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a b s t r a c t

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 ferro-

magnetic contents, high-pressure torsion at room temperature yields single-phase su-

persaturated solid solutions. For higher ferromagnetic contents, two consecutive steps of

high-pressure torsion deformation at different temperatures yield the desired nano-

crystalline microstructure. Depending on the Co-to-Fe-ratio, either a single-phase super-

saturated solid solution or a nanocomposite forms. The composite exhibits an enhanced

magnetic moment, indicating the formation of a (Fe,Co)-alloy upon severe plastic defor-

mation. Soft magnetic properties are verified for large Co-to-Fe-ratios and this micro-

structure is found to remain stable up to 400 �C.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Nanocrystallinity is a prerequisite to form high performance

soft magnetic materials [1], whereas the enhanced number of

interfaces gives rise to diffusion-mediated magnetic anisot-

ropy making an easy tunability of the magnetic hysteresis

loop possible [2,3]. This large number of diffusion paths [4]

has attracted interest in the synthesis of energy materials

where enhanced diffusion gives rise to improved materials
c.at (M. Stückler).

d by Elsevier B.V. This
properties for various applications such as carbon dioxide

adsorption [5], synthesis of molecular hydrogen [6] or energy

storage applications [7].

With high-pressure torsion (HPT), a technique of severe

plastic deformation (SPD), nanocrystalline materials can be

processed in bulk form [8]. Furthermore, bulk state reactions

can be induced byHPT, leading tometastable stateswhich can

even be retained after pressure release [9e11]. Regarding the

production of magnetic materials, it has been shown that HPT

is capable to tune the coercivity even by orders in magnitude
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with respect to the initial state, whereas larger effects have

been observed for materials consisting of more than one

chemical element [10,12e15]. To achieve low coercivities, the

formation of a homogeneous microstructure, exhibiting

nanocrystalline grains with low magnetocrystalline anisot-

ropy, is desirable.

In Ref. [16], it has been shown that desired microstructures

can be processed from binary powder mixtures of CueFe and

CueCo, whereas CueCo samples exhibit soft magnetic prop-

erties. The processing limits of HPT at room temperature have

been examined as well: in case of CueFe, it was shown that

homogeneous deformation was achieved for Fe contents

below 25 wt.%. Higher Fe-contents yield localization of strain

resulting in an inhomogeneous, multiphase microstructure.

In case of CoeCu, supersaturated solid solutions have been

processed for Co contents between 28 wt.% and 67 wt.%.

Lower Co contents yield comparatively large, residual Co

particles, impeding improved magnetic properties. Higher Co

contents result in brittle specimens with cracks forming dur-

ing deformation.

This study aims at the production of nanocrystalline, bulk

materials of the ternary CueFeeCo system, which is ex-

pected to show superior soft magnetic properties in com-

parison to the CueCo system. In the present work, different

FeeCo ratios are mixed with Cu, since the addition of Fe to

Co leads for certain compositions to a decreasing magneto-

crystalline anisotropy and an increasing saturation magne-

tization [17,18].

The focus of the study is on the processability of CueFeeCo

alloys by HPT and the formation of homogeneous micro-

structures, also involving the formation of supersaturated

states, by tailored processing routes. Furthermore, the soft

magnetic properties of the most promising ternary materials

are investigated. For achieving the goal of homogeneously

deformed, nanocrystalline ternary CueFe-Co materials of

high ferromagnetic content, room temperature HPT (RT-HPT)

is not the method of choice, due to the above-mentioned

problems encountered in the binary systems. A two-step

process involving deformation at two different tempera-

tures, as it is proposed in [19] for CueCo of very high Co-

content, leads to better results.

Furthermore, it is well known that nanocrystalline ma-

terials are prone to microstructural changes, which hap-

pens already at very low homologous temperatures. As this

has a strong influence on the magnetic properties, the

thermal stability of the as-deformed microstructures is

investigated.
2. Experimental

Samples were processed from conventional powders (Fe:

MaTeck 99.9% 100 þ 200 mesh; Co: GoodFellow 99.9%

50e150 mm; Cu: Alfa Aesar �170 þ 400 mesh 99.9%). Powder

mixtures were 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 tem-

peratures (up to 500 �C), the anvils were inductively heated.

HPT was performed under a pressure of 5 GPa at 1.28 min�1
rotational speed of the anvils. To ensure a microstructural

steady state, 50e150 numbers of turns were applied in total,

resulting in a maximum achieved shear strain g of

1000e3000 at a radius r of 3 mm. During room temperature

(RT) deformation the sample is cooled by compressed air

avoiding heating. Microstructural investigations were per-

formed by scanning electron microscopy (SEM; Zeiss

LEO1525) in backscattered electron (BSE) mode. SEM micro-

graphs are taken at equal settings throughout the whole

study (acceleration voltage, BSE-gain, aperture size, current

mode). The local compositions of the samples were deter-

mined by an energy dispersive X-ray spectroscopy system

(EDS; Bruker XFlash 6|60) by averaging over a set of at least

30 individual spots and are given in weight percent (wt.%;

±1 wt.%) herein. Quantitative grain size evaluation is carried

out by Transmission Kikuchi Diffraction (TKD) using a

Bruker e�-FlashFS electron backscatter diffraction detector.

Vickers hardness measurements were performed with a

Buehler Micromet 5100 hardness testing device under a load

of 0.5 kg (HV0.5). The crystallographic structure was

measured by X-ray diffraction (XRD) using a Bruker D2

Phaser (Co-Ka 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.
3. Results and discussion

3.1. Synthesis of soft magnetic ternary materials by HPT

The ternary phase diagram (Fig. 1) shows the compositions as

determined by EDS investigated in this study. Compositions

which have been processed by HPT-deformation at RT (50

turns) are marked by red dots and are referred to as RT-HPT in

the following. The corresponding SEMmicrographs are shown

in Fig. 1(a)e(c) and reveal feature sizes in the nanocrystalline

regime. Furthermore, low phase contrast is apparent, indi-

cating a chemical homogeneity, which is also confirmed by

XRD-measurements (see Fig. 2(a)). The RT-HPT deformed

samples exhibit compositions within the limits of RT-

processability of the respective binary systems [16]. Initial

studies on the processability of ternary mixtures by RT-HPT

showed the same trend as was found for binary mixtures.

Indeed, samples exhibiting Fe contents higher than 20 wt.%

and/or Co contents above 70 wt.% show residual particles and

the formation of shear band or cracks. Thus, one is restricted

in the useable ternary compositions for RT-HPT, but especially

high Fe- and Co-containing materials are strived for process-

ing soft magnetic materials. Consequently, to overcome this

problem, the same technique as it was used for binary CueCo

with very high Co-contents [19] will be applied. These samples

are referred to as 2-step HPT samples in the following. At first,

the deformation is performed at elevated temperatures (300 �C
or 500 �C; 100 turns or 50 turns), achieving a homogeneously

deformed microstructure for samples with high ferromag-

netic content. After, the sample is exposed to a second

deformation step at RT (additional 50 turns), refining the

already homogeneous microstructure. The 2-step HPT

https://doi.org/10.1016/j.jmrt.2021.03.073
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Fig. 1 e SEMmicrographs 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)e(c) show samples, which are processed

by RT-HPT. Images on the right (d)e(f) show samples processed by 2-steps of HPT as described in the text. Micrographs were

taken on HPT-discs cut in half at r¼ 3mmwith the radial direction parallel to the horizontal axis. The scale bar in (a) applies

to all micrographs.
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samples are indicated by green stars in Fig. 1. Apparent phase

contrast is visible in the SEM micrographs in Fig. 1(e) and (f),

indicating chemically different phases. Furthermore, a larger

feature size can be noticed in comparison to the specimen

exhibiting the lowest Fe-content (Fig. 1(d)). Fig. 2(a) shows

results from synchrotron-XRD experiments for RT-HPT pro-

cessed samples. All samples exhibit a major fcc pattern. Be-

side a very shallow bcc-Fe peak for Cu47Fe15Co38 at

q ¼ 53.6 nm�1, only single-phase crystallographic structures

are present, as it has been reported for binary Cu-Co [16]. In

Fig. 2(b), XRD patterns of the 2-step HPT-deformed samples

are shown. For an increasing Fe/Co-ratio (from top to bottom),

a transition from single phase to dual phase crystallographic

structures can be observed in accordance to SEMmicrographs

in Fig. 1(e) and (f). This is consistent with the binary CoeFe

phase diagram, showing a transition from fcc to bcc for

increasing Fe-contents [20,21]. For Co-contents � 60 wt.%, the

fcc-peaks shift from the Cu-peak position, indicating the for-

mation of supersaturated solid solutions. In contrast, for

lower Co-contents this peak shift is hardly observed, indi-

cating the presence of a rather pure fcc-Cu phase. We assume

that a-(Fe,Co) forms as a second phase, according to the

thermodynamical equilibrium phase diagram. However, the

results demonstrate that HPT is capable of synthesizing

single-phase supersaturated solid solutions well beyond the

solubility limits given at thermodynamical equilibrium [22].
In all XRD-patterns, a huge peak width can be observed,

arising from the large amount of crystal defects, but also from

grain refinement [23,24]. To quantify the grain size, a RT-HPT

processed sample (Cu60Fe07Co33) was measured with TKD,

serving as an example for the grain sizes obtained in this

study. Five scans were jointly analyzed, revealing a median

grain size of 66 nm, which is a somewhat smaller grain size as

has been obtained for binary CueCo (76 nm, 100 nm [16]).

Vickers hardness is very sensitive to changes in the

microstructure and is used to probe the microstructural ho-

mogeneity of the HPT-deformed materials. Therefore, hard-

ness testing is performed as a function of radius for each

sample. For all samples investigated in this study the applied

deformation ensures a microstructural saturation for

r � 2 mm. In Fig. 3, the mean hardness for indents between

2 mm � r � 3.5 mm is plotted as a function of composition. To

complete the hardness plot for this ternary system, FeeCo

specimens without any Cu were processed using the 2-step

HPT process. The data from this study are compared with

hardness values for binary HPT-deformed samples from other

studies. In all these studies, initial powder mixtures are used

for multi-phase materials [16,19,25,26]. Pure elements have

been HPT-deformed from powders [14,27] or from bulk

ARMCO Fe [28]. All mentioned studies have in common that at

least the last processing step has been carried out at RT,

yielding the RT saturation grain size for every composition
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Fig. 3 e Steady state Vickers hardness as a function of

composition for HPT-processed mixtures of CueFeeCo. For

the samples investigated in this study, the mean hardness

for indents between 2 mm ≤ r ≤ 3.5 mm is plotted.

Fig. 4 e 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.

Fig. 2 e XRD patterns of as-deformed samples (see Fig. 1).

In (a), synchrotron XRD patterns are shown for RT-HPT

processed samples. In (b), XRD patterns for 2-step HPT-

processed samples are shown (see Fig. 1), measured with

Co-Ka radiation. An increasing Fe/Co-ratio is shown from

top to bottom (b). The legend in (a) applies also to (b).
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[29]. Reaching the saturation grain size is accompanied by a

steady state hardness as well [30,31]. The grain refinement

upon HPT-deformation causes an increase in hardness ac-

cording to Hall-Petch hardening [32,33]. A monotonic

increasing hardness can be observed for CueCo up to about

80 wt.% of Co. Larger Co-contents exhibit smaller hardness

values which is expected to arise from a diminishing contri-

bution of solid solution hardening. A similar trend is visible for

binary CueFe. In comparison to binary CueCo, the hardness is

increased in the ternary alloys. As it has been shown in the

XRD-patterns (see Fig. 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 involving phase

and grain boundaries [34].

3.2. Magnetic properties of ternary materials

The magnetic moments m of one Fe-rich and one Co-

rich specimen, containing about 20 wt.% of Cu, namely

Cu25Fe63Co12 and Cu17Fe11Co72, are measured by SQUID-
magnetometry at 8 K. As it has been shown, whilst the Fe-

rich material represents a dual phase material, the Co-rich

material is composed of a single phase. Since intermetallic

alloys of (Fe,Co) exhibit an overproportional high magnetic

moment [18], the alloying behavior on the atomic scale can be

investigated by magnetic measurements. In Fig. 4, the mag-

netic moments m are plotted as a function of applied field H

for both compositions. For the Fe-rich composition Cu25Fe63-
Co12, m is larger than the reference value for isolated Fe and

Co, showing the formation of a (Fe,Co)-phase in accordance

with XRD-data (see Fig. 2). For the Co-rich composition Cu17-

Fe11Co72, the saturation magnetization coincides with a linear

superposition of reference values for Fe and Co (plotted as

horizontal lines in Fig. 4). Therefore, no formation of a (Fe,Co)-

https://doi.org/10.1016/j.jmrt.2021.03.073
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phase is apparent in this case, matching with the micro-

structural investigations, which show the presence of a

single-phase fcc microstructure (see Figs. 1 and 2).

The Fe-rich composition Cu25Fe63Co12 exhibits a large

coercivity of HC ¼ (39 ± 1) Oe, whereas the coercivity of Co-rich

Cu17Fe11Co72 is smaller than the residual field of the super-

conducting magnet and cannot be properly resolved [35], but

is expected to be smaller than 10 Oe. An exhaustive determi-

nation of the coercivity for Cu17Fe11Co72 is instead performed

bymeans of AC-hysteresismeasurements and can be found in

Ref. [36], revealing a HC of about 2 Oe at RT. The high HC for

Cu25Fe63Co12 is due to the larger grain size, as well as the

comparatively larger magnetocrystalline anisotropy for this

intermetallic alloy of (Fe,Co) [17]. According to the random

anisotropy model, a breakdown in coercivity is expected as

the grain size d falls below a certain limit [1]. However, the low

coercivity for the Co-rich composition Cu17Fe11Co72 cannot be

explained by grain refinement only, since similar feature sizes

have been observed in all samples investigated. The transition

from the classical scaling behavior to random anisotropy is

controlled by the magnetocrystalline anisotropy K and the

magnetoelastic stiffness constant A [eq. (1)].

HCf

(
1=d for d>

ffiffiffiffiffiffiffiffiffiffi
A=K

p
d6 for d<

ffiffiffiffiffiffiffiffiffiffi
A=K

p (1)

Solid solutions of (Fe,Co) exhibit smaller magnetocrystal-

line anisotropies compared to pure Co [17], causing a transi-

tion to random anisotropy at larger d.

Furthermore, in a previous study on the magnetic proper-

ties of HPT-deformed Co72Cu28 [19] it has been discussed that

the soft magnetic properties might originate from an alloying

effect, i.e. the formation of a supersaturated solid solution.

The even smaller HC for the Co-rich Cu17Fe11Co72 [36] is

therefore expected to originate from a lowering in the mag-

netocrystalline anisotropy due to the addition of Fe with

respect to the binary composition and might be further low-

ered by the formation of a supersaturated solid solution

including Cu. Similarily, a significant reduction in coercivity

has also been observed for single-phase solid solutions of

CoeFeeNi synthesized bymechanical alloying [37]. The rather

large HC in the Fe-rich Cu25Fe63Co12 indicates that for this

composition the transition to random anisotropy is not yet

reached.

The results show that, although being similarly processed,

themagnetic behavior of both compositions differs extremely,

arising from different microstructural states after HPT-

deformation.

3.3. Evolution of the supersaturated state upon
annealing

Since supersaturated solid solutions are prone to micro-

structural changes occurring already at low temperatures, one

composition is investigated regarding its thermal stability.

The 2-step HPT-processed sample of lowest coercivity and

with composition Cu17Fe11Co72 forms a single-phase super-

saturated solid solution with soft magnetic properties. The

temperature stability of this sample is investigated in the

following.
The sample is exposed to annealing treatments for 150 �C,
300 �C, 400 �C, 600 �C and 800 �C for 1 h each in a conventional

furnace, since previous studies demonstrated major struc-

tural changes at these temperatures [19,38,39]. In Fig. 5, SEM

micrographs of 300 �C (a), 600 �C (b) and 800 �C (c) annealed

states are shown. The 300 �C annealed state shows a slightly

enhanced grain sizewith respect to the as-deformed state and

some dark particles are visible, indicating the presence of a

second phase. For the 600 �C annealed state, the size of both,

the grain size and the second phase particle increases. The

800 �C sample 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. 5(d), Vickers hardness is plotted as a function of

annealing temperature. An enhanced hardness can be

observed for 150 �C-, 300 �C- and 400 �C-annealed states,

which is a typical behavior for nanocrystalline materials

[40e42]. The hardness decreases in the 600 �C-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 �C annealed state.

To investigate the evolution of crystallographic phases

upon annealing in more detail, XRD-measurements were

carried out (Fig. 6). Starting with the as-deformed state,

where only one phase is present, the single-phase fcc-

microstructure retains even upon annealing at 400 �C. At

600 �C, the microstructure decomposes into two fcc-patterns

as well as a bcc-pattern forms out. At 800 �C, the bcc-pattern

vanishes and two fcc-patterns are visible. For a detailed

analysis of the formation and decomposition of solid solu-

tions during heat treatment, the lattice constants are eval-

uated for every pattern by examining the NelsoneRiley

function [43]. Vegard’s law [44] for solid solutions is

extended to oppose different crystal structures by

comparing the Wigner-Seitz cell volume, instead of the lat-

tice constant. The Wigner-Seitz cell volume of all appering

phases is plotted as a function of annealing temperature T in

Fig. 7. The solid line represents the Wigner-Seitz cell volume

for the composition as measured with EDS, coinciding with

the value measured with XRD up to 300 �C. The Wigner-Seitz

cell volume decreases slightly with increasing temperature

which is expected to occur due to stress relief. At 600 �C,
three patterns were observed, whereas one value matches

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 �C, the Wigner-Seitz cell

volume for Cu remains constant, whereas the bcc-phase

vanishes and the value of the second fcc-phase shifts. Ac-

cording to the generalized form of Vegard’s law, the

composition of the (Fe,Co) solid solution can be calculated to

Fe20Co80. The deviation from the EDS-measurements are

expected to arise from any nonlinearity in the compositional

dependence of the lattice constant. The evolution of crys-

tallographic phases at 600 �C and 800 �C coincides with the

thermal equilibrium FeeCo phase diagram [20,21], which

shows an a-(Fe,Co)/g-(Fe,Co) two-phase area for 600 �C and a

single phase g-(Fe,Co) solid solution for 800 �C for the

https://doi.org/10.1016/j.jmrt.2021.03.073
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Fig. 5 e SEMmicrographs of Cu17Fe11Co72 (see Fig. 1(d)) exposed to annealing temperatures at 300 �C (a), 600 �C (b) and 800 �C
(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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composition as measured with EDS. Furthermore, a

remarkable thermal stability of the supersaturated solid

solution up to 400 �C is revealed.
Fig. 6 e XRD-patterns of annealed Cu17Fe11Co72 measured

with Co-Ka radiation.
4. Conclusion

In this study, the processability of ternary CueFeeCo alloys by

HPT is investigated starting from initial powder mixtures. Tak-

ingresults frombinarycompositionsasabasis,whichhavebeen

successfully processed in recent studies, a region in the ternary

phase diagram has been detected, where homogeneous nano-

crystalline supersaturated solid solutions can be produced by

RT-HPT. For processing of compositions with higher ferromag-

netic content, two consecutive steps of HPT-deformation have

to be used. The Co-rich specimens form supersaturated solid

solutions upon HPT-deformation. For the Fe-rich samples, a

nanocompound, exhibiting bcc- and fcc-phases, is observed.

The nanocompound shows semi-hard magnetic behavior. The

formation of a-(Fe,Co), exhibiting enhancedmagneticmoment,

can be observed even in the as-deformed state. For the single-

phase supersaturated solid solution, an enhanced magnetic

moment cannot be observed but the specimen exhibits soft

magnetic behavior. This cannot be explained by grain
refinement only, but is expected to arise from a lowering in

magnetocrystalline anisotropy. The thermal stability of a spec-

imenwith highCo-content shows apersistingnanocrystallinity

up to 400 �C. At 600 �C, decomposition into the stable phases

according to thermodynamical equilibrium sets in.

https://doi.org/10.1016/j.jmrt.2021.03.073
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Fig. 7 e Wigner-Seitz cell volume of Cu17Fe11Co72, as

determined from XRD-patterns (see Fig. 6). The solid line

represents the Wigner-Seitz cell volume for the

composition measured with EDS.
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