N

N

Formation stages of bcc (Fe44Co044)Sn12 extended solid
solution by mechanical alloying
J. M. Loureiro, Benilde F. O. Costa, B. Malaman, Gérard Le Caér, S. Das,
V.S. Amaral

» To cite this version:

J. M. Loureiro, Benilde F. O. Costa, B. Malaman, Gérard Le Caér, S. Das, et al.. Formation stages
of bee (Fe44Co44)Sn12 extended solid solution by mechanical alloying. Journal of Alloys and Com-
pounds, 2014, 615 (1), pp.S559-S563. 10.1016/j.jallcom.2013.12.071 . hal-00941108

HAL Id: hal-00941108
https://hal.science/hal-00941108

Submitted on 13 May 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00941108
https://hal.archives-ouvertes.fr

Formation stages of bcc (FeuCo44)Sny, extended solid solution

by mechanical alloying

J.M. Loureird, B.F.O. Cost} B. Malamah, G. Le Ca&; S. Da& V.S. Amaral

4 CEMDRX, Physics Department, University of CoimdPa3004-516 Coimbra, Portugal
® Institut Jean Lamour, Département P2M, Equipe @RRS(UMR7198)-Nancy Université,
B.P.70239, F-54506 Vandoeuvre-les-Nancy Cedex,deran
°IPR, UMR UR1-CNRS 6251, Université de Rennes m@as de Beaulieu, Bat 11A, F-
35042 Rennes Cedex, France
4 Department of Physics and CICECO, University o@, Campus de Santiago, P-3810-

193 Aveiro, Portugal

Abstract:

The synthesis of supersaturated bcc€esSn, by mechanical alloying was
followed by various techniques. Two stannides, Go8nd FeSyform first at
interfaces. Tetragonal Co$ra very recently discovered stannide, is obtaime@ by
a simple method. These stannides then dissolveéhentrnary bcc alloy forms with a
progressive and simultaneous dissolution of CoZmihto bcc Fe.
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1- Introduction

Near-equiatomic FeCo alloys are b.c.c. below ~1R5Q]. The b.c.c. phase
(A2) orders to a CsCl type structure (B2) at terapges below ~1000 Kron-cobalt
alloys possess exceptional magnetic properties hwih@ake them useful as soft
magnetic materials [1]. Various ternary or multinasystems based on near-
equiatomic FeCo were thoroughly investigated [He Rddition of a small amount of
vanadium to FeCo helps for instance to circumvéntbrittleness [1]. We started
recently to study metastable £5g,C0os052)Sny ternary alloys prepared by mechanical
alloying (MA) [2-3]. The structures and propert@salloys of the ternary system Fe-
Co-Sn are essentially uninvestigated. The magaeticmagneto-optical properties of
the compound FeCoSn, with a hexagonaliype structure, were studied in ref. [4].
Ternary Fe-Co-Sn alloys were electrodeposited faoghuconate electrolyte [5]. Most
of the alloys have a tin content larger than 82batThe remaining alloys have
compositions scattered around »J&m,5Srs0. An amorphous phase is the dominant
phase in all these deposi@o,FeSn Heusler alloys films were prepared by corgdll
deposition of successive layers of Co, Fe and $nif6éaddition, Fe/MgO/CgreSn
magnetic tunnel junctions were characterized [&aly, nanocrystalline tetragonal
(Fer,Coy)Srp were prepared by chemical methods to improveeleetrochemical
performance of Sn intermetallic compounds as eldetractive material for Li-ion
batteries [7].

Mechanical alloying was used successfully to endahe solubility of Sn in
bcc Fe from ~9 at% to ~20 at% [8-9]. The equilibrigolubility of Sn in FeCo (A2 or
B2) is quite low at thermal equilibrium, being labsin 1 at.% [10]. We chose thus

MA as our preparation method to increase signitigatine dissolution of tin in bcc
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FeCo. A clear-cut value cannot be attributed igadithe actual supersaturation of
as-milled (Fgox2C0s0x2)Srk. In our milling conditions, the maximum solubili,,
14<xy< 20, is likely closer to 20 [2-3]. The problemssed by the determination of
Xm, Which emphasize analogies between these tertiaggs @and as-milled Rgo-Sny,
will be discussed in detail elsewhere.

The phenomena which occur during MA from elememmalvder mixtures
were found to remain essentially unchanged foko(k£ 05012 )Srk With X < Xpm,
being for instance qualitatively similar for x=6 &nd 20. The present paper focuses
on the mechanisms of mechanosynthesis of one sé takkoys, namely EgC04,Sh».
The milled powders were characterized as a funaifanilling time by a combination
of various techniques: X-ray and neutron diffracdip magnetic measurements,

Méossbauer spectroscopy 8Fe and%sn.

2- Experimental

Powder mixtures of elemental Fe (purity: 98)9 Co (purity: 99.80) and Sn
powders (purity: 99.%) were mixed together and milled in argon atmosphera
planetary Fritsch P6 ball-mill at 500 rpm for difé@t milling times. The vials and the
seven balls of 15 mm diameter used to mill were enafchardened steel. The powder
to ball weight ratio was 1:20. X-ray diffraction RO) patterns were recorded using
Cu Ka radiation @ = 0.1542 nm). SEM images and X-ray maps (Fe, @),w&re
obtained with a JEOL JSM 630 microscoperay maps of particles of a powder
milled for 12 h show that Fe, Co and Sn are homegesly distributedThe latter
sample is slightly enriched in Fe coming from miji tools, being actually
FeysCosoSno. As this enrichment in Fe depends on milling tirttes alloy will be

denoted for convenience by its initial compositi@,C04,S».



Magnetization measurements were carried out inyagen-free vibrating
sample magnetometer (VSM) of CRYOGENIC Instrumevith magnetic field up to
10 T and temperature in the range 1.7 K up to 320Hh€ saturation magnetizations
were measured at T=5 R’Fe and™°Sn Mossbauer spectra were recorded at room
temperature (RT), in transmission geometry, by aistant acceleration type
spectrometer using sources B€o in Rh and of***"Sn in CaSn@ both with a
strength of ~10 mCi. As usual, isomer shifts aferenced tai-Fe at RT and to SnO
for Fe and Sn respectively. Hyperfine magnetiafigiMF) distributions, P(B), were
analyzed with a constrained Hesse-Rubartsch mgthiddemploying Lorentz lines.
Here, P(BAB represents the fraction of iron or tin atoms whiislel lies between B
and B+AB. The mean HMF's are denoted Band <Bs>, where the indices F and S
stand for"’'Fe and"'°Sn respectively. The ‘width’ of a distributionc@®) (X=F,S) is

characterized here by the standard-deviatigr<(B-<By>)*>""2.

3- Resaults and discussion

3.1 First stage: 0.5h <ty < 2h, stannide formation

In the MA process of ductile powder mixtures of AdaB, particles are repeatedly
flattened, fractured and welded. A layered strietoir A and B is thus formed and
progressively refined and convoluted ([12] and meiees therein). Interfaces thus
play an important role in the synthesis processhart milling times. Three types of
interfaces are formed in the case of Fe-Co-Sn: §d-8-Sn and Fe-Co. XRD patterns
(fig.1) show broadened diffraction peaks of thertstg elements, some of which
become rapidly difficult to be evidenced. A broaakldue to fcc Co is observed at

~52° for t>1h (‘C’ in fig.1). The other clearly visible peakse associated with two



stannides: CoSnand FeSpn During this first stage, fluctuations inherentthe as-
prepared mixtures still persist but their magnitwsakens witht (ex: composition
fluctuations from particle to particle). Therefote phenomena we describe below
characterize the average behavior. Deviations fiomay exist but they are often

difficult to be evidenced and to be depicted witloegh precision.

3.1.1 Co-Sn interfaces

The most intense lines at=t0.5h, indexed as ‘1’ in fig.1 and other lines whare not
seen at the scale of fig.1, are due to a compoGa&iy”, possibly non-stoichiometric
(Co..Sns, z20.1-0.2), whose existence was unreported till rdgd¢h3]. Nanospheres
of CoSr were synthesized through a conversion chemistryerolt is tetragonal
(P4/mcc space group) with lattice parameters are a=b=Q@&38n, ¢c=0.57924 nm
[13]. The cobalt stannide formed by MA does notteoniron as confirmed by
neutron diffraction patterns and BY’Sn Mossbauer spectra recorded at 15K and at
RT. Indeed, thé'®Sn spectra of GgSn, milled for t,=0.5h differ almost not from
those of FgCausSn, (fig. 2). Therefore, CoSndoes not contribute td'Fe
Mdossbauer spectrdhe intensities of CognXRD peaks decrease rapidly. The main
line is broad and weak at#1.5h and is no more observed fgp2h (fig. 1). We
found that CoSnforms too in the early stage of MA of Co-Sn allogsany Sn
content ranging between 6 and 83 at.%. The very f@pmation of CoSgat Co-Sn
interfaces can be understood from the fact thats@m anomalously fast diffuser into

Sn [14]. CoSkis non-magnetic as are all tin-rich cobalt staasid



3.1.2 Fe-Sh interfaces

The second stannide (‘2" in fig.1) is tetragonalSRewith a CuAb type structure
(I14/mcm space group) and a=b=0.6539 nm, ¢c=0.5325 nm. Td& imtense XRD peak
of FeSn is still seen at =3h. Its decrease starts at-2h. This distannide may
become enriched in Co when MA proceeds. The XRB positions, which remain
essentially unchanged with, tindicate however that Co remains a minor alloying
element (fig.1 of [7]). FeSnis repeatedly reported to form at Fe-Sn interfanesll
kinds of experiments and notably during the meckamihesis of Fe-Sn alloys [8-9].
The clear asymmetry of the central part of fiee Mossbauer spectra observed for
tm<2h (fig. 2) is consistent with the formation of ié&tromagnetic FeSN15] which
becomes superparamagnetic when nanostructurer’al.:dat;spectrum consists then in a

single line at 0.50 mm/s [7,15]. FeSorms more slowly than Co&n

3.1.3 Fe-Co interfaces

For short milling times, Fe-Co interfaces favor themation of solid solutions whose
compositions fluctuate. The lattice parameterhefibcc phase (‘F’ in fig. 1) remains
essentially constant for£2h (fig. 3). This result can only be explained e t
formation or Fe-rich bcc Fe-Co alloys, with a Contemt less than ~25 at.%, a
concentration range in which the lattice paramefebcc Fe-Co alloys varies very
little [16]. These Fe-Co alloys remain thus unobedrin **°Sn Méssbauer spectra.
Simultaneously, thé'Fe Méssbauer spectra evolve slightly (fig. 2). Essociated
HMF distributions R(B) go through a maximum for the field of bceFe at RT,
33.1T (fig.4). Most of the central part of(B) is indeed due to unalloyed bcc Fe. The
amplitude of B(B) and the mean-field sB decrease (table 1). Simultaneously, the

standard deviation increases because of the psigeegrowing of both low-field and



high-field tails (fig.4). From the concentrationpgemdence of the meafFe HMF in
Fe-Co alloys [16], the low-field tail is attributed hcp or fcc Co-rich Co-Fe alloys,
with a Co content larger than ~80 at.%, while tighHield tail is ascribed to bcc Fe-
rich Fe-Co alloys with a Co content less than 2% ain agreement with XRD.

The decrease of the saturation magnetization €2t (fig. 3) is primarily due to the
formation of the previous stannid8SSn Mossbauer spectra fog=tL.5h and 2h
shows the presence of a magnetic component (fi&@ne HMF distributions are
plotted in fig.4 for'*°sn and®’Fe. Once CoSybegins to disappear, tin is released and
starts to dissolve locally into hcp and fcc cobAltsimilar phenomenon occurs later
with FeSnand bcc Fe. The HMF's dt%n dissolved in bce Fe, hep Co and fec Co at
RT are respectively 7.9T [17], 4T [18] and 1.7T][IBhe HMF distribution of fig.4
(tn=1.5h) is consistent with the transient formatidre and Co alloys with limited
contents of Sn. The evaluation of the relative am®wf Sn engaged in the various
phases from Mdssbauer spectra must be cautiowmgai3-Sn has not disappeared
because the latter phase has a very small Lambbdses factor at RT (~0.04, [19]).
Further, its disappearance is better judged fronssgdauer spectra than from XRD
because of nanometer-sized grains. In any case,sigoificant amounts of
concentrated bcc Fe-Sn or Fe-Co-Sn can be formedgdihis first step because the

lattice parameter would otherwise increase [2-3jri€ontradiction with experiment.

3.2 Second stage: t=>2.5h

For t,>2h, the lattice parameter “a” of the bcc phase #re saturation
magnetization increase and reach a plateay;at8h (fig.3). Similarly, the’’Fe
Mossbauer lines broaden progressivelyg<Becreases amak increases (fig.2, table

1). <Bs> increases first and then it levels off at a fiefdlOT for t>8h (table 1), a



value discussed in detail in [2-3]. These resutiply the formation of a bcc ternary
alloy progressively enriched in Sn. This tin enm@nt must be fast enough as
compared to the speed of dissolution of cobalt it bcc phase to prevent i) a
decrease of “a”, which occurs for Co contents lapan ~28 at.% in bcc Fe-Co
alloys [16], ii) an overshoot of the average magnatoment per transition metal
atom <pu> and iii) an ensuing increase of=x<B36T for ~30 at.% Co [16]). Indeed,
<U(0)>=(eetHco)/2=1.97w/at(Fe,Co) for as-prepared £E€044Sn» powder mixtures
while the final moment of our ternary alloy is 2u8lat(Fe,Co) (fig.3). Both are
smaller than <u> for bcc Fe-Co with ~30 at.% Cdi6Rs/at(Fe,Co). The moment
<u(tn)> increases during the second stage on the orte banause of the progressive
dissolution of the stannides formed during thet fitage and on the other because of
the formation of a ternary bcc alloy whose composievolves progressively to the
final one. When the tin HMF'’s in bcc Fe-Co-Sn afiayicrease on average, then the
inner lines of the associated magnetic subspectraenapart and a central peak
becomes visible (3.5h, fig. 2). Its intensity goes through a maximamd then
decreases almost to zero. Simultaneously, a loengity and broad XRD peak
appears at ~30° for 2.5hty, < 6h (fig.1 and inset for4h).

The halo at ~30° might be due to an amorphousxideo The XRD pattern
(Cu Ka) of amorphous SnO has its main component centré&®° [20] while the
first broad peak of amorphous Sn® found at ~26° [21]. An amorphous SniXide,
with 1<z<2, would be needed to explain the cerffr&in peak (fig. 2). The first halo
of such an oxide is expected however to shift tglegismaller than 30°. The halo at
~30° might come from another amorphous phase. thdée CuKa XRD patterns
reported for amorphous @xSry alloys prepared by different methods (sputtering,

26<x<45 [22], solvothemal route, x=40 [23], MA, x=15,,350 [24]) are all similar



with a broad first halo at ~31°. A similar pealoisserved on the XRD pattern of MA
FersSnps (fig.5 of [9]). A second halo is seen at ~43° [22|d would be hidden here
by the main bcc peak. The halo positions observedCoKo XRD patterns of
amorphous Fe-Co-Sn [5], once converted to Qu&diation, are in full agreement
with the previous value. Thus, the small peak (indig.1) might be too attributed to
an amorphous Co-Fe-Sn alloy but the transient aetfiSn peak would still remain
to be explained. At this point, it is difficult wecide which of the two attributions of
the small intensity XRD peak is to be retainedtifem, both might coexist. Additional
characterization is needed to solve this queskorally, the supersaturated bcc phase

in dynamical equilibrium in our milling conditions found for >8h.

4- Conclusion

The mechanical alloying of supersaturated bcg@®,Sn, was studied as a
function of milling time. Two stannides, CoSand FeSy form first at interfaces.
Tetragonal CoSyp a very recently discovered stannide [13], is ivletd here by a
simple method. Its very rapid formation resultsrirthe anomalously fast diffusion of
Co into Sn. These stannides dissolve and the terbac alloy form with a
simultaneous dissolution of Co and Sn into bcc Rgl the dynamic equilibrium
phase is obtained. The MA mechanisms are quakdgtsimilar for all supersaturated
bcc alloys we studied (Sn content:<x20). The as-milled alloys £20) order by
annealing during 15h at 673K as proven unambigyobsi neutron diffraction

patterns and®sn Moéssbauer spectra (in preparation).
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Table 1: Mean'*sn (S) and’Fe (F) HMF’s and standard-deviations at different

milling times (<Bs>=0T and <B>=33.1T at 4=0)

tm(h) <Bs> (T) os (T) tm(h) <B=> (T) or (T)
1.5 6.9+0.2 | 3.4x0.2 0.5 32.9+0.2 | 1.7+0.2
2 8.2+0.3 | 4.7:0.3 2 324£0.3 | 2.4+03
>8 10.1+ 0.3 | 4.5+0.3 12 31.2£0.2 | 3.3:0.3

Figure Captions

Figure 1- Evolution with milling time, 4 (h) (indicated on the left), of th¥-ray

diffraction patterns (Ckia) of mechanically alloyed EgC044Sm».

Figure 2- Room-temperaturé*®sn (left) and®’Fe (right) Mdssbauer spectra of
mechanically alloyed RgCo44Sni, as a function of milling timeyt(h) (indicated on

the left).
Figure 3- Evolution with milling time, & (h), of two characteristics of mechanically
alloyed Fe,CaysSny,: left) lattice parameter of the bcc phase eviddnice X-ray

diffraction patterns (fig. 1) right) saturation nmagization at 5K.

Figure 4- Hyperfine magnetic field distributions at RT of jf@0,4,Sn, for the

indicated milling times*°Sn (left) and’Fe (right).
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S=p-Sn 4h

H=Co-hex

C=Co-fcc A

1=Co Sn5

2="FeSn,", — T

A=amorph. 30 40 50
t F=bcc

30 40 50 60 70 80
2-theta (°)

Figure 1- Evolution with milling time, # (h) (indicated on the left), of th¥-ray
diffraction patterns (Ckia) of mechanically alloyed EgC044Sm».
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Figure 4- Hyperfine magnetic field distributions
indicated milling times**°Sn (left) and®’Fe (right).
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