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ARTICLE INFO ABSTRACT

Rapidly increasing demand for high-energy permanent magnets and volatility of the rear-earth market en-
courage a search of hard magnetic materials that can compete with those based on the Nd,Fe; 4B phase. Sm-Fe
compounds with the ThMn; »-type crystal structure are considered as promising candidates for it. However, their
synthesis and achievement of theoretically predicted magnetic properties are still challenging tasks that have not
been solved yet. This paper addresses this problem. Its aim was to synthesize and to study magnetic properties of
the (Smyg_ 9Zr 1)Fe;;Ti compound with ThMn;»-type structure. Initially amorphous alloy was obtained by melt
spinning and its subsequent heat treatments were performed. Structural and phase transformations of the
(Smg oZry 1)Fe; 1 Ti alloy with annealing temperatures were studied along with magnetic properties. For the
optimally annealed alloy features of magnetization reversal were discussed and temperature dependences of
coercivity and maximum energy product were obtained.
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1. Introduction

The RT;, intermetallic compounds (where R is a rare-earth metal
and T is a 3d metal) with the tetragonal ThMn,,-type crystal structure
have been studied since the 1980’s [1-4]. This phase is metastable and
partial substitutions of T by V, Mo, Nb, Al etc. are usually used to form it
[5-8]. Depending on the chosen stabilizing element (M), the appro-
priate number of its atoms varies from 0.5 to 8 per formula unit. The
substitution by an element which has no magnetic moment, e.g Ti,
leads to magnetization reduction of the RT;5 yM, compound. Therefore,
a minimal content of the M element is essential [9]. The RT;5. My
compound can be modified further by a partial substitution of R ele-
ment. The efficiency of using Zr for that was demonstrated recently
[10-15]. First it allows to reduce the content of a critical rare-earth
metal in the compound. Second the substitution of Zr at R sites en-
hances stability of the ThMn,,-type phase [10-12] that was confirmed
by first-principles studies [15]. Specifically, the Zr substitution resolves
the local mismatch in atomic size in the structure. Therefore, an amount
of M elements can be additionally decreased due to Zr that improves
magnetic properties of the RyZry_yT15.4M, compound [10-12]. Finally,
the most common T element — Fe can be partially substituted by Co that
positively effects both Curie temperature and magnetization
[10-13,16].
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Discovery of the Nd,Fe;4B phase reduced the interest to RT;5 My
compounds for a while since Nd,Fe;4,B demonstrated better magnetic
properties. However, it was theoretically predicted in Ref. [17] that
some compounds of the ThMn; »-type structure (NdFe,,; NdFe;,X where
X = B, N, C; CeFe;,; SmFe;,N) may have even a higher maximum en-
ergy product (BH)n.x than the Nd,Fe;4B. Also estimated (BH)pnax Of
SmFe;,, SmFe;;Ti, SmFe;,N and SmFe;;TiN compounds were close to
that for Nd,Fe 4B [17]. In addition, the anisotropy field of SmFe;;Ti
based alloys exceeds that of Nd,Fe; 4B at temperatures above 350 K.
These facts stimulated experimental works [10-16,18-20] aimed at the
verification of such predictions and synthesis of hard magnetic mate-
rials with high magnetic properties. According to these papers,
SmFe;;Ti based alloys with the ThMn;,-type structure are the most
promising candidates since this compound has a high uniaxial aniso-
tropy as well as a high saturation magnetization [13,19,20].

High coercivity SmFe;;Ti based alloys with the ThMn,-type
structure can be obtained from the amorphous state by an appropriate
annealing. This initial state can be realised using melt spinning or
mechanical alloying techniques [21,22]. Since this compound has a
complex phase diagram and metallurgy, it is important to know how its
crystallization is going on with heat treatments and which phase
transformations appear. Temperature dependencies of hysteretic mag-
netic properties for such alloys are of interest also.
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Thus, the aim of this paper was to synthesis and to study magnetic
properties of the (SmgoZrg)Fe;;Ti alloy with the main phase of
ThMn; »-type structure. Melt spinning was chosen as a synthesis method
and a search of the optimal regime of heat treatment maximizing
coercivity was performed. Structural and phase transformations in this
alloy during annealing at different temperatures were studied in detail
along with magnetic properties. For the optimally annealed alloy the
temperature dependences of coercivity and maximum energy product
were obtained in a wide range.

2. Experimental details

Alloys of the (Sm;_yZr,)Fe;; Ti composition with y = 0, 0.1, 0.15 and
0.2 were obtained from chemically pure elements (99.9 %) by induction
melting in Ar atmosphere. Next, pieces of alloys were charged into a
special quartz crucible with an orifice in the bottom and heated under
an Ar atmosphere to melt them. The resulting melts were injected on
the rotating surface of a copper wheel which linear velocity was 35 m/s.
Strips of alloys were annealed in vacuum for 1 hour at different tem-
peratures from the range of 773-1273 K. Phase compositions of the
heat-treated samples were examined by X-ray diffraction (XRD) at
Bruker D8 Advance using Cu-K, radiation. Structural parameters were
refined by Rietveld method using Fullprof [23]. Morphology of the
samples was studied using transmission electron microscopy (TEM)
performed on a Hitachi HT7700 equipped with a STEM system and a
Bruker X-Flash 6T/60 EDX detector. Cross-sections of the samples were
prepared by a focused ion beam system (FIB) Hitachi FB2100. It was
found that the (Smg 9Zrg 1)Fe;;Ti alloy had the highest content of the
ThMn;»-type phase among others. Thus, a further research was focused
on that alloy.

Temperature dependences of the initial susceptibility were mea-
sured using custom-made susceptometer. Magnetic properties of the
samples were examined using a vibration sample magnetometer
(Hmax = 25kO0e; room temperature measurements) and using a MPMS
XL7 EC (Hynax = 70 kOe; operating temperature range of 2-800 K).

3. Results and discussion

XRD patterns for as-quenched and annealed samples of the
(Smg 9Zrg 1)Fe;;Ti alloy are shown in Fig. 1. The XRD pattern of as-
quenched sample has a wide halo that indicates its X-ray amorphous
state. According to the Sm-Fe phase diagram [24], both Sm,Fe;, and a-
Fe are equilibrium phases at room temperature for the SmFe;, stoi-
chiometric composition. However, Sm,Fe;, phase was not detected in
all samples which annealing temperatures (T,) did not exceed 1173 K.
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Fig. 1. XRD patterns for as-quenched and annealed (Smg ¢Zry 1)Fe;;Ti alloy,
where SmFe;Ti (v) [4,25] and a-Fe (@) [26] phases are marked out.
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Fig. 2. The lattice parameters a and ¢ of (Smg ¢Zr 1)Fe;;Ti phase with ThMn; »-
type structure as functions of annealing temperature (T,). Solid lines corre-
spond to data for SmFe;;Ti phase from Ref. [4].

Formation of the ThMn;,-type main phase and a-Fe was registered.

Lattice parameters a and c¢ of the ThMn;,-type main phase were
specified (Fig. 2). The increase of annealing temperature from 973K to
1123 K led to the a increase from 8.456(12) Ato 8.537(14) A. Whereas
for considered T, the ¢ parameter was almost the same with value of
4.84(1) A. For comparison, the lattice parameters of the SmFe;; Ti phase
obtained for bulk sample are a = 8.55A and ¢ = 4.79A [4]. At the
annealing temperature of 1173 K both a and c decreased to 8.525(6) A
and 4.788(4) A respectively. The dependencies of a(T,) and c(T,) re-
sulted in a variation of the unit cell volume of the ThMn;»-type phase in
the range from 346.1(9) A3to 353.7(9) A3, that is close to reported one
of 349.7 A3 for the SmFe;;Ti phase [25]. There was no prominent lat-
tice distortion, which is characterized by the c/a ratio variation, with
the annealing temperature. Estimated c¢/a = 0.57(1) corresponded to
the ratio of 0.559 from Ref. [25] within the uncertainties.

The a-Fe lattice parameter varied insignificantly with annealing
temperature (a = 2.87(1) A). The amorphous phase retained up to T, of
1173 K but its amount gradually decreased with increasing T,. All XRD
patterns demonstrated slight reflections of the (Sm,Ti)Fe, phase over-
lapping with a-Fe reflections (26 = 45°). The weight fraction of a-Fe
varied from 15 to 30 wt. % in the T, range of 973-1123 K. Let us note
that the most amount of this a-Fe located on the stripes surface. The
content of a-Fe reached 50 wt. % after annealing at 1123 K.

Mean grain size ((d)) of the main ThMn;,-type phase was estimated
using the Scherrer equation [27]. It was of about 20-30 nm at annealing
temperatures in the range of 973-1123K. Grain growth up to
80-100 nm happened during heat treatment at T, = 1173 K. The mean
size of a-Fe grains within samples volume was comparable with that of
the main phase grains. The only exceptions were a-Fe grains close to
the sample surface which (d) was bigger, e.g. (d) = 300nm at
T, = 1073 K. Annealing at higher temperature of 1273 K led to forma-
tion of two impurity phases of the (SmgoZrg1)Fe;;Ti stoichiometric
composition but with ThyZn;, and TbCu; structure types [28]. These
phases made it complicated to interpret the XRD pattern obtained at
T, = 1273K.

TEM results are shown in Fig. 3. Well-defined grains were not ob-
served in the as-quenched alloy (Fig. 3(a)) and its electron diffraction
represented a wide halo only (inset in Fig. 3(a)). With T, increasing
grains became to grow and their mean size increased: starting from
(d) = 15nm at T, = 1023 K (Fig. 3(b)) it increased to (d) = 28 nm at
T, = 1073 K (Fig. 3(c)) and then drastic growth up to (d) = 430 nm
happened at T, = 1273 K (Fig. 3(d)). These grain sizes complied well
with the estimates from XRD patterns. Grain growth with annealing was
also indicated by electron diffraction patterns which contrast, i.e. se-
parated rings, was becoming more pronounced at high annealing
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Fig. 3. TEM micrographs, electron-diffraction patterns and grain size distributions of the (Smg ¢Zro;)Fe;;Ti alloy in as-quenched state (a) and after annealing at

1023 K (b), 1073K (c) and 1273 K (d).

temperatures.

According to EDX study, the atomic ratio of the alloy corresponded
to the (Smg oZrg 1)Fe;1Ti composition on volume average with the ex-
ception of some small Fe-rich precipitates which look brighter than the
main matrix on TEM images (Fig. 4 (a) and (b)). Some of the lasts were
depleted of Ti and Sm was almost absent there; atomic distribution
identified these regions as the (Ti,Zr)Fe, phase. Such grains reached a

Fig. 4. Microstructure and Sm (c), Zr (d), Fe (e) and Ti (f) elemental distribu-
tions in (Smg ¢Zry 1)Fe;;Ti alloy observed by electron probe micro-analyzer.

diameter of 200 nm for annealing at 1023 K. However, their volume
fraction was insignificant, it did not exceed 3%. Also, a 200-400 nm
thick a-Fe layer was observed on the alloy surface at T, = 1023 K
(Fig. 4 (a)). a-Fe grains and ones with the element ratio corresponding
to ThMn;, and Th,Zn;;, structure type phases were found at high an-
nealing temperature of 1273 K. There were areas with a (Sm,Zr)/Fe/Ti
ratio of 2/53/45 as well as a ratio of 5/72/23. All of that confirms the
XRD data about the complicated phase composition of the (Smg ¢Zrg 1)
Fe;,Ti alloy after annealing at T, = 1273 K.

Temperature dependencies of the initial magnetic susceptibility
were measured for as-quenched and annealed samples of the
(Smg.9Zrg.1)Fe 1 Ti alloy (Fig. 5). These dependencies allowed to iden-
tify magnetically ordered phases formed in the alloys during heat
treatments at different T,. The as-quenched (SmgoZro1)Fe;;Ti alloy
consisted of the amorphous phase with the Curie temperature (T¢) of
345 + 2K and a small amount of the a-Fe phase. A peak on the x(T)
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Fig. 5. Temperature dependencies of the initial magnetic susceptibility of the
(Smg oZry1)Fe; ;1 Ti alloy in as-quenched state and after annealing at different
temperatures (T,).
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dependence at 583K, that is close to T¢ of the (Ti,Zr)Fe, phase
(T¢ = 585K for Tig.o5Zrg 75Fe, [29]), was also observed. The presence
of the (Ti,Zr)Fe, phase in a small amount was also detected by the EDX
and XRD studies. Let us note that the % (T) dependence in the tem-
perature range close to Tc of the a-Fe phase had a small flexure. It
might be due to a-Fe grains within the volume and the Fe-rich shell of
samples which chemical compositions were slightly different from each
other.

Susceptibility dependencies of the annealed samples had peaks as-
cribed to grains of the magnetic phase with the ThMn; ,-type structure.
The Curie temperature of this phase increased with increasing an-
nealing temperature (marked with arrows in Fig. 5): it was 513K at
T, = 873K and it reached the value of 593K at T, = 1173 K that was
close to the reported T¢c = 600K for the SmFe;;Ti phase [4]. Such a
remarkable T variation during heat treatments might indicate a com-
plex formation of the (Smg¢Zry1)Fe;1Ti phase with the ThMn;,-type
structure possessing some chemical and structural inhomogeneities. A
grain size effect is also able to contribute to the observed feature [30].

Hysteresis loops of the (Smg 9Zr 1)Fe;;Ti alloy annealed at different
temperatures were measured. After optimum annealing at T, = 1073 K
during 1 hour, the saturation magnetization (o,) of the alloy was of
107 emu/g and the remanence (o,) was of 70 emu/g. The coercivity
(H.) dependence on annealing temperature was a nonmonotonic with a
maximum value of 4.6 kOe at T, = 1073 K (Fig. 6). Thus, there was an
optimal heat treatment at this temperature. Corresponding hysteresis
loop is shown in the inset of Fig. 6. Its descending branch in a second
quadrant had a slight kink at small magnetic fields due to previously
mentioned content of soft magnetic phases including amorphous one.
Specifically, this kink was caused by a-Fe grains which sizes were much
bigger than the domain wall width of 40 nm. These grains had not got
efficient exchange coupling with the surrounding, so they started to
demagnetize at small magnetic fields with magnetization reversal of the
inner part. And on the contrary, small a-Fe grains are exchange-coupled
with the main hard magnetic phase. Due to the content of soft magnetic
phase and exchange coupling, the increased remanence was observed
o,/0; > 0.5.

Magnetization curves and 8m-plots of the (Smg 9Zrg ;)Fe; 1 Ti alloy
measured at room temperature are shown in Fig. 7. Samples annealed
at 973, 1023 and 1073 K had slight bends on magnetization curves
usually attributed to the hysteresis mechanism given either by irre-
versible magnetization rotation or by domain wall pinning. Since fine
grains of the main phase (their mean size was much less than the single
domain size of SmFe;;Ti phase) and the residual amorphous phase were

1000 1100 1200 1300 1400
T, (K)

Fig. 6. Room-temperature coercivity as a function of annealing temperature
(T,). The solid line connecting points is a guide for the eye. The inset presents
major hysteresis loop of the (Smg 9Zrj 1)Fe;;Ti powder annealed at 1073 K for
1h.
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Fig. 7. Magnetization curves and 8m-plots (inset) of the (Smg 9Zr¢ 1)Fe;1Ti alloy
annealed at different temperatures for 1 h.

established at these annealing temperatures both mechanisms are likely
to be: irreversible magnetization rotation in grains and domain wall
motion in the amorphous phase and some big a-Fe grains with pinning
at the interfaces of nanograins [31]. With an increase of T,, their con-
tributions gradually changed towards a predominance of the magneti-
zation rotation accompanied by coercivity increase till its maximum
(Fig. 6). At higher annealing temperatures of 1123 K and 1173 K grains
became big enough to be in a multidomain state, so the irreversible
magnetization rotation was replaced by the nucleation mechanism that
decreased coercivity.

The dm-plots [32] of the alloy are shown in the inset of Fig. 7. All of
them had a prominent peak, that was located mainly in a positive
semiplane (dm > 0), with a maximum 8m,,,x at magnetic field close to
coercivity. So observed shifts of the peaks were defined by the H(T,)
dependence (Fig. 6). Negative part of 8m(H) plots usually attributed to
the effect of demagnetization fields and magnetostatic interactions
between grains while the positive one caused by an intergrain exchange
interaction of the ferromagnetic type and the higher the strength of this
interaction, the bigger 8mu,x. Let us note, that such approach is valid in
some cases of irreversible magnetization rotation [33] and of domain
wall pinning [34]. Thus, it can be concluded that among alloys an-
nealed at 973, 1023 and 1073K the last one had better exchange
coupling of grains. But further increase of &my,., at higher T, was
mainly due to change of the hysteresis type into the nucleation [35].
Nonzero values at small magnetic fields were other features of m-plots
caused by the effect of soft magnetic phases.

Major hysteresis loops of the (SmgoZrg;)Fe 1 Ti alloy which was
annealed at optimal conditions (T, = 1073 K, 1 hour) were measured
within temperature range of 2-575 K. Descending branches of the loops
are shown in Fig. 8 (a). Both coercivity and maximum energy product of
the alloy were plotted as functions of temperature (Fig. 8 (b)). This
coercivity (H¢; curve) was underestimated for the hard magnetic phase
with the ThMn;,-type structure due to the effect of the soft magnetic
phases. In order to take into account that we suggest the following
coercivity evaluation for the hard magnetic phase: coercivity is de-
termined as a position of the dM/dH maximum (Fig. 8 (b); H¢, curve) in
the vicinity of Hc;. It can be seen that H¢, defined in such a way was
higher than H¢;. As it was previously mentioned, H¢; = 4.6 kOe at
room temperature. This value is consistent with coercivities of
4.1-5.6 kOe for melt-spun ribbons of the SmFe;;Ti alloy that can be
found in the literature [21,22,36,37]. Reduced value of Hc; is due to
the relatively high content of a-Fe phase. However, the proposed esti-
mation of Hcp = 5.5k0e is close to the best coercivity obtained for
SmFeuTi [36]
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Fig. 8. Demagnetization curves of the annealed (SmgoZrg;)Fe;;1Ti alloy with ThMn;-type structure (T, = 1073 K) measured at different temperatures (a).
Temperature dependences of coercivity and maximum energy product for a potential magnet from that alloy (b).

4. Conclusion

In this work the (Smg ¢Zry1)Fe;;Ti alloy with the main phase of
ThMn, ,-type crystalline structure was obtained by melt spinning and
annealing at temperatures in the range of 773-1273 K. Variation of
phase composition, lattice parameters of the main phase, micro-
structure and magnetic properties were studied with annealing tem-
perature (T,). The optimal heat treatment regime that provided the
highest coercivity of 4.6 kOe was defined for the alloy: T, = 1073 K for
1 hour. At these conditions, grains of the main phase with ThMn;,-type
structure were formed with a mean size of 28 nm. Additionally, some
amount of a-Fe phase and small content of (Ti,Zr)Fe, one were ob-
served. For optimally annealed (Smg ¢Zr¢ 1)Fe;;Ti alloy the temperature
dependences of coercivity and maximum energy product were mea-
sured in the range of 2-575 K. There was (BH)yax = 5.8 MG-Oe at the
room temperature.

However, for SmFe;;Ti-based alloys, before they become a com-
mercial hard magnetic materials, still some issues have to be solved: the
microstructure refinement including better phase purity; further coer-
civity improvement that can be done by the proper additional treat-
ments including for example grain boundary diffusion processes like in
Nd-Fe-B magnets [38] and hard phase nanograins texture formation
which probably can be achieved via new HPTC method [39,40].
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