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Abstract . Unusually, a high-cnergy-density (JH),,, as 10 to 20 kJ/m' appears in amorphous R-Fe-Al alloys at room temperature. This 1s a new
w«enes of ferromagnets that presents a considerably high value of (JH)_,, in an amprphous state The present (JH), , value 1s comparable to that in well-
known high-energy-density rare-earth (R) magnets of R,Fe B and sinular intermetallics In principle, a high value of (JH),,, occurs on a high value of
wercivity H, and/or remanence J. A primary source of H_1s the magnetocrystalline anisotropy H, which appears 1n a crystalline ferromagneuc (or
fenmagnetic) material. It results 1n an optimal value of H_in an assembly of single domain particles of size D ~ D, with D, the cntical value of D As
an amorphous material does not have H, it is not expected to have a large value of H_ observed in this example This 1s demonstrated with representative
Kk Ie Al (R = Nd, Pr, or Er) amorphous alloys The values of H., J, Cune temperature, T, as well as (JH),, are found to be optunal at an optimal Fe

- 30 at Y% content over the sencs.
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1. Introduction

A tremendously high value of energy-density, (JH) ., 0200 to
0 kJ/m’ often appears in R,Fe, ,B, RM,, or R,M,; intermetallics
(1-8], where R is a rare-earth and M is transition metal element.
lnprinciple, an optimal value of JH)  or cocrcivity H_occurs
i an assembly of single domain particles of size D ~ D, withD,
the critical value of D. The value of H_ decreascs regularly on
smaller as well as on bigger D valuces. A value of D_=20nm has
heen reported in a pure ferromagnctic Fe, Co, or Ni metal [9]. A
more or less similar value of D_ also appears in the present
intermetallics [$-8). In principle, a high value of H , i.e., as large
as 50 kA/cm, in this series occurs duc to a high value of
magnetocrystalline anisotropy H,. In gencral, H, is as large as
an order of larger magnitude of H, [4.8].

Very recently, Inoue et al [10-12] introduced an amorphous
series of R-Fe- Al alloys that presents unexpectedly a large 1010
20kJ/m? value of (J H),.,- The amorphous phase forms in a wide
composition range of 0 to 90 at % Fe and 0 to 93 at % Al by melt
SPinning [10]. A high H_ or (JH)_, is reported in the
R‘)O-ch,,,Allo. with R = Nd or Pr, compositions obtained by a
copper mold casting method [ 10, 11]. Being isotropic in nature,
they have an especial advantage over thc above series of the
intermetallics that they can be used also as isotropic magnets.

This is presented in this article with synthesis and magnetic
properties of R-Fe-Al bulk amorphous alloys, with R=Nd, Pror
Er. These alloys were prepared by two independent methods of
arc melting | 13] and mechanical attrition process [ 14] under high
purity conditions. Both of them arc the established methods for
preparation of a bulk alloy [13-16].

2. Experimental details

As mentioned above, we prepared the amorphous bulk alloys
by two independent methods of (i) are melting and (i) mechanical
attrition process as follows. In method (i), the pure R, Fe and Al
metals were mixed together in requisite amounts and then melted
by an arc melung in an argon atmosphere. It yielded ingots of
the R-Fe-Al alloy. The ingots were cut and crushed in small
picces of 1 to 3 mm diamcter and then were remelted in a similar
manner to ensure its chemical homogeneity. As described carlier
[16], milling of a requisite mixturc of the three metals (powders)
in method (1) gives a similar bulk amorphous bulk alloy.

The formation of the amorphous R-Fe-B bulk alloy phasc in
the two methods is analyzed by various metallographic
techniques. The thermal stability of thc amorphous structure is
determined by the analysis of the structural parameters of
AT =T,, - T,, which is desirably found to be as small as 90 K,
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and T, / T, ratio, which is desirably extremely high as 0.9. Here,
T, and T, arc the onset of the mclting and recrystallization
temperatures of the alloy. Its chemical composition, amorphous
structure, and microstructurc are studied with electron
microscopy (having the provision for electron microprobe
analysis) and X-ray diffractometry. The magnetic propertics,
ie., saturation magnetization JoH ,J and Curic temperature T
are studied with the help of a vibrating sample magnetometer.
Other experimental details are the same as reported carlier [S-8].

3. Results and discussion

A. X-ray diffractogram and microstructure :

Unusually, the R-Fe-Al alloy easily forms in an amorphous
structure if cooling from the melt in an inert atmosphere even at
aslow 10t0 0.1 K/s rate. It is therefore easily achicved by using
various kinds of solidification techniques, e.g., water quenching,
mold casting, high pressure die casting, arc melting,
unidirectional arc melting, and suction casting [8-12]. The
mechanical attrition of an elemcntal mixture in a controlled
atmosphere, uscd in the present study, gives an altogether a
different of away of vitrifying it in a bulk amorphous alloy without
involving a melting of it. A small addition of a volatile additive
of a hydrocarbon liquid during the attrition of significantly helps
its vitrification in a refincd amorphous structure. It facilitates
the reaction between the refined metal particles with nascent
surfaces and results in a finely divided loose powder in the
vitrified alloy.

Figure 1 shows x-ray diffractograms of Nd ,, Fe Al . x~30,
alloy obtained by the two different methods of (a) the arc melting
and (b) the mechanical attrition process. A single broad
diffraction halo, characteristic of an amorphous phasc [12-14],
appears in either case. The halo lies at diffraction angle 29 =
32.3° or scattering vector k = 22.7 nm™! (which is defined by
k=4msin@/ A, with A =0.1505 nm the wavelength of the

radiation used to measure the diffractogram) with a bandwidth
A20,, ~ 3.3% in sample (a). That is very little shifted at lower

20 = 31.5°% or a lower k = 22.1 nm~, with 426,,, ~ 4.3° in
sample (b). A similar diffraction halo occurs at a more or less
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Figure 1. X-ray diffractograms of a hard ferromagnetic Nd Fe, Al
amorphous alloy obtained by two different process of (a) arc melting and
(b) mechanical attrition for 25 h in a pure argon atmosphere.

similar k-value in the alloy prepared by the suction Casting
method [10]. Also a melt spun ribbon in Ndg, Fe Al (x -3,
orinamore general Ry Fe Al alloy, whichis believed to hay,
aperfect amorphous phasc, has a similar diffractogram of a broyg
halo at k ~ 22 nm™ (cf. ref. 10 to 12). Average position of
diffraction halo docs not change much on a change of R over
wide range of x.

The single broad halo of the diffractogram indicates a sing]e
prominent pair distribution function of the atoms in th
Ry, Fc, Al alloys. A marginal variation in its average position
occurs in the specimens deduced with different methods owine
to a marginal variation in their average interatomic distance ¢
The samplc obtained through the mechanical attrition process
therefore presents a smaller valuc of k = 22.1 nm™! (a large
d=A/2sin6 = 2 x " valuc) if compared with k=22.7nm i
that obtained by the arc melting process as it stores a lurge
amount of cxcess encrgy A€ (or enthalpy AH) over the
cquilibrium value €, in the forms of structural imperfections
and defects during the attrition process. The excess A€ orAH
results in an excess volume AV of the sample as per the first
law of thermodynamics. This excess volume releases in a board
exothermic structural relaxation signal if heating the sample ina
thermal analyser as will be discussed later in section B.

In the attrition process of a mixture of R, Fe and Al metals
(powder) in a predetermined composition, ball-powder-ball und
ball-powder-container collisions repeatedly occur and plastically
deform, cold-weld, and fracture the powder particles. Stram
hardening and fracture of particles during the collisions create
new surfaces by a decrease of their one or more dimensions
according to the experimental conditions. When two or moie
refined surfaces in case come in contact react together instantly
by dissolution of one component into other(s), and result in
vitrified alloy. The process is called mechanical alloying. lts
scanning electron micrograph indicates a layered structure of 1
formed by a peculiar reaction within the components and a cold
welding of latter in layer by layer | 16].

The monolayer of the alloy gets as thinned as possible i
the continuous collisions during the attrition process. As per
usual microstructure in attrition of pure metals [ 16], it assumcs a
definite thickness (#), which appears to be smaller if compared
with the critical diameter (D) in a stable crystallite of it, i.e., t < /)
In instantaneous cold-welding of a freshly created nascent laycr
structure over a stable layer supports its originally thin laycred
structure. As a result, thc material in the thin layer does not
recrystallize in the course of an extended milling process and
the final samplc ultimatcly succeeds to attain an amorphous
structure in individual layers, which are arranged one over others
We analyzed transmission electron micrographs of sclected
samples with in-situ studies of their compositional maps and
the corresponding electron diffraction patterns. A single
amorphous structure, in composition of the alloy, appear™
throughout the specimen with a characteristic broad diffraction
ring at k = 22.1 nm™!, as observed in the x-ray diffractogra™
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(Figure 1). No impurities of a crystalline phase were observed in
avignificant 1% or larger trace.

A similar structurcless feature of microstructure appears in
ihe alloy obtained by the arc melting. It does not have distinct
particle structures with defined boundaries expected in
crystalline particles. No significant liquid-liquid phasc separation
ora precipitation is visible at a measurable scale. It appears that
the alloy components are peculiarly highly soluble onc into
oiher and easily form a single stablc homogeneous melt. The
melt. therefore, casily retains its liquid structure even if cooling
it slowly at ~ 1 K/s (which is casily obtained in this method) in
wnall ingots of diameter as big as 4 to S mm diameter.

B Phase diagram and strong glass formability :

As mentioned above, the Ndy, Fe Al easily forms in an
amorphous phase in ether method over the x series. For example,
l-1gure 2 shows a DSC thermogram obtained for a typical x = 30
alloy obtained in small ingots of 4 to 5 mm diameter by the arc
melting. It exhibits a broad exothermic peak over 500 to 750 K
(withachange of enthalpy AH, =127/ g) followed by a strong
eanthermic peak at Tp =795 K (with enthalpy AH, =35J/g)
withT =763 Kand 7, =910 K. The present 7, and 7, values are
i a fairlv good agreement with the values reported by other
methods. The first signal 1s a characterisuc structural relaxation
wgnal with a large AH, =12 J/ g excess energy retained in the
alloy above 1ts equilibrium encrgy state €,. The mechanical
attrition process results in a presumably further larger value of
AH =151 g (with T,=800K. 7, =760 Kand 7, =915 K)
stored in the alloy in the form of an excess energy in structural
imperfection and defects with an enhanced volume in its
deformed structure in thin layers.

AH, = 12 Jig
AH, = 35J/g

1 1 N L 795K
350 550 750 950

Temperature (K)

Figure 2. DSC thermogram of a hard ferromagnetic Nd,Fe Al
dinorphous alloys obtained by the arc melting process. The thermogram
'S recorded during heating the specimen at 0.33 Kis.

The values for T_and T, for the selected R-Fe-Al alloys are
Summarized in Table 1. The temperature interval, AT, = T,, - T,
of the supercooled liquid defined by the difference between T,
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and 7 is as small as 90 K and the reduced crystalhzation
temperature @ =T, /T, is as high as 0.9. The small AT, and
large ¢p values seem to be responsible for the large glass forming
ability in these alloys.

Table 1. Thermal stability data tor the hard ferromagnetic R-Fe-Al
amarphous bulk alloys

Composition Thermal stability*

. I.(K) TA(K) AL, =1,~1, @®=T,IT,
Nd Fe, Al,, 750 866 116 087
Nd Fe Al 761 910 147 084
Pr e Al 765 XSS 90 090
Erwjfemp\lm 820 950 130 0 86

* The data are deduced from DSC thermograms measured at 0 33 K/s
heaging.

A large glass-forming ability in this system, leading to the
formation of bulk amorphous alloy, originates from the high
thermal stability of the liquid (or solid solution) against
crystallizaton at T and above. It can be described by the
temperature interval, AT, =7, =T, , of the supercooled liquid
region before crystallization, where T, is its glass transition
temperature. Inouc er al[12] studied the compositional
dependence of AT, for a serics of R-Fe-Al amorphous alloys.
As proposed by these authors, the large glass forming ability in
this series satisfies three empirical rules, (i) alloy systems
consisting of multicomponents, (ii) significantly different atomic
size ratios above 12% among the main constituent elements,
and (iii) a large negative heat of nuxing among the constituent
elements. For cxample, a typical phase diagram for a
multicomponent alloy series of soft magnetic materials, after
Inoue er al [12], is reproduced in Figure 3. According to it, the
largest value of AT, = 49 K is obtained at the
Fe, Al,Ga,P ,B S1, composition. A Fe-rich FegP,,B,S1,
composition has a smaller AT, = 36 K. Simultancous dissolution
of Ga and Al with larger atomic sizes and large negative heat of

O Amomhous
@ Crystalline

BB/ 30 000 000
R A A A A i 4 1 A1 s
2 4 6 B8 10 12 14 16 18 '
at % Si

Figure 3. Phase diagram of an amorphous phase formation (soft
ferromagncuc) in rapidly soldified Fe, Al Ga, (P. B. Si),, alloys. The
numbers represent the temperature interval, AT =T, -T,, of the
supercooled region.



382 S Ram

mixing against the other constitutent clements is, therefore, very
effective for extension of the AT, region beforc the
crystallizationat T,.

The alloy achieved with the extended AT, = 49 K is truly
amorphous in nature and it involves a large value of enthalpy of
relaxation AH,,; in the T, region in accord with the present
results. The large value of AH,,; (e.g., 15 J/g observed in the
alloy in Figure 2) masks the relatively weak endothermic step of
the Tg . Itis, therefore, not visible in thesc examples. As shown
in Figure 2, the excess AH,, rcleases with a prominent
exothermic structural relaxation signal on heating the sample
through it. In general, the AH,,; signal is more prominent in
shear vitrified alloys. All thesc alloys exist in nonequilibrium
metastable states far above their equilibrium energy states €.

The excess AH,,, energy therefore relcases in an exothermic
relaxation signal on heating the sample through it. In an isothermal
heating T < TR, at , it results in a monotonically decrcasing
exothermic signal as a function of time. This has been studied
and discussed with thermodynamic modeling in other reports in
the series [14, 15].

The R-Fe-Al series presents an exceptionally extended phase
diagram (Figure 4) of formation of an amorphous alloy over a
wide compositional range. A thin amorphous ribbon casily forms
at 0 to 90 at % Fe and 0 to 93 at % Al by rapid quenching [10].
Also a bulk amorphous alloy forms over a pretty wide range of
20to 40 at % Fe and 10to 30 at % Al by copper mold casting and
other methods [10, 11]. The as cast ingots of the R-Fe-Al alloys,
4 to 5 mm diameter, by the arc melting in this work, thercfore,
have a smooth surface and a metallic luster at 20 to 40 at % Fe in
formation of the amorphous phase. A systematic change in the
atomic size of Nd>Fc>Al and large negative heats of mixing for
Nd-Al, Al-Fe, and Nd-Fe atomic pairs support a large glass
forming ability of it as per the above three empirical rules.

Al o Glassy
A Glassy

) + Crystalline
X ® Crystalline

Nd Content / at %

Figure 4. Phase diagram of an amorphous phase formation (hard
ferromagnetic) in rapidly solidified Nd-Fe-Al alloys.

C. Magnetic properties :

The Ry, Fe Al,, alloy series irrespective of R exhibits optimal

values of rcmanence J,, saturation magnetization J, energy.
product (JH),_. . and Curie temperature Teatx ~30. As given in
Table 2, the alloy with R = Nd has the highest value of (JH)
19 Kl/m® with the highest value of T = 610 K. T is a strong
function of Fe-Fe, R-Fe and R-R exchange interactions of the

Table 2. Magnetic properties for the hard ferromagnetic R-Fe 4
amorphous bulk alloys.

Composition Magnetic properties

J(T)y  H(kA/m) UH)  (k¥m*) T (K)
Nd, Fe, Al | 0.08 239 13.0 55;)-
Nd Fe Al 012 277 190 610
Pr Fe Al 0.09 300 13.0 518
Er Fe Al 0.10 280 12.0 590

a) The optimal values appear in the amorphous bulk alloy at 30 at ‘% Fe
content.

magnetic R and Fe atoms in the system. As aresult, it sensitively
varics with a function of R as well as with a function of x in 4
given R-scrics. Pr(4f2), which has a smaller magnetic momen
than Nd ( 4f‘). accounts for the smaller value of Tc (515 K agains
610 K at x ~ 30) in the PrmeeXAl 10 alloy with respect to that in
the Nd,, Fe Al alloy (Table 2). Moreover.
thermomagnctograms in Figure 5, an incrcasc in the value of «
from (a) x = 2010 at (b) x = 30 in the Nd,,,  Fe Al series lcads to
an increase in the T .-valuc by 60 K with the final value of 610K
According to it, the Fe-Fe exchange interactions have a more
pronounced effect on T than the R-Fe or R-R exchange
interactions.

The Pr-based alloy is characteristically more oxidaton
corrosion resistant than the Nd-based alloy in ambicnt
atmosphere [8]. It thercfore presents its stable magncu
propertics. This is highly necessary for practical applications of
these alloys in magnet technology and related devices and
components. In this casc, a partial substitution of Nd by Prn
the (Ndl_yPry)w.chxAlm serics thus could be a better alternative
to have a practically useful alloy with its stable magnetic
propertics.

]
3 (b)
§
-3 P (a)
-1 et DN
g
eI ITN
N A A 1 AN L
300 400 500 600

Temperature (K)
Figure 5. The thermomagnetograms showing a significant increasc !
the T, value by 60 K with a mall 10 at % increase in Fe-content 1n {
Nd,Fe, Al , and (b) NdFe Al alloys.
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4. Conclusions

Amorphous bulk R-Fc-Al alloys form a new class of high-
cnergy-density (HED) magnetic materials. As compared to well-
known R Fe, B intermetallics and other HED magnetic materials,
the amorphous bulk alloys exhibit a relatively large clectrical
reststivity, which make them particularly suitable for applications
o high frequency devices at alow power loss. The as-received
amorphous bulk R-Fe-Al alloys present an cnergy-density as
targe as (JM),, ~ 19 KI/m?, i.e. comparable to that for the
.onventional high frequency ceramic magnets. Unusually, the
R-Fe-Al alloys if recrystallised behave to be extremely soft
magnetic in nature and extremely hard in mechanical strength.
several unusual magnetic transitions appear at low temperatures
in the virgin as well as in the recrystallised alloys with small
srystallites at a nanometer scale. This is a subject of eminence
academic interest nowadays in modeling of the dynamics of
magnctic spins in correlated systems of small particles of a
yuantum confined size.
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