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ABSTRACT. This work focuses on the synthesize of nanostructured
(FeesCoss)io0x (PrsO11)x (x = 0, 5) powders using high energy ball milling. The
influence of PrsO1 on structural, morphological and magnetic properties of
FesCoss nanoparticles were carried out by X-ray diffraction (XRD), scanning
electron microscopy (SEM) with a dispersive energy analyzer (EDS), vibratory
sample magnetometer (VSM) and differential scanning calorimetry (DSC).
Results show that the praseodymium oxide addition increased the decrement
rate of the crystallite size with milling time of about 27 % and decreased the
increment rate of the internal micro-strain of 50 %. Moreover, because of its
high grain fragmentation tendency, PrsO1; increases the hardness and
brittleness of Fe-Co powders. Moreover, it minimized the cold welding
between Fe-Co ductile particles leading to a significant decrease in the average
particle size (~1um). The magnetic measurements conducted at room
temperature show that the saturation magnetisation (M) and the coercivity
(H)) increased with milling time in both compositions. A low M, and high H,
values were detected in (FegsCoss)os (PrsO11)s nanoparticles. The results
demonstrated a soft ferromagnetic nature in all of the synthesized
nanoparticles with M, in the range 207 — 216 emu/g and H, is found to be 113
Oe.
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INTRODUCTION

doped, have become the subject of large-scale researches, due to their particular characteristics, such as high

saturation magnetization, M, a relatively low coercive field, He, and a fairly substantial Curie temperature, T [1—
3]. These significant properties are related to the intrinsic characteristics of their constitutive elementary chemical
elements, known to be ferromagnetically characterized by 3d-itinerant magnetism [4—6]. Nanostructured Fe-Co alloys
belong to the soft magnetic systems since the magnetocrystalline anisotropy of these systems is attributed to a random
distribution of the constituent crystallites and this, when the average size of the latter is smaller than the magnetic
exchange length [7]. For all these reasons, the Fe-Co nanosystem admits various applications such as hyperthermia
magnetic treatment [8,9], high density data storage devices [10], MRI contrast [11], absorption of microwaves [12] or as
magnetic charge vectors in new generation magnetorheological fluids [13]. However, the magnetic properties that they
admit are strongly influenced by the relative elementary concentrations as well as synthesise methods [14]. Numerous
studies have therefore been carried out to answer these questions, it was shown from the Slater-Pauling curve that alloy
based on Fe and Co, having the greatest magnetization and therefore the highest saturation magnetization at the ratio of
65 % Fe and 35 % Co [15]. In addition, specific techniques and development approaches have been adopted to synthesize
nanostructured Fe-Co. Some chemicals, including electrochemical deposition, thermal decomposition from
organometallic precursors, co-precipitation or even co-reduction in polyol [16-20] and others physical, including laser
ablation [21,22] or mechanical alloying (MA) process, one of the most widely used because of its energy, low costs and
relatively easy use [23-27]. During MA process, the powder particles are subjected to severe mechanical deformations and
are repeatedly deformed, heat-treated (cooling and heating), welded and fractured leading to their gradual refinement at
the nanoscale [28]. Therefore, uncommon properties could appear. Nevertheless, it is important to note at this level that
Fe-Co binary nanoalloys obtained by most of these techniques admit certain disadvantages which must be avoided, such
as, the fact that they have magnetisation values strongly lower than their massive state [29], involving the use of
subsequent heat treatments susceptible to relax the existing internal stresses and improve the crystallinity of the
nanomaterial [30]. It is therefore natural that research has been oriented, among other things, in the direction of the
doping process of Fe-Co nanosystem by various elements, to obtain enhanced properties. Thus, many works have
concerned the doping of Fe-Co by transition metals (Cr [31,32], Sn [33], Ni [34], Al [35], Cu [36,37], V [21]), rare earths
Dy [38]), metalloids (Si [39,40]) or non-metals (C [41], O [42]). Generally, the saturation magnetization of these alloys is
greater higher is the amount of the ferromagnetic elements. Another promising challenge that could be performed is the
combination of complementary features of Fe-Co 3d-itinerant magnetism with rare-earth 4f- localized one. Moreover, the
4f rare metals exhibit a strong magnetic susceptibility and generally magnetocrystalline anisotropy due to the interactions
between their orbital moment and the crystalline field, the fact of alloying them with a 3d metal induces their polarization
and therefore, consolidate the magnetization of the alloy. For described reasons, the study of these compounds has a
fundamental interest in magnetic coupling and the development of interface walls; also they have potential applications as
permanent magnets, magnetic sensors and magnetic recording media [24]. Unfortunately, studies on rare earth-transition
metal alloys are limited by the cost of rare elements and their low oxidation stability [43], hence the almost absence of
works on this subject.
It is in this context that this research work takes place; it aims specifically to study the effect of PrsO11, the most stable
form of the praseodymium, on the structural, microstructural, morphological and magnetic properties of FessCoss
mechanically alloyed nanoparticles. To the best of our knowledge, no study has been reported in the literature.

Q wide literature shows that transition metal-based nanostructured magnetic alloys, such as Fe, Co or Ni, pute or

MATERIALS AND METHODS

prepare the corresponding compositions (FessCo3s)1«<(PrsO11)x  (x = 0 and 5 %) with high energy ball milling. The

I nitial Fe (Alfa Aesar, 99 %, d < 10 um), Co (Alfa Aesar, 99.8 %, 1.6 um) and PrsO11 (99.9 %) powders were used to
initial powders were mechanically alloyed, under air in the appropriate amounts, using a vibratory ball mill Retsch

393



f
&
N. Djellal et alii, Frattura ed Integrita Strutturale, 60 (2022) 393-406, DOI: 10.3221/IGF-ESIS.60.27 s

MM 400 assisted with two cylindrical vials (25 ml, WC) and balls (10 mm, WC). The frequency of the milling was kept at
20 Hz for 1, 2, 3, 4 and 5 hours. The ball to powder ratio was maintained at 25:1, around 50 % of the vial volume was
empty to assure suitable space for the process of milling. In order to prevent the excessive heating of the powders, the
mechanical alloying was stopped 15 min after every 15 min of milling. The analyses of the structural properties were
performed using the X-ray diffraction method in an X'Pert MPD diffractometer. The X-ray radiations were obtained
using an anticathode of Copper with Axx1 = 0.15406 nm. The analysis range of 20 values position was 5-100° with
scanning step of 0.02° and an exposure time one second by step. The refined crystallite size, lattice parameter and
microstrain were obtained using maud software.

The morphology, chemical composition and distribution of the alloyed powders were followed with a JEOL-6100
Scanning Electron Microscope equipped with Energy Dispersive Spectrometry (EDS). The average particle size was
estimated from scanning electron micrographs using software Image J. The determination of magnetic properties, at room
temperature, of the powders was obtained using Quantum Design Physical Property Measurement System option
Vibrating Sample Magnetometer. Structural phase transformations and magnetic ordered temperature were determined
by differential scanning calorimetry method using DSC 404 Netzsch equipment. The measurements, in the temperature
range from 25 °C to 1200 °C, wete under protective nitrogen gas and with a heating rate of 30 °C/min.

RESULTS AND DISCUSSION

never studied before. The investigations ate related to structural and microstructural properties by XRD and DSC,
morphological observations by SEM and magnetically study by VSM. All these results will be the subject of
combined analyses in order to try to propose a coherent and self-consistent appreciation of its properties.

T he present section is devoted to the presentation of results obtained on this innovative quaternary nano-material,

Structural properties
Fig. 1 shows the XRD spectrum of unmilled (FessCo3s)9s5 (PrsO11)s mixture powders.
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Figure 1: X-ray diffraction pattern of (FessCo35)05(PrsO11)s mixture

The spectrum of unmilled samples i.e., at t = 0 h, confirms the presence of the characteristic peaks of body centred cubic
(BCC, COD 04-004-2474) iron, hexagonal close-packed (HCP, COD 04-006-6433) cobalt, face centred cubic (FCC, COD
04-015-0419) cobalt and fluorite cubic praseodymium oxide (COD 00-041-1219). The obtained phases match well with
those given by the Joint Committee on Powder Diffraction (JCPDS). No additional characteristic peaks of any impurity
phase were detected.

Fig. 2 characterizes the diffraction patterns of FegsCoss (Fig. 2.a) and (FegsCoss)os(PrsO11)s  (Fig. 2.b) powders at different
milling times (t = 1, 2, 3, 4 and 5 h).
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Figure 2: X-ray diffraction patterns of (a) FessCoss and (b) (FessCo3s)os(PrsO11)s mechanically alloyed powders at various duration (1,
2,3,4and 5 h)

The figures display the XRD patterns of the powders for both compositions at different stages of mechanical alloying. As
shown, both allotropic structures of Co (hep and fec) have disappeared after only one hour of milling, probably due to the
high used vibration speed value (1200 rpm). Numerous results of literature show that, for lower values of rotational speed,
of the order of 200 rpm, the final products are obtained in a more gradual manner, a process during which it can be
appreciated the progressive transformation of fcc-Co to hep-Co, followed by the disappearance of the latter, explained by
the fact that Co atoms were totally incorporated into Fe BCC-structure [40,44,45]. For PrsO11, the same evolution seems
to occur; the characteristic peaks of PrsO11 have also disappeared after one hour of milling. The XRD spectrums at the
different duration of milling identify only the Fe BCC phase and did not detect any additional peak of another phase (even
working under air), which confirms the total dissolution of Co and PrsO1; into Fe structure and forming (FessCoss)o0-«
(PrsO11)x with (x = 0 and 5) alloys. It is relevant to note at this level, concerning the Fe-Co total solid solution, obtained
under non-equilibrium conditions after one hour of milling, this result suggests that the Hume-Rothery rules, which are
themselves qualitatively valid for metallic solutions determined at thermodynamic equilibrium, could also be applied for
this type of material. The difference between Fe and Co atomic radii is less than 15 %, they also have the same valence
(+2) which is necessary to reach a maximum solubility between atoms. Moreover, the electro-negativity values of Fe and
Co are very close, 1.83 and 1.88 respectively, which leads to a high solubility between them [46,47]. On the other hand,
there is no evidence for the quaternary system. With consecutive milling, a broadening of the peaks was observed. This
enlargement is due to both increasing strain and decreasing crystallite size, which is typical behaviour of metallic alloys
synthesized by mechanical alloying [40,48,49].

Fig. 3 presents the decrement of average crystallite size with milling time. On the other hand, Fig. 4 shows the evolution
of micro-strains inside particles during mechanical alloying.
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Figure 3: Refined crystallite size vs milling time
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Figure 4: Refined microstrain vs milling time

The minimum value of crystallite size is about 20 nm reached after 5 h of milling in (FessCo3s)9s(PrsO11)s composition. For
the microstrain, a similar tendency in both compositions is observed, it increases with milling time. However, the
increment rate is higher at the early stage of milling. The maximum registered percentage of strain is about 1 % in
FessCoss powders milled for 3 h. In the mechanical alloying process, crystallites achieve a minimum size after a contest
between dislocations generated from the consecutive deformation and dynamic recrystallization due to the relative
increment of powders temperature during milling [15]. Fesht and Cantor [50,51] have proposed mechanisms describing
the decreasing crystallite size process during mechanical alloying. In fact, during the beginning of the MA process, due to
severe plastic deformation, a large number of defects (mainly dislocations) appear leading to the existence of local micro-
deformations, whose intensity increases up to a certain onset where they stabilize by reorganizing themselves into random
sub-joints of low disorientation. Last, at a certain moment and for different reasons (existence of precipitates...), the
movement of dislocations is blocked, inducing the obtaining of constant average crystallite sizes. It can be observed that
the addition of PrsO11 increases the strength and hardness of FegsCoss. This is attributed to the hard nature of oxides
leading to have high grain fragmentation tendency [52,53].

In both compositions, the refined lattice parameter decreased from 2.8660 nm (characteristic of bce-Fe lattice), for
unmilled powders, to 2.860 and 2.862 nm for FegsCoss and (FegsCoss)os(PrsO11)s milled for 5 h respectively. This
decrement refers to the following reasons: formation of triple defect disorders [7,45] and the substitution of Fe atoms by
Co one with smaller diameter [7,52,54]. In (FessCo3s)os(PrsO11)s composition, the decrement of lattice parameter suggests
that the PrsOq1do not dissolve into the FessCoss crystal lattice but dispersed in the Fe—Co matrix, probably at the grain
boundaties.

Morphological observations

Fig. 5 presents the starting elemental powders and (FessCo3s)95(PrsO11)s mixture morphologies. The micrographs show
that the initial powders have a spherical and irregular shape of particles with few micrometres in size.

Fig. 6 (a-c) shows the evolving morphology of FessCoss milled for 1, 3 and 5 h respectively, Fig. 6 (d-f) shows the
(Fes5Co35)95(PrsO11)s powders milled for 1, 3 and 5 h respectively. The micrographs indicate that particles get small size
and regular shape with milling time in both FegsCoss (Fig. 6.a-¢) and (FessCo3s)95(PrsOn1)s (Fig. 6.d-f) powders. Fig. 6 (g-1)
illustrates the quantitative average particle size of both compounds after 1, 3 and 5 h respectively.

The mechanical alloying process of ductile -fragile powders has been well explained conceptually by many authors
[23,51,55,56]. In the case of (Fe, Co)-PrsO11 powders, the ductile particles (Fe, Co) undergo deformation while the fragile
particles (Pr¢O11) undergo fragmentation. Then, when the ductile particles start to cold welded, the fragile ones are placed
between two or more ductile particles at the time of ball collision. As a result, the fragmented reinforcement particles are
positioned on the interfacial boundaries of the welded Fe-Co particles, and the result is the formation of a real composite
particle. These deformations, welding and solid dispersion phenomena harden the material and increase the fracture
process, which also contributes to the formation of an equiaxed morphology. At this stage, the welding and fracture
mechanisms reach an equilibrium favouring the formation of composite particles with a refined microstructure.

It is visibly seen the drastic decrease of particles size with milling time in both compositions (Fig. 6.g-i). After 1 h of
milling, it clearly appeared that FegsCoss and (FegsCoss)os(PrsO11)s nanoparticles fairly greatly agglomerate (Fig. 7.a and 7.d
respectively), hence generating wide particle size distribution, whose average is estimated to 23 microns for FessCoss and
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12 microns for the quaternary system, (Fig. 6.g). This particle coalescence is explained in the literature by the presence of
strong magnetic interactions in Fe-Co based alloys and also by the high surface energy in the grain boundaries of
mechanically alloyed crystallites. In this stage of mechanical alloying, the powders are effectively subjected to continuous
deformations leading to the cold welding, flattening and fragmentation of particles [46]. The micrographs at 3 h of milling
show more regular shape of particles (Fig. 6.b for FessCoss and Fig. 6.e for (FessCo3s)95(PrsO11)s) and drastic decrement in
the average particles size (Fig. 6.h) in both compositions, besides, (FessCo3s)os (PrsO11)s powders are finer. This is can be
explained by the fact that praseodymium oxide increases the hardness and brittleness of Fe-Co powders known to have a
strong tendency to agglomerate [57]. The addition of PrsO1; leads to an increase in the grain fragmentation tendency of
Fe-Co powders. The repeated plastic deformation, fracturing, cold welding and fragmentation of powder particles at this
stage of milling severely introduced defects and structural disorders which may deteriorate the structural integrity of the
nanoparticles [58,59]. Zhang et al. [60] and He et al. [61] found that the intense collisions involved in the high energy ball
milling process severely damage the side walls of particles causing a decline in structural integrity of nanostructured
powders. Therefore, an optimization of the milling time and speed are crucial to preserve the structural integrity. With
further milling (up 5 h), the particles get a more uniform shape (Fig. 6.c, 6.f) and narrower particle size distribution (Fig.
0.1). At this stage, a balance between the fracture and cold welding is reached [54].

Fig. 7 presents the EDS elemental analysis in both compositions mechanically alloyed for 5 h.

Figure 5: Scanning electron micrographs of as received powders (a) pure Fe; (b) pure Co; (c) pure PrsOq1 and (d) (FessCoss )os(PrsOn1)s
mixture.

397



N. Dyellal et alii, Frattura ed Integrita Strutturale, 60 (2022) 393-406; DOI: 10.3221/IGF-ESIS.60.27 Q

FegsCog5
(FegsC035)95(PrsO14)s

20 30 4 50 60
particle diameter (um)

FegsCoys
= (FegsC035)05(Ps011)5

particle diameter (um)

= Feg5C055
(FegsC0s5)e5(PrgO44 )5]

T T T T
15 2,0 25 35 4,0 45

3,0
particle diameter (um)

mechanically alloyed for (d) 1 h; (¢) 3 h and (f) 5 h and the average particle size distribution of FegsCoss and (FegsCo3s)o5(P16O11)s
mechanically alloyed for (g) 1 h; (h) 3h and (i) 5 h.

FegsCosg (FegsCO035)gs(PreOq4)s

4000 Fe 8000 Fe

3000 6000
o
o
e
=
3 2000 Co 4000
1] Fe
1= Fe

Co
1000 2000
Co
0 0
0 2 8 10 2 4 6 8 10
Energy (Kev) Energy (Kev)

Figure 7: Energy dispersive spectrometry analysis of FessCoss and (FegsCoss)os(PrsO11)s mechanically alloyed for 5 h.




7

{
s N. Dyellal et alii, Frattura ed Integrita Strutturale, 60 (2022) 393-406; DOI: 10.3221/IGF-ESIS.60.27

The analysis shows the presence of peaks belonging to Fe, Co in FeCoss sample and Fe, Co, Pr and O in
(FessCo35)95(PrsO11)s sample. In both alloys, no indication of impure elements was detected. Therefore, the contamination
from vial or ball with other elements such as W is negligible.

Fig. 8 shows the elemental distributions in both alloys, that is, Fe and Co in FessCoss (Fig. 8-a) and Fe, Co, Pr and O in
(F€65CO35)95(P1C6011)5 one (Fig. 8—b).

Figure 8: Scanning electron images with elemental distributions in (a) FegsCoss and (b) (FessCoss)os(PrsO11)s mechanically alloyed for 5
h.

All constituent elements seem uniformly and homogenously distributed inside particles after 5 h of milling. This indicates
that the elements are completely alloyed and that solid solutions are formed. These findings are consistent with the
previously obtained XRD results in this study.

MAGNETIC INVESTIGATIONS

t is widely admitted that the magnetic behaviour of ferromagnetic materials is strongly affected by crystallite size,

chemical composition and internal defects. For this purpose, the study of the simultaneous effects of these

parameters on FegsCoss and (FessCoss)os(PrsO11)s magnetic properties has been undertaken. Fig. 9 shows the
magnetization versus the coercivity curves of FessCoss prepared nanoparticles, at 300 K.
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Figure 9: Hysteresis loops of FegsCoss and (FegsCoss)os(PrsO11)s powders, at 300 K

Fig. 10 presents the magnetization saturation as a function of milling time curves of mechanically alloyed FessCoss and
(FC(,5C035)95(P1‘(,O11)5 powders, at 300 K.
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Figure 10: The saturation magnetization as a function of applied magnetic field curves of mechanically alloyed FessCoss and
(F665C035)95(PI‘(,O11)5 powders, at 300 K

Firstly, for FegsCoss, it is observed that M, increases with milling time until reaching the maximum value of 216.01 emu/g
after 3 h, before decreasing uniformly. This could be mainly attributed to the completion of the mechanisms allowing the
formation of Fe-Co solid solution [57,62,63]. The decrement of M; after 3 h of milling can be explained by the migration
of Co atoms from Fe lattice to the grain boundaries [40,44]. For (FessCos3s)o5(PrsO11)s composition, M admits another
behaviour: in the beginning, it increases to reach a maximum value of 207.06 emu/g after 2 h; after that, a decrease from 3
to 4 h is recorded and finally, M, increases again until 5 h of milling. In order to explain this behaviour, it should be
known that Fe and Co are ferromagnetic elements, whereas Pr is paramagnetic. As the evolution of M, is mainly related to
the local chemical composition of these elements inside the lattice, the initial increase of M; can be explained by the fact
that the dissolution of Co atoms inside the Fe lattice is dominant. Moreover, the decrease of M, could be attributed to a
significant change of the neatest neighbours configuration of ferromagnetic elements (Fe, Co) with the Pr paramagnetic.
Another way to explain this fact is to take into account the modification of the 3d band structure responsible for
ferromagnetism by the electrons brought by the praseodymium addition. The changes of the nearest neighbour
configuration of Fe lead to the variation of the magnetic moment per atom and therefore the variation of the
magnetization.

Fig. 11 presents the coercivity as a function of milling time curves of mechanically alloyed FessCoss and
(FC(,5CO35)95(Pr(,O11)5 powders, at 300 K.
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Figure 11: Coercivity as a function of applied magnetic field curves of mechanically alloyed FessCoss and (FegsCo3s)os(PrsO11)s
powders, at 300 K

It is clearly observed that the coercivity has a tendency to increase with milling time. An increment of H, values from 47
Oc to 113 Oe in both compositions is detected. The increase of H, is mainly due to the introduction of heavy plastic
deformation during the MA process, which leads to the generation of defects and internal strain inside powders [2, 20].
The maximum achieved coercivity value is registered in FessCoss samples milled for 4 h. Almost; this refers to the high
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internal stress amount (~ 1 %) inside particles (Fig. 4). Moreover, the grain refinement has a significant effect on H,
values [64]. It is reported that for Fe-Co alloys, the critical particle diameter size corresponds to the multidomain-
monodomain (MD-SD) transition is 50 nm [65], which is lower than the prepared particle size in this work (Fig. 06).
Therefore, the coercivity dependence goes with 1/D. The decrement of H, from 4 to 5 h in Fes5Co3s samples would be
referred to the presence of small particles (< 50 nm) in which MD-SD transition occurs.

The structural stability was studied using the differential scanning calorimeter method.

Fig. 12 presents the DSC curves of FegsCoss and (FessCo3s)95(PrsO11)s mechanically alloyed for 5 h.
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Figure 12: DSC scans of (a) FessCoss and (FessCo35)95(P1sO11)s mechanically alloyed for 5 h and (b) zoom of the a—y structural phase
transition pic

The results confirm the formation of solid solutions. A broad exothermic peak occurs at the temperature range 110-120
°C in both alloys. This peak originates from recovery, strain relaxation, grain growth and recrystallization of
nanocrystalline compositions [26]. The DSC scans for both alloys (Fig. 12.a) show the presence of two main exothermic
peaks. The first one is broad with the onset temperature of 670-680 °C, which can be attributed to the disordered (bec) —
ordered B2 (bcc) structural transformation. This is in good accordance with the Fe—Co phase diagram [6,52]. the second
sharp peak in both alloys is related to the transition from bcc ferromagnetic to the fcc paramagnetic structure [6]. Note
that the onset temperature is 987 °C and 996.1 °C for FegsCoss and (FessCo3s)os(PrsOn1)s (Fig. 12-b). It seems that the
PrsO11 addition stabilizes the bee structure at high temperature and increases the magnetic order temperature of Fe-Co
alloy.

CONCLUSIONS

ball milling. The microstructural investigation shows that 1 h of high energy milling is sufficient to dissolve Co and
Pr¢O11 into the iron bec structure. No additional phases were detected even the milling was carried out under air. The
praseodymium oxide addition raises the decrement rate of crystallite size with milling time until 27 % because of its high

I n summary, nanocrystalline (FessCoss)ioox (PrsO11)s (x = 0 and 5) alloys were successfully prepared by high energy
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grain fragmentation tendency. Therefore, the internal microstrain in (FessCo3s)o5(PrsO11) particles is 50 % lower than
FessCoss one. The lattice parameter decreased from 2.8660 nm for unmilled powders, to 2.860 and 2.862 nm for
FessCossand (FegsCoss)os(PrsO11)s respectively. The decrement suggests that the Fe atoms are substituted by Co ones
however PrsO11 does not dissolve into the FegsCoss crystal lattice but dispersed in the Fe—Co matrix, probably at the grain
boundaries. The average particles size decreases in both compositions. Besides, (FegsCo3s)os(PrsO11)s powders are finer (1
pm) due to the fact that praseodymium oxide increases the hardness and brittleness of Fe-Co powders which minimize
the cold welding between particles. Praseodymium addition slightly affects the high-magnetization ferromagnetic character
of FegsCoss at 300 K. Furthermore, it does not affect the disordered (bec) — ordered B2 (bec) structural transformation of
FessCoss. However, it stabilizes the bcc structure at high temperature and relatively increases the magnetic order
temperature of FessCoss alloy. The results obtained in this study reveal that high energy ball milling is a practical means
for the synthesis of (FegsCoss)os(Pr6O11)s nanostructured powders as it provides excellent control over (1) crystallite size
and residual microstrain, (2) particle size distribution, (3) structural integrity and homogenous dispersion of elements.
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