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Abstract

This study investigates the correlation between coercivity (Hc), grain size (d), and
dislocation density in the Permimphy alloy (Fe-80%Ni-6%Mo). The samples used in this study
were subjected to varying levels of applied strain through processing by high-pressure torsion
(HPT). The microstructure and the magnetic coercivity were analyzed using a scanning electron
microscope (SEM), Electron Backscatter Diffraction (EBSD) and Vibrating Sample
Magnetometry (VSM). The grain size of the samples varied from 30 um to 190 nm. This study
demonstrated a strong correlation between Hc and microhardness when d > 3 um. The results show
that the coercivity of the Permimphy alloy follows an inverse V-shape with respect to grain size.
The coercivity of the samples decreased despite increasing the dislocation density and the hardness
when d < 3 pum. This phenomenon is attributed to the ferromagnetic exchange interaction across
multiple grains and leads to the alignment of magnetic moments.
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1. Introduction

Soft magnetic materials (SMMs) are used for transformers, motors, and sensors. This
requires very low coercivity and the highest possible susceptibility (or permeability), which is
equivalent to weak anisotropy and easy magnetization [1] . The SMMs are usually characterized
by an intrinsic coercivity of less than 1000 A/m [2]. However, new SMMs with higher strength
and ductility are needed to operate under mechanically demanding loading conditions for safety
and for critical parts in transportation and energy [3]. In practice, Fe-Ni alloys have been developed
and utilized in specialized applications [4]. Typically, these materials crystallize in face-centered
cubic (FCC) structure ( > 30% by weight) within the Fe-Ni group and are supplemented with
various elements in small amounts. Presently, 80%Ni Permalloy materials showcase significant
magnetic properties, such as an adjustable low coercive magnetic field strength, shallow energy
losses and a high magnetic permeability achieved through certain special heat treatments [4]. The
Permimphy alloy is a high-quality industrial grade material that possesses favorable magnetic
properties, thereby making it an excellent candidate material for the precision cutting of intricate
profiles.
In order to achieve the highest magnetic permeability state in this alloy, standardized heat
treatments are undertaken at high temperature (>1000°C) under controlled atmospheres of vacuum
or hydrogen [5]. The Permimphy alloy has a unique combination of high magnetic permeability,
high electrical resistivity and low magnetic hysteresis that make it an effective shield against
external magnetic fields to protect electronic devices. In general, the magnetic behavior of SMMs
is influenced by several factors, including their chemical composition [6], electromagnetic
anisotropy intrinsic features (first order anisotropy constants K1, magnetostriction constants A100,

A111), microstructure characteristics such as texture or average grain size, the degree of atomic
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order [7, 8], chemical segregation, precipitates, and non-magnetic phases. Overall, the magnetic
properties of SMMs are influenced by a complex interplay of these and other factors and this
means that optimizing these properties for a specific application often requires a careful balancing
of these factors. The grain size (d) plays a crucial role because it influences —among other elements
- the mobility of magnetic domain walls and the hysteresis phenomenon. More than grain
boundaries (GBs), the microstructure characteristics, such as texture, dislocation distribution and
density and stacking faults greatly influence the macroscopic magnetic behavior. The Empirical
relationships between grain size and coercivity [9-12] indicates that conventional (d > few um)
polycrystalline materials exhibit a 1/d dependence whereas nanocrystalline materials (d<<um)
show a coercive field Hc which acts - experimentally and theoretically (Random Anisotropy
Model) proportionally to d® . The origin of this lies in a spatial averaging magnetocrystalline
anisotropy (balancing locally the exchange interaction between neighboring nanocrystals inside
the same magnetic wall mechanism called “random anisotropy”). This mechanism becomes
dominant typically when d is smaller than the ferromagnetic exchange length L [13]. Typical
values of L are 5-10 nm for Co-based alloys and 20-40 nm for Fe-based alloys where the exchange
length of the Permimphy™ is ~1-3 um [14]. The latter appears, through the high L magnitude, the
best candidate to achieve microstructure width d < L. This means that Permimphy™ is a suitable
candidate for examining the transition from rising to declining coercivity, Hc with grain size. This
could lead to the development of a novel polycrystalline magnetic materials with high mechanical
strength and soft magnetic properties.

Several procedures are now available for producing sub-micrometer and nanocrystalline
materials and these are based on the application of severe plastic deformation (SPD) capable of

achieving large quantities of fully-dense small scale microstructures. Among these various SPD



techniques, the major procedures are High-Pressure Torsion (HPT) [15], Accumulative Roll-
Bounding (ARB) [16] and Equal-Channel Angular Pressing (ECAP) [17]. Generally, HPT
processing produces a greater grain refinement than the other SPD procedures [18, 19] and, in
addition, HPT leads to a higher fraction of high-angle grain boundaries [20, 21].

Motivated by this background, the present research was undertaken to identify the
relationships between the coercivity, grain size, grain boundary misorientations and the dislocation
density. The overall objective was to explore the point at which the coercivity of the Permimphy
alloy changes from increasing to decreasing with grain size, where this is indicative of the magnetic
exchange length of the alloy. Thus, it is anticipated that this research will pave the way for
developing SMMs with improved mechanical properties using cost-effective techniques and

protocols.

2. Experimental materials and procedures

The Permimphy™ alloy (Nil5Fe5Mo in wt. %) was provided by the APERAM Alloys
Imphy Company, France. The samples were in the form of rolled sheets subjected to annealing
under an Hz controlled atmosphere to fully recrystallize the alloy. For HPT processing, disks with
diameters of 10 mm were cut from the initial material using wire electrical discharge machining.
The thickness of the samples was then reduced to 0.85 mm using SiC grits. These disks were
processed at ambient temperature up to 1/2, 5, 10 and 20 turns under a pressure of 6.0 GPa and a
rotational speed of 1 rpm under quasi-constrained conditions where there is a small outflow of
material around the periphery of the disk during the straining operation [22].

The microstructure and texture were characterized using a scanning electron microscope
(SEM) FEG-SEM SUPRA 55 VP operating at 20 kV with TSL Orientation Imaging Microscopy,

OIM™ software. EBSD maps were collected at the mid-radius of each disk on zones perpendicular
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to the HPT rotation axis (RD-SD) plane where RD and SD denote the rotational and shear
directions, respectively. The samples were mechanically polished using 800, 1200 and 2400 SiC
sand disk, then electrolytic polishing was conducted at ambient temperature using an A2 Struers
electrolyte at 20 V for 15 s. The grain size data were obtained using a grain tolerance angle of 5°
and the minimum grain size was chosen as 2 pixels. All datum points with a confidence index (CI)
lower than 0.05 were excluded from the analysis where CI quantifies the reliability of the indexed
patterns.

The dislocation density was estimated using the Kernel Average Misorientation (KAM)
method implemented within the OIM software. In this method, the misorientation KAM around
the central point of a grain is quantified in relation to a defined set of nearest neighboring points.

The dislocation density was then calculated using the following equation [23] :

where a is a parameter that depends on the grain boundary type and it was chosen as 3 for
boundaries mixed of the two types [24], b is the Burgers vector (0.254 nm for Fe-Ni alloys), n =3
for nearest neighbors and 6 is the size of the EBSD scan step.

The Vickers microhardness was measured by a SHIMADZU type HMV-2 using a load of
0.1 kg and a dwell time of 10 s for all measurements. At least 8 points of microhardness were
measured at the mid-radius of all the HPT samples and averaged to report the microhardness of
the sample. In addition, measurements were taken along the diameter of the disk in the radial
direction in a rectilinear grid pattern. The distance between each indentation was set at 0.3 mm.

Magnetization curves were measured using a MicroSense vibrating sample magnetometer

(VSM) at room temperature. Flat specimens with a diameter of 5 mm and a thickness of about 0.5



mm were machined from the HPT-processed disks. The maximum applied magnetic field was 2.5

T.

3. Results and discussion

3.1 Microstructure of the as-received material

The RD-ND inverse pole figures (IPFs) and Image Quality (IQ) maps of the as-received
sample are shown in Figure 1(a) and Figure 1(b). The microstructure was composed of equiaxed
grains with a mean grain size of ~30 um. In Figure 1(b), low-angle grain boundaries (LAGBS)
with misorientation angles between 2° and 15° and high-angle grain boundaries (HAGBSs) are
colored red and blue, respectively. The histogram of misorientation angles (Figure 1(c)) reveals a
large fraction of HAGBs and a strong maximum near 60° associated with the presence of X3
boundaries (60° <111>) indicated in yellow in Fig. 1c. These have been widely reported after
conventional thermo-mechanical processing (TMP) of FCC materials with low to medium

stacking fault energy [25].
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Figure 1: () TD- IPF-map, (b) IQ-map with grain boundaries, (c) misorientation angle

distribution of the as-received material.
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3.2 Microstructure of Permimphy™ alloy after HPT

Figure 2 compiles the Normal Direction (ND) IPF micrographs showing the
microstructures of the HPT-processed Permimphy™ alloy at room temperature. A significant
orientation spread within the individual grains due to the development of a substructure is observed
in the IPF maps after 1/2 turn (Figure 2(a)). Moreover, the IPF maps after 1/2 HPT turn exhibit a
bimodal grain size distribution with a large fraction of coarse grains mixed with several regions

containing relatively fine grains

Figure 2 comprises ND IPF micrographs illustrating the microstructures of the HPT-processed
Permimphy alloy at room temperature. The IPF maps after 1/2 turn (Figure 2(a)) reveal a notable
spread in orientation within individual grains due to substructure development. Additionally, these
maps display a bimodal grain size distribution after 1/2 HPT turn, featuring both coarse and
relatively fine grains in different regions. It was proposed that grain subdivision serves as the
prevalent mechanism in generating ultrafine microstructures through extremely severe
deformation (using various SPD techniques) [26]. This formation process is often termed grain
fragmentation, in-situ recrystallization and continuous dynamic recrystallization [26]. As the
applied strain increased (> 5 turns), the microstructure gradually became more uniform, showing
equiaxed grains somewhat elongated in the shear direction. The restructuring of grains is due to
the accumulation of LAGBs observed in the microstructure after 1/2 HPT turns which contributes
to the formation of new dense walls with HAGBSs. This elucidates the sharp decrease in LAGBs

after 5 HPT turns, as depicted in Figure 3.



Figure 2: ND-IPF orientation imaging micrographs (EBSD maps) showing the microstructures

of Permimphy™ alloy after HPT deformation; (a) 1/2 turn, (b) 5 turns, (c) 10 turns and (d) 20

turns.

The evolution of the mean grain size and the HAGBs as a function of the numbers of HPT turns is
shown in Figure 3. The grains underwent a strong refinement upon straining such that the mean

grain size decreased from 30 pm for the as-received sample to an average of 3.5 um after 1/2 HPT



turn, and thereafter it decreased to 205 nm after 5 turns and stabilized with a value of ~188 nm
after 20 turns.

This is indicative of the success of the HPT process in achieving a sub-micrometer/nano-scale
grain size distribution. The fraction of HAGBSs increases rapidly after 1/2 HPT turn from 30% to
75 % after 5 HPT turns and then reaches a maximum value of 79 % after 20 HPT turns. As
previously noted, this validates the aggregation of LAGBSs to create high-angle boundaries within

the microstructure.
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Figure 3: Evolution of the mean grain size and HAGB fraction versus the number of HPT turns

As depicted in Figure 3, subsequent deformation beyond 5 HPT turns fails to produce
further grain refinement. This observation is consistent with earlier research on the impact of SPD
on alloys, indicating a saturation of the grain refinement [26-32]. Previous studies have proposed
various explanations for this phenomenon. A straightforward and rational suggestion involves the
interplay between the grain subdivision aspect of the refinement process and other coarsening

mechanisms such as recovery, grain boundary migration and triple junction motion [30].



Figure 4 shows the misorientation histograms of the the Permimphy™ alloy after HPT
processing. It is obvious that after 1/2 HPT turn the microstructure contains substantial amount of
LAGBs. This is an indication of a substructure formation subsequent to the SPD processing.
Nevertheless, with increasing HPT deformation the misorientation increases so that the LAGB
fraction decreases to 20% after 20 HPT turns). The high percentage of HAGBsS is an indication of
the occurrence of dynamic recrystallization and grain refinement by a conventional subdivision
mechanism [33]. Both phenomena lead to a progressive replacement of the LAGBs by HAGBs

created by the application of the SPD processing.
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Figure 4: Evolution of the misorientation histograms after HPT processing.

As shown in Figure 5, for the as-received sample almost the entire map is represented by
the blue color ascribed to weakly deformed areas. This is expected in a recrystallized material
having less defects than after the annealing process. After 1/2 HPT turn, the KAM map in Figure
5(b)) exhibits more green color areas indicating a high dislocation density. These dislocations are

present within the grains and confirm the formation of a substructure.
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Figure 5: OIM-KAM maps and GOS maps of the as-received material and after HPT processing.
(a)-(e): KAM maps of the Permimphy as received and after 1/2, 5, 10 and 20 HPT turns. (9)-(i):

GOS maps of the Permimphy as received and after 1/2, 5, 10 and 20 HPT turns, respectively.

For each grain, the grain orientation spread (GOS) indicates the degree of orientation
change between every pixel in the grain and the grain average orientation. Thus, a low GOS value
denotes low internal misorientations which is a characteristic feature of a recrystallized state.
Before HPT deformation, almost all of the grains were recrystallized owing to the initial thermo-
mechanical processing of the as-received material. After ¥2 HPT turn, a large majority of grains
(90 %) exhibited large GOS values. Further HPT deformation, as in Figure 5(h-j), leads to the
generation of new grains with weaker GOS values. As already noted, these are created primarily
by the two mechanisms of dynamic recrystallization during the deformation process and the
accumulation of LAGBs which leads to the development of new grain boundaries.

The microhardness profile evolutions, taken from -4 mm to +4 mm from the centers of the
samples, are shown in Figure 6. After 1/2 HPT turn, the microhardness is lowest in the center and
highest at the edges of the disk and the difference in microhardness between the edge and the

center is about 150 Hv (~ 55%). The imposed strain is lower in the central area of the disk leading
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to a lower microhardness whereas a higher microhardness is achieved at the peripheral area
receiving the highest imposed strain. However, this difference tends to become small after large
numbers of turns because of the overall increase in the microhardness level, and this leads to a
reasonable hardness homogeneity throughout the disk diameter with a saturation level of around
470 Hv after 5 turns. In addition, the overall microhardness across the disk increases with

increasing numbers of HPT turns [34].
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Figure 6: Microhardness distribution across the diameter of the HPT-deformed disks.

The evolution of measured microhardness near the mid-radius of the HPT disks is
presented in Figure 7(a). The mean microhardness increases significantly from the initial state of
~198 Hv to ~ 390 Hv after 0.5 turn. This strengthening is continuous with further torsional
straining to reach a value of ~475 Hv after 20 turns. A similar microhardness evolution was
reported in an Fe-50%Ni (at. %) alloy processed by HPT at room temperature for up to 10 turns
[35] and in an Invar™ (Fe36%N:i) alloy [36]. The hardening is often ascribed to the increase in

dislocation density and concomitant grain refinement [37—39].
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Figure 7: Evolution of a) the hardness and b) the dislocation density (p) using the KAM method

at mid-radius of the Permimphy™ alloy after HPT processing and annealing.

The assessed dislocation density (p) using the KAM method is shown in Figure 7(b). Thus,
p significantly increased after 1/2 HPT turn to reach 3.62 x 10> m compared to 2.82 x 10 m
for the as-received sample (not shown in the plot). This large difference is mainly caused by the
formation of dislocations and their accumulation as shown in Figure 7(b). Furthermore, the
dislocation density appears to level off around 7.3 x 10'°® m after 10 HPT turns. This is mainly
attributed to the effect of the steady-state generation of the dislocations and their annihilation.
Furthermore, this steady-state dislocation generation and annihilation is synergistically
accompanied by a stabilization of the grain size as shown in Figure 3.

Figure 8 provides a more detailed understanding of the evolution of dislocation density
during the HPT deformation. After 1/2 turns of HPT, a considerable number of dislocations is
generated since various slip systems are activated. This activation induces local rotations of the
crystal and generates misorientations with neighboring regions. Consequently, geometrically

necessary boundaries (GNBs) are formed as observed in the KAM. As HPT deformation continues,
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the initial grains undergo subdivision by accumulating GNBs, leading to the formation of finer

nanoscale subdivided structures characterized by HAGBS)
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Figure 8 : Higher magnification KAM maps after 1/2 and 10 HPT turns.

It is important to note that these new grains contain a substantial number of geometrically
necessary dislocations (GNDs). This observation explains the higher values of dislocation density
observed in the more highly deformed states, such as at 5 turns or more, compared to the
dislocation density after 1/2 turn. This difference can be clearly observed by comparing the
deformed zones (green/orange) in the same area size for the two deformation states of 1/2 and 5
turns in Figure 8.

3.4 Evolution of the magnetic properties after SPD

Figure 9 presents the hysteresis curves of magnetization M as a function of applied field H
for the Permimphy™ alloy processed by HPT deformation up to 20 turns. The saturation

magnetization Ms and the coercive field He were deduced from the curves. It is readily apparent
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that the curves are very close and hard to distinguish. This is a well-known characteristic feature
of soft magnetic materials. A close inspection of Figure 9(b) shows that following 1/2 HPT turn
there was a noticeable expansion in the loops when compared to the initial state. This enlargement
is attributed to the introduction of dislocations into the microstructure which impedes both domain
wall motion and domain rotation [40]. However, it may also be associated with grain refinement,
particularly given that the materials in question are polycrystalline and initially possess relatively

large grains [12].

After undergoing 10 HPT turns, there was a reduction in the loop thickness. As illustrated
in Figure 2, the average grain size at this stage was approximately 200 nm. Given the consistently
high dislocation density, it is readily deduced that this reduction in hysteresis loop size was
associated with the microstructural refinement. Furthermore, following 20 HPT turns, the loop
thickness, or coercivity, increased again, but not significantly. In this case, it is probably due to
the interplay of two opposed effects: the dislocation density which has an adverse impact on
magnetic softness and the microstructure refinement which exerts a positive influence on
coercivity. As depicted in Figure 2, the grain size difference between the samples after 10 and 20
HPT turns was minimal at approximately ~200 nm. Therefore, the dominant effect was attributed

to the dislocation density.
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Figure 9 : Hysteresis loops of the as-received and HPT-deformed Permimphy alloy.

A ferromagnetic behavior is indicated by a continuous increase of the magnetization under
small fields. At very high magnetic fields the magnetization of the samples reaches a saturation
level. The grain size is also known to influence the coercivity (Hc). The relationship between
coercivity and grain size and with the inverse of the hardness for the Permimphy™ after SPD
processing can now be highlighted as shown in Figure 10. To obtain a comprehensive
understanding of the relationship between coercivity (Hc), grain size (d) and Vickers hardness
(Hv), additional findings from an ongoing project conducted by the same authors are included in
the Figures 10(a) and (b). These results showcase samples of the Permimphy™ alloy that

underwent deformation using the accumulative roll bonding (ARB) and constraint groove pressing



(CGP) methods of SPD processing although in practice HPT was the best technique for achieving
grain refinement. Furthermore, the plot is augmented with datum points from three additional

samples of the Invar alloy that underwent HPT deformation and serve as a comparative reference.
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Figure 10 : Evolution of the coercivity with (a): the mean grains size, (b): the inverse of hardness
for the Permimphy/Invar after SPD.

As shown in a study of soft magnetic alloys [9-11], the effect of grain size on coercivity
falls into two distinct regimes. When the grain size d exceeds the ferromagnetic exchange length,
Hc of a magnetic material is known to be proportional to d*, whereas Hc becomes proportional to
d® when d is less than the ferromagnetic exchange length. There is also other research investigating
the evolution of magnetic properties after SPD processing [34-39]. Indeed, there is a study of the
microstructure and magnetic properties in nanostructured Fe and Fe-Based intermetallic produced
by HPT [43]. The minimum grain sizes obtained by HPT deformation were 265 nm for pure iron,
152 nm for FeCo and 207 nm for FeNi3, respectively. It seems conclusive that the minimum grain
size attained by HPT deformation in pure iron, FeCo and FeNi3 can never reach a value below 100

nm and thus the coercivity follows the d* law [10]. There is a report that lattice defects play a
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dominant role in magnetic properties for coarse grain material after ECAP of the 49Fe-49Co-2V

alloy [47].

In the present study, after 1/2 HPT turn the grain size was reduced from 30 to 3 pum (~
90%) and Hc increased from 0.38 to 7.59 Oe (x15). This is expected since the movement of
magnetic domain walls is hindered by grain boundaries and dislocations. It is clear that an increase
in d (when d > 3um) leads to a decrease in Hc Figure 10(a) is consistent with the earlier
observations on traditional polycrystalline materials [10]. Surprisingly, for grain sizes below 3 um
Hc decreases despite an increase in both dislocation density and microhardness. This phenomenon
is a consequence of the grains becoming smaller than the ferromagnetic exchange length of the
Permimphy alloy which is around 1 to 3 um [14]. The behavior of the Permimphy after HPT differs
from that of the Fe36Ni (Invar) alloy as observed in these studies where Hc increases with
decreasing grain size (as represented by the purple points in Figure 10(a)). This finding is
consistent with the fact that the grain size of this deformed Invar is larger than its magnetic

exchange length which is approximately 0.1 to 0.2 um [14].

These observations confirm the unique magnetic properties of the Permimphy in this study.
However, the decrease in Hc does not follow the d® behavior which may be due to the high
dislocation density in the samples used in this study whereas earlier research dealt only with
partially amorphous and nanocrystalline materials that were annealed to minimize p [10, 11]. At
this stage, it is reasonable to assume that the grain refinement plays a dominant role compared with

the dislocation density.

For the evolution of Hc as a function of the microhardness in Figure 10 (b)), it was found

that for d >3 pm then
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Hc= 2+ Hv*5107 ™ Qe ................. Equation 2

This means that, in the deformed polycrystalline materials, Hc can be predicted from a simple
microhardness test using equation 2. In practice, Hc is expected to depend on microhardness which
increases with the presence of all types of defects such as grain boundaries, voids, dislocations and
dislocation cells. These features serve as pinning sites for the magnetic domain walls which in turn
increases the coercivity. There is a report on the effect of the dislocation pattern on the magnetic
domain structure of pure polycrystalline Ni and it was found that the presence of deformation
structure in the ferromagnetic metals can impede any magnetic domain motion and thereby affect
the magnetic properties [47]. Also, an investigation of the influence of dislocations on domain
walls by using magneto-mechanical hysteresis modeling revealed that the dislocation pinning
effect is proportional to the n"™ power of the dislocation density which is the underlying mechanism

for increasing the coercivity [48] .

The results presented in this study show that the coercivity decreases with decreasing grain
size, however HPT under the present conditions produces a steady state of grain refinement even
with further HPT deformation. Another possibility for further reducing the coercivity is to perform
an annealing after HPT deformation in order to decrease and minimize the dislocation density
without any significant further increase of the grain size. Both considerable hardness (owing to the
UFG microstructure) and a very small coercivity would be expected after HPT deformation and
adequate annealing. In an accompanying investigation, Dabou et al, [49] have processed the same
alloy via ARB up to 5 cycles. This resulted in a grain size reduction down to 2.2 pm, a hardness
of 375 Hv, a dislocation density of 1.9 x 10'® m and a coercivity of 6.8 Oe. After annealing at
650°C for one hour, the alloy experienced recrystallization and grain growth, resulting in a mean

grain size of 4.5 um, a hardness of 250 Hv, a dislocation density of 3.5 x 10'* m? and a notable
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increase in coercivity to 0.2 Oe. In the current study, processing the same alloy to 20 HPT turns
resulted in a much considerable grain refinement (about 200 nm), higher hardness (about 475 Hv),
but with a high coercivity of about 6.8 Oe, likely due to the elevated dislocation density, as
previously discussed. According to the author’s, the most effective post-HPT processing annealing
conditions are expected to be 600°C to 650°C under a controlled atmosphere for less than an hour,
followed by quenching. This process is expected to yield a coercivity below 0.1 Oe, a grain size

less than 1 um, and a substantial hardness exceeding 400 Hv.

In addition, ongoing research has focused on studying the super-magnetism phenomena of the
alloy at very low temperatures (from 30 up to 300 K). There is a report of the existence of super-
paramagnetic (SPM) behavior of nanocrystalline cobalt-iron-pyrite  samples  with
antiferromagnetic clusters suppressing magnetic dipolar interactions [50]. The reported crystalline
size was about 15 to 7 nm. In the case of the Permimphy alloy, since its exchange length is about
1to 3 um, it is challenging to seek a possible supermagnetic behaviour at the submicron level but
this is the target of an ongoing research activity.
4. Summary and conclusions

The evolution of microstructure, hardness and the dislocation density of the Permimphy
alloy, as well its magnetic characteristic after HPT deformation, was studied in this research in
order to reveal a possible correlation between the grain size (d) and the coercivity (H). The results

led to the following conclusions.

1) The grain size of the Permimphy alloy was remarkably refined after severe plastic

deformation particularly after HPT deformation. The grain size distribution of the HPT-
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deformed alloy after 1/2 turn was inhomogeneous whereas after 5 or more turns it was
homogeneous with an average grain size of about 190 nm.

2) The mechanical properties of the alloy were significantly improved after 5 HPT turns. The
microhardness was 470 Hv (+140% compared to the as-received state) due to the grain
refinement and dislocation density.

3) For grain sizes greater than 3 um, an increase in d leads to a decrease in Hc, which is
consistent with earlier observations on traditional polycrystalline materials. However, for
grain sizes below 3 um, Hc decreases despite an increase in the dislocation density and
microhardness. This effect arises because the grains become smaller than the ferromagnetic
exchange length of Permimphy (1-3 um). In the case of Invar alloy, Hc increases with
decreasing grain size since the grain size is larger than its magnetic exchange length (100-
200 nm).

4) The use of SPD processing is an efficient approach for creating materials with robust
magnetic and mechanical characteristics. However, for soft magnetic materials it appears
that a heat treatment may be required after HPT processing to restore the magnetic softness
of the material. It is concluded that using an adequate annealing to remove the dislocation
density without increasing the grain size will lead to significant results for both the

mechanical and magnetic behaviour.
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