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ABSTRACT

The evolution of crystalline structure induced by heat treatment and high pressure torsion (HPT)
deformation and its influence on the magnetic properties of amorphous and partially crystalline
Hf>Co11B ribbons were investigated. Slight improvement in thermal stability of the as-quenched sample
after deformation was observed as indicated by the shift of the first crystallization peak from 592 to
598 °C. Plastic deformation of the initially annealed partially crystalline alloy led to its amorphization, as
confirmed by X-ray diffraction (XRD). However, the presence of small volume fraction of needle-like
nanocrystals was indicated by transmission electron microscopy (TEM). The annealed sample sub-
jected to high pressure torsion was characterized by the reduced coercive field, from 0.7 to 0.2 kOe, while
the subsequent reannealing of the deformed sample enhanced the coercivity up to 1.3 kOe. Transmission
electron microscopy analysis revealed the existence of nanocrystals with large lattice constant of 8 A
characteristic of Hf2Co1; phase. Magnetic measurements also confirmed that some nanocrystals of the
hard magnetic phase were present in the sample after deformation, indicating their importance for
maximization of coercivity. The isolation of this quite elusive phase is clearly linked to magnetic per-
formance and the method combining severe plastic deformation (SPD) and heat treatment was found to
allow tuning of the structure and improving the hard magnetic properties.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

achieved, for example, by microstructure optimization and/or by
partial substitution of nominal composition [1]. The newly inven-

Nd-Fe-B compounds are widely used in the industry because of
their high energy product |BH|max. Small amounts of Dy or Tb are
substituted in place of Nd atoms to optimize coercivity and addi-
tionally to slightly increase the Curie temperature (T¢). Rare-earth
materials play an increasingly important role in global
manufacturing, but simultaneously they should be treated as crit-
ical due to the impact of possible supply disruptions. It has
prompted efforts to reduce their usage in the magnetic materials
industry. There are many ongoing investigations aiming to find new
materials without rare-earth elements for permanent magnet ap-
plications. The enhancement of magnetic properties can be
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ted alloy should consist of more available elements than rare-earths
and show high Curie temperature and high value of |BH|nax. There
are just a few groups of compounds such as Mn-Al/Bi [2,3] or Zr-Co
[4], that have been considered as candidates for replacement of
some permanent magnet materials used nowadays. The energy
product of these compounds has not been high enough to replace
rare-earth permanent magnets up to date. They can be still useful in
industrial applications on condition that their microstructure is
optimized by the refinement of grains, like in the case of soft
magnetic alloys [5,6]. It can be achieved by different methods like
mechanical milling [7], grinding [8], variation of the nominal
composition [9], sintering [10] or a combination of several of these
approaches [11]. It is well known that the severe plastic deforma-
tion (SPD) leads to a significant decrease in grain size [12,13].
Microstructure can be also optimized by SPD triggered phase
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transition [14]. One of the SPD techniques, high pressure torsion
(HPT), can also lead to amorphization of the crystalline compounds
[15] or crystallization of the amorphous precursors [16], depending
on the particular system and its properties.

Hf-Co alloys can be synthesized in the amorphous state using
rapid quenching [17]. Subsequent isothermal annealing leads to
crystallization of the hard magnetic phase. The crystalline structure
of the hard magnetic phase is still under debate and is considered to
be HfCo7 [18] or 2:11 phase (reported for Zr,Coq; [19] and Hf,Co11B
alloys [20]). We have already reported that for the Hf-Co-B system,
the Hf,Co11 phase can exist in two similar structures, rhombohedral
and orthorhombic [21].

In the present paper we focus on the tunability of magnetic
properties and possibility to improve the hard magnetic properties
of Hf,Co11B alloy by a combined treatment of high pressure torsion
and isothermal annealing. Besides, the influence of HPT process on
the structural and magnetic properties of Hf,Coq;B alloy in two
initial states (as-quenched and isothermally annealed) is deduced.

2. Experimental details

High purity Hf, Co, and B (3 N or more) were used to prepare the
master alloy with the nominal composition of Hf,Co;B by arc-
melting in the argon atmosphere. Elements were remelted
several times to ensure homogeneity. Subsequently, inductively
melted sample was rapidly quenched by melt-spinning on a copper
wheel rotating with the linear surface velocity of 30 ms~'. The
thickness of synthesized ribbon was equal to 30 + 5 um. Structural
data were obtained by X-ray diffraction (XRD) with the use of TUR-
M62 diffractometer (HZG4 goniometer) with CoK, radiation
(A=1.7889A) in Bragg-Brentano geometry. The crystallization
process of the as-quenched sample was investigated by differential
scanning calorimetry (DSC) with heating rate q=20Kmin!, be-
tween 100 and 800 °C, using Netzsch DSC 404 apparatus. Magnetic
hysteresis loops were measured by vibrating sample magnetom-
eter option in Quantum Design Physical Property Measurement
System. For plastic deformation experiments, all the ribbons were
cut in pieces of around 1 cm in length and stacked, to form disks of
10 mm in diameter constrained by the shape of anvils, after HPT
process. The HPT was performed under quasi-hydrostatic pressure
of 6 GPaat room temperature on the sample with 10 mm in
diameter, placed between two flat anvils. TEM lamellae from the as-
quenched sample and the annealed and HPT processed sample
were prepared using Focused lon Beam (FIB) system (FEI Strata 400
STEM) equipped with an OmniProbe 200 micromanipulator for in-
situ lift-out. The preparation was initially performed at 30 kV with
an ion beam current of 21 nA. The lamellae were thinned to about
60 nm thickness using ion beam currents from 0.44 nA down to
26 pA. The final thinning step was performed at 5 kV with 15 pAion
beam current. High resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) data were
acquired in a FEI Titan 80—300 microscope with image spherical
aberration corrector and operated at an accelerating voltage of
300 kV.

3. Results and discussion

Two samples in different initial states were subjected to high
pressure torsion. The first one (Sais.q) was amorphous in the as-
quenched state and the second one (Sp) was partially crystalline
(annealed from the fully amorphous one at T,=570°C for
7, = 60 min). During the HPT process the stacks of as-quenched or
annealed ribbons were deformed at a rotation speed of 1 rpm with
various sequences of rotations N: N = 0.5 + 0.5 + 1 for the as-
quenched and N = 0.5 + 0.25 for the annealed ribbons. Deformed

samples are denoted as Sis-q_n and San, respectively. Sample Say
was subsequently annealed for the second time in the same con-
ditions as in the previous step of the synthesis (T;=570°C,
7, =60min) and is denoted as Saya.

X-ray diffraction patterns of samples in as-quenched state and
after HPT are shown in Fig. 1. No changes are visible after defor-
mation and the fully amorphous structure is preserved. The
Scherrer formula [22] was used to calculate sizes of coherently
scattered domains L. For Sysq L is equal to 14.2 A, and almost the
same value L= 14.1 A was obtained after HPT. These results are in
accordance to those reported in our previous paper [21]. The
shortest interatomic distances R were determined by the Ehrenfest
equation [22] to be equal to 2.58 A for both samples. This value is
close to 2.6 A, which was determined for the ternary RE—Co—B
amorphous alloys with RE =Y, Tb and Ho [23].

Differential scanning calorimetry results are depicted in Fig. 2.
Crystallization processes in both samples are very similar and
consist of three crystallization steps without any evidence of glass
transition, similarly to Zr-Co-B compounds [24]. This may be due
small energy difference between undercooled glassy state and
internally equilibrated state after structural relaxation. Glass tran-
sition is a kinetic phenomenon and the cooling rate of melt-
spinning is decisive in the equilibration process. Therefore, mani-
fold iso configurational states can be obtained, which results in
different enthalpies of relaxation process. In comparison to as-
quenched sample, the ribbon subjected to HPT reveals slightly
improved thermal stability, evidenced by higher temperature cor-
responding to the maximum of the first crystallization peak (Tp1).
For Sy5.q sample Ty is equal to 592 °C, while it reaches 598 °C for
the deformed sample. The temperatures corresponding to the onset
of crystallization event in Sys.q and S;s.q 4 samples are equal to 577
and 579 °C, respectively. The maxima of the third crystallization
peak are nearly the same (T3 = 650 and 651 °C for the as-quenched
and deformed alloys, respectively). Increased crystallization tem-
perature can be connected with the influence of external
compressive stress during high pressure torsion application. Such
behavior has been observed by in-situ resistivity measurements in
thin films subjected to uniaxial extrinsic stress [25] and explained
by the influence of stress on the cavities and the interactions be-
tween atoms. Even slight changes in local atomic configurations
could limit the mobility of atoms and consequently increase ther-
mal stability of the system.

Magnetic hysteresis loops M(H) for Hf,CoqB in as-quenched
state and after HPT were collected at room temperature and are
shown in Fig. 3. Density of the alloy was assumed on the basis of
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Fig. 1. X-ray diffraction (XRD) patterns of Hf,Coq;B in as-quenched state (Sas.q) and in
deformed state, after HPT (high pressure torsion) deformation (Sas.q_n).
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Fig. 2. Differential scanning calorimetry (DSC) curves for Hf,Co1;B in the as-quenched
state

(Sas-q) and after HPT (high pressure torsion) deformation (Sasqn), with the maxima of
the first crystallization peak marked by grey and red arrows, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

McGuire et al. results [17]. The value of saturation magnetization M
for the as-quenched ribbon is equal to 633 emu cm > and is lower
than that for the deformed sample of Ms = 679 emu/cm>. In both
cases the coercive field is very low Hc < 0.50 Oe, which is typical of
amorphous structure. Slightly improved soft magnetic properties
can indicate disappearance of inhomogeneities in the form of
nanocrystals or atomic clusters.

The crystalline structure of the annealed sample (Fig. 4) is
characteristic of Hf;,Coq1B alloy at the early stage of crystallization
[21]. The crystallization process is complex and has been described
in more details previously [21,26]. The main phases which are
formed during first two crystallization steps (marked with Tp; and
Tpz in Fig. 2) are: (i) rhombohedral Hf,Coqy, (ii) orthorhombic
Hf>Co11, and (iii) cubic Co,3Bg. It is the most important to empha-
size the presence of Hf,Coy; rhombohedral phase, which is
responsible for hard magnetic properties [21].

The XRD pattern of the deformed sample (Say) reveals that the
partially crystalline sample becomes fully amorphous after HPT.
The analysis of the amorphous halo indicates small differences in
comparison to the as-quenched alloy. The size of coherently scat-
tered domains is equal to 15 A and the shortest interatomic distance
is R=2.55 A. Subsequent annealing of the deformed sample results
in crystallization of rhombohedral and/or orthorhombic Hf,Coqq
phase/phases, as the visible peak matches the position of the most
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Fig. 3. Magnetic hysteresis loops for Hf,Coy;B in as-quenched state (S;s.q) and after
HPT (high pressure torsion) (Sa-q_ 1) measured at room temperature.

intense peak characteristic of both phases. Due to the XRD method
limitations it is hard to refine the structure more precisely. Some
decisive conclusions concerning the structure are drawn in the
following paragraphs on the basis of transmission electron micro-
scopy and magnetic measurements.

Differential scanning calorimetry (DSC) curve for the annealed
sample (Sa - Fig. 5) indicates that the first two crystallization stages
were completed during isothermal annealing, however, there is
also the third crystallization peak which presence suggests the
formation of HfCo3B, phase [19]. Tonset is equal in this case to about
635 °C and T, = 652 °C in accordance with the results presented in
Fig. 2 for as-quenched (Szs.q) and deformed alloys (Sas-q_H)-

The annealed ribbon after HPT (Say) exhibits X-ray diffraction
pattern typical of an amorphous alloy. To confirm it, there should be
equivalence between the shapes of DSC curves of Sys.q (Fig. 2) and
Sau (Fig. 5). However, it is not the case, as a significantly reduced
peak is observed for Say between 550 and 620 °C. The enthalpy of
first two crystallization stages was reduced from 11.17] g~ ! for Sas-q
to 3.65] g~ ! for Say. It could suggest the presence of nanocrystals
embedded in the amorphous matrix, with the volume fraction
which is not detectable by X-ray diffraction experiment. Charac-
teristic crystallization temperatures are hard to determine due to
the strongly broadened shape (T, mark is used as a guide only). For
the second peak, Topset = 626 °C and Tpp = 641 °C. To sum up, the
use of combined HPT/annealing approach is a good way to shift
some of the alloys on the free energy scale in both directions with
the amorphous state and fully crystalline form as limiting cases.

Transmission electron microscopy (TEM) results gave explicit
confirmation of the conclusions drawn on the basis of differential
scanning calorimetry, namely indicate the presence of nano-
crystallites in the sample after annealing and subsequent HPT (Say)
and its dissimilarity to the as-quenched ribbon (S5 q). Bright field
TEM image of Ss.q is presented in Fig. 6a along with the high res-
olution TEM (b, c) and selected area electron diffraction (d). The
results unambiguously corroborate the presence of amorphous
structure with trace amounts of small crystallites up to 5nm in
diameter (visible in Fig. 6¢).

The long needle-like grains (up to 100 nm in the crosswise di-
rection) embedded in the amorphous matrix are visible in the
bright field TEM image (Fig. 7a) of Hf,Coq1B after annealing and
subsequent high pressure torsion (Say). It confirms that the
amorphization was not completed during the plastic deformation
process. High resolution images (shown in Fig. 7b and c) were ac-
quired from partially crystalline and amorphous regions. SAED
pattern from large areas, including crystallized needle shaped
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Fig. 4. X-ray diffraction (XRD) patterns of Hf,Coq;B in the succeeding steps of syn-
thesis: as-quenched (Sas.q), after isothermal annealing (Sa), after HPT (high pressure
torsion) process (San) and after second isothermal annealing (Sana).
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Fig. 5. DSC curves for Hf,Co1;B annealed at T, =570 °C for 7, =60 min (Sa) and after
subsequent HPT (high pressure torsion) process (Sau).

precipitates and the amorphous matrix, showed clearly both sharp
diffraction spots and the diffused intensities (Fig. 7d). Because of
strong diffuse scattering intensities at low angle, the diffractions
corresponding to large lattice spacing are difficult to discern in
SAED pattern. However, about 8 A lattice spacings were clearly
revealed by the Fast Fourier Transforms (FFT) of some HRTEM im-
ages (shown in the inset of Fig. 7b), suggesting the occurrence of Hf-
rich phase (Hf2Coq; or similar u-phase) [27,28].

M(H) hysteresis loops measured at room temperature are shown

in Fig. 8. The curves are exhibited for the samples at each of the
synthesis steps: (i) as-quenched (S;s_q), (ii) annealed at T, = 570°C
for 7, =60 min (Sa), (iii) after subsequent deformation by HPT (Say)
and finally (iv) after second annealing in the same conditions
(Sana). For a better clarity of the graph, loop for the S;s.q_y sample
was not included (is shown in Fig. 2). The annealing slightly de-
creases the magnetization Mgokoe at magnetic field equal to 80 kOe
from 633 to 622 emu cm™> in comparison with as-quenched alloy
(Sas-q)- We do not use a saturation magnetization term, as the
curves for annealed samples are not saturated. After deformation,
Mgokoe is equal to 657 emu cm ™3, and similar to the M value for the
as-quenched state. The second annealing (annealing after defor-
mation) leads to a decrease in Msokoe to 602 emu cm—>. Coercive
field H, initially increased after annealing from as-quenched state
to about 0.7 kOe, then deformation caused its decrease to 0.2 kOe,
which is expected due to the amorphization processes. It should be
underlined here, that the latter value did not match the coercivity
of the as-quenched sample due to the presence of nanocrystals, as
confirmed on the basis of DSC and TEM results. The second
annealing resulted in renewed increase in H., which reached
1.3 kOe. It is almost twice the value for the sample annealed from
the as-quenched state (Sa). Embedded nanocrystals play a role of
growth facilitators of hard magnetic phase as we have reported for
partially crystalline melt-spun ribbon [21]. For this reason the
optimization of high pressure torsion parameters and subsequent
isothermal annealing conditions are an effective method for
improvement of hard magnetic properties of nanocrystalline
systems.

51/nm

Fig. 6. Bright field TEM (a) and HRTEM (b and c) images along with the selected area electron diffraction (d) of Hf,Coy;B in the as-quenched state (S;sq). (TEM - transmission

electron microscopy; HRTEM - high resolution transmission electron microscopy).
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Fig. 7. Bright field TEM (a) and HRTEM (b, ¢) images along with the selected area electron diffraction (d) of Hf;Co;B after annealing and subsequent high pressure torsion (HPT)
plastic deformation (Say). Fast Fourier transforms (FFT) are shown in the insets. (TEM - transmission electron microscopy; HRTEM - high resolution transmission electron

microscopy).
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Fig. 8. Magnetic hysteresis loops for Hf,Co1B in different stages of synthesis: (i) as-
quenched (Sas.q), (ii) annealed at T,=570°C for 7,=60min (Sa), (iii) HPT (high
pressure torsion) deformed (Say) and (iv) after second annealing at T,=570°C for
Ta= 60 min (SAHA)~

High field regions of magnetization curves for the alloy in the as-
quenched state (S,s.q) after plastic deformation (Sas.q n), after
annealing (Sa), after annealing and deformation (Say) and at last
after additional annealing (Saya) are shown in Fig. 9. Most of the
samples are far from being saturated even in 80 kOe magnetic field,
which suggests the presence of highly anisotropic fraction. The law
of approach to saturation for magnetization measurements in high
magnetic fields was used to calculate the magnetic anisotropy

constant Ky [29]. It also allowed determination of the saturation
magnetization M for all investigated samples. Mg for the as-
quenched sample (Sas-q) is equal to about 625 emu cm~? and af-
ter HPT (Sas.q_n) it is increased to 671 emu cm 3. The results are
consistent with M values determined directly from hysteresis
loops. It is in accordance with the fact that trace amounts of
nanocrystals were embedded in the rapidly quenched alloy, which
was confirmed on the basis of HRTEM. Annealing of the as-
quenched alloy led to slight decrease in magnetization to 618
emu cm>. HPT deformation of the annealed ribbon increased
magnetization once again, up to 648 emu cm~> and finally the
second annealing decreased Ms to 598 emu cm 3. Black curves
(Fig. 9) are the best fit lines. The determined magnetic anisotropy
constants are equal to 2.23,1.77,11.14, 5.03 and 11.07 Merg cm > for
Sas-q» Sas-q_H» Sa, SaH and Sapa samples, respectively. The annealing
leads to increase in Kj, as shown earlier for Zr-Co and Hf-Co com-
pounds [21,30], and is connected with the formation of rhombo-
hedral Hf,Coq; hard magnetic phase. According to the XRD, TEM
results and magnetic measurements, decrease in Ky after HPT is
rather obvious and is triggered by the amorphization. The anisot-
ropy constant values after annealing from amorphous (Sa) and from
deformed state after HPT process (Sana) are the same within the
calculation error. The obtained values are comparable to those
presented by Balasubramanian et al. for Hf-Co nanoparticles [31].
Largely reversible demagnetization in conjunction with a mag-
netic remanence ratio my, defined as M;/Ms, can be used as a cri-
terion describing exchange interaction between magnetic phases,
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Fig. 9. Magnetic field dependence of magnetization (40—80 kOe), measured at 300 K
for Hf,Co11B alloys in different stages of synthesis: (i) as-quenched (Sus.q), (i) annealed
at T, =570°C for 7, =60 min (Sa), (iii) annealed sample after HPT (high pressure tor-
sion) (San) and (iv) after second annealing at T, = 570 °C for 7, = 60 min (Sapa), (V) as-
quenched sample after HPT (Sys-q_n)-

where m;> 0.5 indicates that magnetic phases are exchange
coupled [32]. The calculated values are equal to 0.43, 0.25 and 0.45
for Sa, San and Saya, respectively, neglecting the coupling in all of
the investigated alloys. It can be confirmed also on the basis of dM/
dH vs. H graphs, which are presented in Fig. 10. For the as-quenched
sample one peak is visible in the vicinity of zero field, and origi-
nated from the amorphous phase. For the as-quenched sample
subjected to HPT process the peak at zero field is narrower in
comparison to the as-quenched ribbon, as the amorphous structure
is more uniform and we do not expect the presence of any struc-
tural imperfections. One can see the broad peak with the maximum
at around 1 kOe and small zero field kink after annealing. The broad
peak in higher field can be deconvoluted to two peaks, originating
from the mixture of two different magnetic phases. The volume
fraction of non-soft magnetic phases is decreased for the Say as
there are just two small inflections at negative field shoulder of dM/
dH vs. H peak. This is another evidence for the presence of Hf;Co1q
nanocrystals in the deformed sample and is in line with enhanced
K1 =5.03 Merg cm 3 (in comparison to Sas-q) and with the results of
DSC and TEM analysis. Large peak connected with the soft magnetic
matrix is dominant again. Annealing of deformed sample resulted
in the formation of the very broad peak with more intense hard
magnetic component. Further improvement in the synthesis
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Fig. 10. The dM/dH vs. H curves for Hf,Coq1B alloys in different stages: (i) as-quenched
(Sas-q) (ii) annealed at T, = 570°C for 7, = 60 min (S), (iii) annealed sample after HPT
(high pressure torsion) plastic deformation (San) and (iv) after second annealing at
T,=570°C for 7, =60 min (Sana), (v) as-quenched sample after HPT (Szs.q_n)-

parameters should result in the optimization of volume fractions
and grain sizes of soft and hard magnetic phases and the onset of
exchange coupling, consequently followed by the increase of
coercivity and saturation magnetization [33,34].

Magnetic anisotropy constant Ky versus magnetic polarization Jg
is plotted in Fig. 11 with highlighted magnetic hardness factor lines
k. The k value is described as « = (uoKj /(_]3))1/2 [35]. The materials for
permanent magnet applications should be characterized by «
higher than 1. For Hf,Co{1B alloys this criterion is fulfilled. The
obtained values are similar to those of Mn-based alloys, higher
comparing to MnBi, but slightly lower than « for MnAl alloy. Large
spin-orbit coupling characteristic of the 5d-element results in the
highest magnetic anisotropy for the FePt alloy (L1p phase) and its
high « value. FePt compound has lower saturation magnetization in
comparison to Nd,Feq4B alloy. The Nd,Fe14B alloy possess high «, Ky
and saturation magnetization. Generally, high magnetic anisotropy
is typical of rare-earth-based compounds, originating mainly from
the strong spin-orbit coupling of the rare-earth 4f electrons and
resulting in the high values of K for Nd-Fe-B, Dy-Fe-B, Sm-Fe or Sm-
Co [38].

4. Conclusion

We have reported an innovative approach to isolate the Hf,Coqq
phase by special preparation conditions (melt-spinning, high
pressure torsion and specific heat treatment). This approach has
significantly increased the understanding of the properties of this
phase and its impact on magnetic performance. The thermal sta-
bility and magnetic properties of Hf;Co1B amorphous and partially
crystalline ribbons in the as-quenched state, after severe plastic
deformation by high pressure torsion and subsequent annealing,
were analyzed and discussed. The HPT deformation slightly
improved thermal stability and soft magnetic properties of the
ribbon due to the disappearance of nanocrystals, which existed in
trace amounts in the rapidly quenched sample. Furthermore,
starting from partially crystalline Hf;Coq1B alloy, the HPT process
led to the amorphization, although the coexistence of small needle-
like nanocrystals (not visible in XRD) was confirmed by TEM.
Isothermal annealing of Hf;Coq;B ribbon after HPT processing
resulted in a higher coercive field, in comparison to that of the as-
quenched sample after annealing in the same conditions. Another
confirmation of our conclusion is that the presence of the
embedded nanocrystals of the hard magnetic Hf;Coq; phase, as
documented by TEM analysis, improved magnetic properties of the
material studied after isothermal annealing. This shows that severe
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Fig. 11. Magnetic anisotropy constant K; vs. magnetic polarization J; dependence for
different magnetic systems with solid lines representing characteristic x (magnetic
hardness factor) values [35—37].
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plastic deformation and heat treatment allows tuning of the
structural and magnetic properties in initially amorphous magnetic
materials, which have already been comparable to that of the other
rare-earth free permanent magnets.
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