synchrotron XRD patterns are shown for RT-HPT processed samples. In (b),
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Figure E.3.: Hardness as a function of composition for HPT-processed solid solutions of Cu-Fe-Co.

by green stars in fig. E.1. Apparent phase contrast is visible in the SEM micrographs in
fig. E.1(e) and (f), indicating chemically different phases. Furthermore a larger grain size can
be noticed in comparison to the specimen exhibiting the lowest Fe-content (fig. E.1(d)).

Fig. E.2(a) shows results from synchrotron-XRD experiments for RT-HPT processed
samples. All samples exhibit a major fcc pattern. Beside a very shallow bcc-Fe peak for
Cu47Fe15Co38 at q=53.6 nm−1, only single-phase crystallographic structures are present as
has been reported for binary Cu-Co [7]. In fig. E.2(b), XRD patterns (Co-Kα radiation)
of the 2-step HPT deformed samples are shown. For an increasing Fe/Co-ratio (from top
to bottom), a crossover from single phase to dual phase crystallographic structures can be
observed in accordance to SEM micrographs fig. E.1(e),(f). For Co-contents ≥ 30 wt.%, the
fcc-peaks shift from the Cu-peak position, indicating the formation of supersaturated solid
solutions. In contrast, for lower Co-contents this peak shift cannot be observed, indicating the
presence of a rather pure fcc-Cu phase. We assume that α-(Fe,Co) forms as a second phase.
In all XRD-patterns, a huge peak width can be observed, arising from the large amount of
crystal defects, but also from the grain refinement. To quantify the grain size, a RT-HPT
processed sample (Cu60Fe07Co33) is measured with TKD. Five scans are jointly analyzed,
revealing a median grain size of 66 nm, which is a somewhat smaller grain size as has been
obtained for binary Cu-Co (76 nm-100 nm [7]).

In fig. E.3, the Vickers hardness is plotted as a function of composition. The data from
this study are compared with hardness values for binary HPT-deformed samples from other
studies. In all studies, initial powder mixtures are used [7, 8, 10, 11]. Pure elements have
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Figure E.4.: Hysteresis curves measured by SQUID-magnetometry at 8 K of two samples, processed
by 2-step HPT deformation process. The dashed lines give literature values for isolated Fe and Co
phases for the compositions investigated. The inset shows Cu25Fe63Co12 at small fields, whereas
for Cu17Fe11Co72 the coercivity collapses to such a small value which cannot be resolved due to
residual fields in the superconducting magnet.

been HPT-deformed from powders as well [5, 12] or from bulky ARMCO Fe [13]. In all
mentioned studies, at least the last processing step has been carried out at RT, yielding
the RT saturation grain size for every composition [14]. A higher hardness, with respect to
the coarse grained materials, is expected mainly due to Hall-Petch hardening [15, 16]. A
linearly increasing hardness can be observed for Cu-Co up to about 80 wt.% of Co. Larger
Co-contents exhibit smaller hardness values which is expected to arise from a diminishing
contribution of solid solution hardening. A similar trend is visible for binary Cu-Fe. In
comparison to binary Cu-Co, the hardness is increased in the ternary alloys. As has been
shown in the XRD-patterns (c.f. fig. E.2), two crystallographic phases start to form, when
exceeding a certain Fe-content. For dual phase materials a rapid increase in hardness can
be observed, arising from a complex hardening behavior of the involving phase and grain
boundaries [17].

The magnetic momentsm of one Fe-rich and one Co-rich specimen, containing about 20 wt%
of Cu, namely Cu17Fe11Co72 and Cu25Fe63Co12, are measured by SQUID-magnetometry at
8 K. Since intermetallic alloys of (Fe,Co) exhibit an overproportional high magnetic moment,
the alloying behavior on an atomic scale can be observed in this manner. In fig. E.4,
the magnetic moments m are plotted for both compositions. For the Fe-rich composition
Cu25Fe63Co12, m is larger than the reference value for isolated Fe and Co, showing the
formation of an (Fe,Co)-phase in accordance with XRD-data (c.f. fig. E.2). For the Co-
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rich composition Cu17Fe11Co72, the saturation magnetization coincides within the errors
after a linear superposition of reference values for Fe and Co (plotted as horizontal lines in
fig. E.4). Therefore, no formation of an (Fe,Co)-phase is apparent in this case, coinciding
with the microstructural investigations, which show a single-phase microstructure being
present (c.f. fig. E.1,E.2). The Fe-rich composition Cu25Fe63Co12 exhibits a large coercivity
of HC=39±1 Oe, whereas the coercivity of Co-rich Cu17Fe11Co72 cannot be properly resolved
due to the remanent field of the superconducting magnet [18] but it is expected to be smaller
than 10 Oe. An exhaustive determination of the coercivity for Cu17Fe11Co72 is instead
performed by means of AC-hysteresis measurements and can be found in Ref. [19] revealing
a HC of about 2 Oe. The high HC for Cu25Fe63Co12 is due to the larger grain size as well as
the larger magnetocrystalline anisotropy for this intermetallic alloy of (Fe,Co), whereas in
the Co-rich Cu25Fe63Co12, the supersaturation and concomitant grain refinement causes a
break down in magnetocrystalline anisotropy. The results show that, although being similarly
processed, the magnetic behavior of both compositions differs extremely, arising from different
microstructural states after HPT-deformation.

E.3.2. Evolution of the supersaturated state upon annealing

The 2-step HPT-processed sample with composition Cu17Fe11Co72 forms a single-phase
supersaturated solid solution. The temperature stability of this sample is investigated in the
following.

The sample is exposed to conventional annealing treatments for 150℃, 300℃, 400℃,
600℃ and 800℃ for 1 hour each. In fig. E.5, SEM micrographs of 300℃ (a), 600℃ (b) and
800℃ (c) annealed states are shown. The 300℃ annealed state shows a slightly enhanced grain
size with respect to the as-deformed state and some dark particles are visible, indicating the
presence of a second phase. For the 600℃ annealed state, the size of both, the grain size and
the second phase particles increases. The 800℃ shows a completely different microstructure
with high phase contrast, indicating a complete demixing of phases, but the grain size is still
in the ultrafine-grained regime. In fig. E.5(d), Vickers hardness is plotted as a function of
annealing temperature. An enhanced hardness can be observed for 150℃-, 300℃- and 400℃-
annealed states, which is a typical behavior of nanocrystalline materials [20–22]. The hardness
decreases in the 600℃-annealed state due to grain coarsening. Further grain coarsening as
well as demixing, i.e., the reduction in solution hardening, lead to an even smaller hardness
in the 800℃ annealed state.

To investigate the evolution of crystallographic phases upon annealing in more detail,
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Figure E.5.: SEM micrographs of Cu17Fe11Co72 (c.f. fig. E.1(d)) exposed to annealing temperatures
at 300℃ (a), 600℃ (b) and 800℃ (c). The scale bar in (a) applies also to (b) and (c). In (d),
Vickers hardness is plotted as a function of annealing temperature.
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Figure E.7.: Wigner-Seitz cell volume of Cu17Fe11Co72, as determined from XRD-patterns (c.f.
fig. E.6). The solid line represents the Wigner-Seitz cell volume for the composition measured with
EDS.

XRD-measurements are carried out (fig. E.6). Starting with the as-deformed state, where
only one phase is present, the single-phase fcc-microstructure retains even upon annealing at
400℃. At 600℃, the microstructure decomposes into two fcc-patterns as well as a bcc-pattern
forms out. At 800℃ the bcc-pattern vanishes and two fcc-patterns are visible. For a detailed
analysis of the formation and decomposition of solid solutions during heat treatment, the
lattice constants are evaluated for every pattern by examining the Nelson-Riley function
[23]. Vegard’s law [24] for solid solutions is extended to oppose different crystal structures by
comparing the Wigner-Seitz cell volume, instead of the lattice constant. The Wigner-Seitz
cell volume is plotted as a function of annealing temperature T in fig. E.7. The solid line
represents the Wigner-Seitz cell volume for the composition as measured with EDS, coinciding
with the value measured by XRD up to 300℃. The Wigner-Seitz cell volume decreases slightly
with increasing temperature which is due to stress relief. At 600℃ three patterns have been
observed, whereas one value coincides very well with fcc-Cu. We therefore conclude that two
solid solutions of (Fe,Co) are present. Assuming the Wigner-Seitz cell volumes of fcc-Co and
bcc-Fe, the compositions can be calculated to Fe47Co53 in the bcc-phase and Fe28Co72 in the
fcc-phase. For annealing at 800℃, the Wigner-Seitz cell volume for Cu remains constant,
whereas the bcc-phase vanishes and the value of the second fcc-phase shifts, showing the
formation of the thermodynamically stable γ-(Fe,Co) phase [25].

109



E.4. Conclusion

In this study, the processability of ternary CuFeCo alloys by HPT is investigated starting
from initial powder mixtures. Taking results from binary compositions as a basis, which
have been successfully processed in recent studies, a region in the ternary phase diagram
has been detected, where homogeneous nanocrystalline supersaturated solid solutions can
be processed by HPT at RT. For processing of compositions with higher ferromagnetic
content, two consecutive steps of HPT-deformation at different temperatures have to be
used. The Co-rich specimens form a supersaturated solid solution upon HPT-deformation.
For the Fe-rich samples a nanocompound, exhibiting bcc- and fcc-phases, is observed. The
nanocompound exhibits semi-hard behavior and the formation of α-(Fe,Co) with enhanced
magnetic moment, which can be observed even in the as-deformed state. For the single-phase
supersaturated solid solution, an enhanced magnetic moment cannot be observed but soft
magnetic behavior is observed. The temperature stability of a high Co-containing composition
shows a persisting nanocrystallinity up to 400℃, but decomposition at 600℃ into the stable
phases according to thermodynamical equilibrium.
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Abstract

The changes of magnetic properties upon heat treatment of a metastable supersaturated solid
solution processed by severe plastic deformation are investigated by in-situ AC-hysteresis
measurements. Data are analyzed in the framework of dynamic loss theory, with correlative
investigations of the microstructural properties. The evolution of hysteresis upon annealing
points out that the single-phase supersaturated solid solution remains stable up to 400℃,
then hindering of domain wall motion sets in at this temperature. At 600℃, a multi phase
microstructure is present, causing a significant increase in coercivity.

F.1. Introduction

With high-pressure torsion (HPT), a technique of severe plastic deformation (SPD), it is
possible to form bulk supersaturated solid solutions with grain sizes in the nanocrystalline
regime [1, 2]. It has been shown, that with different ratios of Co to Cu, huge reductions in the
coercivity can be achieved by means of SPD, resulting in soft magnetic materials [3, 4]. In the
present study, Fe is added to lower the magnetocrystalline anisotropy to further reduce the
coercivity [5]. To study the evolution of magnetic properties as a function of temperature, the
hysteresis is recorded during in-situ annealing treatments with a concomitant investigation of
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the dynamic magnetic behavior for certain temperatures. The resulting data are discussed in
the framework of dynamic loss theory and correlated to the evolving microstructure.

F.2. Experimental

Powders (Fe: MaTeck 99.9% -100+200 mesh; Co: GoodFellow 99.9% 50-150 µm; Cu: Alfa
Aesar -170+400 mesh 99.9%) were mixed and hydrostatically consolidated in Ar-atmosphere.
A coin-shaped specimen (diameter: 8 mm; thickness: 1 mm) was processed by two subsequent
steps of HPT deformation (100 turns at 300℃; 50 turns at room temperature (RT)), as
described elsewhere[4]. The sample was further processed into a ring shaped specimen and
equipped with 68 primary windings and 61 secondary windings (Cu-wire; diameter: 0.315 mm
and 0.200 mm, respectively). Electrical isolation between the sample and the windings was
maintained with a high temperature adhesive (Minco FortaFix Autostic FC8). To apply the
magnetic field, a sinusoidal current (4 A; 5-1000 Hz) was applied to the primary winding
with a KEPCO BOP 100-4M power supply, according to [eq. F.1a]. The voltage induced
in the secondary windings [eq. F.2] was measured with a National Instruments BNC-2110
terminal block. Data processing was carried out with LabView (version 14.0.1f3). The
hysteresis measurement is described in more detail in Ref. [6]. For in-situ measurements,
the sample was clamped between two Cu-blocks and heated by cartridge heaters (hotset
hotrod HHP HT4030504). The temperature was measured by a K-type thermocouple, close
to the samples’ position to ensure the hysteresis measurements take place at ±5℃of the
target temperature. To maintain a homogeneously heated sample, measurements were started
15 min after stabilization of the target temperature. In-situ measurements were performed in
a customized vacuum chamber to prevent oxidation, maintaining a pressure below 10−2 mbar
during the whole experiment.

Microstructural investigations were performed by X-ray diffraction using Co-Kα radiation
(XRD; Bruker D2-Phaser) and scanning electron microscopy (SEM; Zeiss LEO1525) in
backscattered electron (BSE) mode. The composition was determined by an energy dispersive
X-ray spectroscopy (EDS; Bruker XFlash 6|60) system.

F.3. Results and Discussion

The magnetic field H is controlled by the number of primary windings Np, the applied current
I and the mean diameter dm [eq. F.1a], resulting in the present case in a maximum magnetic
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Figure F.1.: Evolution of in-situ AC-hysteresis curves according to the temperature treatment in
fig. F.2. The as-deformed state is measured at RT. After in-situ temperature treatment at 150℃,
300℃, 400℃ and 600℃, the specimen is measured again after cooling down to room temperature
(600℃-RT). The legend applies to all diagrams.

field of 11.9 kAm−1 (douter=8.76 mm; dinner=5.76 mm).

H = Np · I
π · dm

(F.1a)

dm = douter + dinner
2 (F.1b)

Eq. F.2 gives the magnetic induction B as a function of the time dependent induced voltage
Uind(t), the number of secondary windings Ns and the cross-sectional area A of the ring-core
(here: A=0.707 mm2).

B =
∫
Uind(t)dt
Ns · A

(F.2)

The specimen is measured in the as-deformed state at RT, shown in fig. F.1. It can be
seen, that saturation is achieved and the area of the hysteresis loop rises slightly with
increasing frequency, indicating low eddy-current losses. The in-situ temperature treatment
was performed according to the thermal profile shown in fig. F.2. Measurements were
started after settling the target temperature for 15 min, since similarly processed Co-Cu
samples showed the majority of microstructural changes happening only during a short time
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Figure F.2.: Temperature T during the in-situ experiment as a function of time t. Black diamonds
mark the periods, in which hysteresis measurements are performed.

period after reaching the target temperature [7]. The time stamps of the measurements
are represented by the black diamonds in fig. F.2. Hysteresis are measured at 150℃, 300℃,
400℃ and 600℃. For the 150℃ measurement, the temperature exceeded 160℃ for a short
period of time, but it was shown that the microstructure does not change in this temperature
range since only relief of internal stresses takes place to a small extend [8]. The hysteresis
exhibits similar shapes up to 300℃, but at 400℃ the frequency behavior changes significantly,
which is clearly visible in the 1000 Hz measurement. The area of the 1000 Hz hysteresis
increases again in the 600℃-state. The measurement of the in-situ treated specimen is
repeated after cooling down to RT (fig. F.1; 600℃-RT). For the 600℃-RT state saturation is
not achieved in the 1000 Hz measurement. This means, the measured hysteresis represents
a minor loop and the coercivity cannot be evaluated for this frequency. Lower frequencies
reveal a larger area of the hysteresis loop with respect to the 600℃-state, arising most
likely from the temperature dependence of the magnetocrystalline anisotropy according to
Brukhatov-Kirensky [9].

In the following, a quantitative analysis on the evolution of the coercivity is carried out.
Fig. F.3 shows the measured coercivities as a function of frequency. To disentangle the (static)
intrinsic magnetic properties from the dynamic losses, [eq. F.3] is fitted to the data[10–12].

HC(f) = HC(0) + b ·
√
f + c · f (F.3)

In [eq. F.3], the dynamic loss is separated into anomalous-loss b, caused by domain wall
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Figure F.3.: Coercivity plotted versus the square-root of frequency as recorded during temperature
treatment. The lines represent the fits to [eq. F.3], taking only anomalous dynamic losses into
account.

motion, and eddy current loss c, which is mainly controlled by the conductivity[13]. Since the
conductivity of SPD-processed materials is significantly lowered with respect to coarse-grained
materials[14], we assume the dynamic losses being mainly controlled by anomalous losses
and therefore neglect the third term in [eq. F.3]. In fig. F.3, the measured coercivities are
plotted versus the square-root of frequency, showing a linear scaling with

√
f , confirming

the aforementioned statement. The results from linearly fitting the data are shown in
fig. F.4. Diminishing static coercivity, as well as anomalous loss, can be identified between
the as-deformed, 150℃- and 300℃-annealed state. For SPD-processed Cu-Co and Cu-Fe-Co,
a diminishing defect density was reported in this temperature window, but no apparent
changes in the grain size have been determined [4, 8]. The decreasing coercivity between
RT and 400℃ might therefore originate from a decrease in the magnetoelastic anisotropy
constant[15] Kel ∝ σ · λ, with the residual stress σ and the magnetostriction λ. It should
be stated, that the coercivity is further lowered by the temperature dependence of the
magnetocrystalline anisotropy, as already mentioned [9]. A huge jump in HC(0) can be
noticed at 600℃, indicating a large microstructural variation, such as grain growth. Large
microstructural variations have been determined in similar materials at this temperature [4,
8]. A further increase in coercivity is visible for the 600℃-RT state, which is again traced
back to temperature dependence.

The anomalous loss parameter b is closely related to the microstructure, and takes into
account the energy needed for domain wall motion, which can be increased due to pinning at
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Figure F.4.: Static coercivity HC(0) and anomalous loss parameter b, determined according to
[eq. F.3].

lattice defects or grain / phase boundaries. The increase in b at 400℃, therefore indicates
the formation of pinning centres, rushing ahead the demixing of the microstructure at 600℃.
For the 600℃-state, the anomalous loss parameter stays rather constant.

The microstructure of the in-situ heat-treated sample is investigated by SEM and XRD and
compared to the initial (as-deformed) state. For this purpose a second sample is fabricated,
representing the as-deformed state. Fig F.5 shows SEM images of both samples. The as-
deformed state shows a highly homogeneous, nanocrystalline microstructure. In the 600℃-RT
state, a significantly larger grain size in the ultra-fine grained regime is visible. Furthermore,
phase contrast indicates a chemical inhomogeneity, showing demixing tendencies. Bright
areas indicate high Z and therefore Cu-rich regions, whereas dark-grey or black areas point
at the presence of low Z Fe-Co-rich alloy intermetallic phases. EDS-measurements at 20
different spots reveal the composition of the in-situ treated sample to Cu23(Fe12Co88)77 (wt.%;
±1 wt.%).

In fig. F.6, the XRD pattern of the in-situ treated sample is shown in comparison to
the as-deformed state. In the as-deformed state, only one fcc-pattern is visible, revealing
the single-phase crystallographic structure, whereas in the 600℃-RT state, three different
patterns evolve: the fcc-Cu pattern coincides with the theoretical values, indicating the
presence of pure Cu. In contrast, the fcc-Co, as well as the bcc-Fe pattern, show deviations
with respect to the theoretical values, suggesting the presence of γ-(Fe,Co) and α-(Fe,Co), in
line with the SEM investigations above.
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Figure F.5.: SEM-BSE images of a second specimen in as-deformed state and the sample after
in-situ heat-treatment (600℃-RT) in tangential sample direction. The scale bar applies to both
images.

F.4. Conclusion

In-situ AC-hysteresis measurements of SPD-processed Cu20(Fe15Co85)80 reveal a persisting
soft magnetic behavior up to 400℃. The amount of eddy current losses is low by comparison,
owing to the high resistivity of SPD-processed materials. At 400℃, pinning centres start to
form, hindering domain wall motion and causing an increase in dynamic loss. At 600℃, the
microstructure has changed from the initial single-phase supersaturated solid solution into a
multi phase microstructure according to the thermodynamical equilibrium. The formation
of pinning centres rushes ahead this phase change. The results demonstrate the capability
of magnetic measurements capturing smallest microstructural changes before they become
evident with other techniques.
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