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The glass-forming ability and the local ordering structures of Fe,,Co,,B,, and Feg;Co,,Ln; By, (Ln=Sm, Tb or Dy)
alloys have been studied by differential scanning calorimetry (DSC), density measurement and X-ray diffraction method.
The supercooled liquid region, defined by the temperature interval A7, between glass transition temperature 7, and
onset crystallization temperature T, appears and is extended by the addition of lanthanide element in Fe-Co-B systems.
AT, (AT, =T,—T,) is 32K for Fes;Co;oSm;B,,, 36 K for Feg;Co,yTbyB,, and 38 K for Feg;Co,oDy;By. The packing
fraction, defined by the ratio of total volume of atoms to the volume of a cell, increases by a few percent in these alloys.
The least-squares refining analysis for interference functions as well as the usual radial distribution function analysis
shows that the coordination number of transition metals around Fe decreases by the addition of the lanthanide element
whereas the change in the coordination number of transition metals around B is not clearly observed within the ex-
perimental uncertainty. The lanthanide element is considered to play an important role in forming a dense packing
structure so as to rearrange the network of local ordering units of (Fe, Co)-B in these alloys.
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I. Introduction

Ferrous amorphous alloys with large glass-forming
ability and good soft magnetic properties have been
found in a number of multicomponent systems such as
Fe-(Al, Ga)-(P, C, B, Si)»?, Fe-(Nb, Mo)-(Al, Ga)-(P,
B, Si)®, Fe—(Co, Ni)-Zr-B“®, Fe—(Co, Ni)-(Zr, Nb)-
(Mo, W)-B®. As pointed out by Inoue™®, these alloy
systems satisfy three empirical rules of the constituents,
i.e., (1) the multicomponent system consisting of more
than three elements, (2) the different atomic size ratios
beyond about 12% among the main component, (3) the
negative heats of mixing among their elements. Within
the framework of these empirical rules, Zhang and
Inoue®™® have recently reported new quaternary Fe-Co
base amorphous alloys, Fe-Co~(Nd, Sm, Tb, Dy)-B,
with supercooled liquid region by adding lanthanide ele-
ments with relatively large atomic size to ternary Fe-
Co-B systems. Amorphous Feg—,-,CoxLn,By (Ln=Sm
or Tb, x=0 to 10 at%, y=1.5 to 3.0 at%) alloys are
found to provide large magnetostriction (A;) values of
37-58 x 10~¢ combined with good bending ductility, high
tensile fracture strength exceeding 3000 MPa. However,
there is no information about the local atomic structures
of these particular alloys, which should be closely related
to the origin of their large glass-forming ability.

The main purpose of this paper is to present the local

atomic structure of amorphous Fe;0CoyBy and
Fes;Co10LnsBy (Ln=Sm, Tb or Dy) alloys with special
reference to the effect of lanthanide element on their glass
forming ability.

II. Experimental

Fe70C010B2(), F667C01()SII13B20, F657C010Tb3B20 and
Fes;Co10Dy3 By alloy ingots were prepared from the
mixture of pure metals and pure boron crystal by arc
melting in an argon atmosphere. Rapidly solidified
amorphous ribbons of about 0.02 mm thick and 1.5 mm
wide were prepared by the single-roller melt spinning
technique from their alloy ingots. Thermal stability was
examined by differential scanning calorimetry (DSC) at
a heating rate of 0.67 K/s. Densities of samples were
measured by Archimedean method with toluene. The
average number density of each sample was evaluated
from its composition and density.

X-ray diffraction method was employed for obtaining
the atomic structures of amorphous alloys. The ex-
perimental procedure was almost identical to the previ-
ous works on amorphous alloys!?-!®, Thus, only some
essential points and additional details, which are neces-
sary for the present work, are given below. Scattered X-
ray intensities measured by monochromatic Mo K, radi-
ation were corrected for air scattering, absorption and
polarization, and converted to electron units per atom
with the generalized Krogh-Moe-Norman method®? us-
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ing the X-ray scattering factors with anomalous disper-
sion terms'® and the theoretically-calculated Compton
scattering values®. Interference function Qi(Q) can be
estimated from the coherent scattering intensity J..n(Q)
in electron unit per atom as

Lan(Q) =2, f]
Zaf)
where ¢; and f; are the atomic concentration and the
scattering factor of element j, respectively. The Fourier
transformation of Qi(Q) in eq. (1) gives the radial dis-

tribution function (RDF), 27%r p(r) as follows;

QiIQ)=0Q M

Ons
272r p(r)=27r po +S Qi(Q) sin (Qr) dQ @
0

where po and Qu.x are the average number density in the
system and the maximum value of wave vector Q, re-
spectively. In this work, Qn.x was selected to be 150
nm~!, which was considered to be large enough not to
give serious truncating effect in Fourier transforma-
tion!). The least-squares variation method"®!? for the
interference functions was used to determine the local
structure parameters; coordination numbers and inter-
atomic distances for the neighboring pairs. This varia-
tional method is to use the assumption that the interfer-
ence function can be represented by a discrete Gaussian
distribution in near neighbor region and a continuous
distribution with an average number density at long dis-
tance.

III. Results and Discussion

Glass-forming ability can be estimated by tempera-
ture interval between the glass transition temperature
T, and onset crystallization temperature T, ATy
(AT, =T,— T,)"®. Generally, the larger temperature in-
terval AT, represents the higher glass-forming ability.
Figure 1 shows the DSC curves of the melt spun
Fe70C010B20 and F657C010LH3B21) (Ln=Sm, Tb or Dy)
amorphous ribbons. For ternary alloy system of
Fez0Co10Bao, T, is not observed and the amorphous state
directly changes to crystalline state upon heating. On the
other hand, the quaternary Fes;CooLn; By (Ln=Sm, Tb
or Dy) alloys exhibit the glass transition, followed by the
appearance of a supercooled liquid region and then
crystallization. The values of T, T, and AT are 830, 798
and 32K, respectively, for Fes;Co;0Sm;By. Similarly,
831, 795 and 36 K, for FCG7C01oTb3B20 and 841, 803 and
38 K, for Fes; Co10Dy3By. It may be also worthy of notice
that larger 47T values of 45 to 85 K were found in other
new multicomponet ferrous alloys of FessCos-
Ni; Zr10-xNb, By (x=0 to 10 at%) systems". It is remark-
able, however, that only a small amount of lanthanide
element induces to appear the supercooled liquid
region.

The density values were determined as 7.42 Mg/ m? for
F€7()C010B2(), 7.68 l\’Ig/IIl3 for F657C01()SID3B20, 7.68
Mg/m?® for FesCoywTbsBy and 7.71 Mg/m? for
Fes;C0,10Dy;Byy amorphous alloys, respectively. The
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Fig. 1 The DSC curves of Fe;;Co;oBy, FegCoioSm;By,

Feg;Co,Tb;B,, and Feg;Co,oDy; B,y amorphous alloys.

density value of Fe,Co;9B, amorphous alloy is on the
extraporated value between those of amorphous FegyBjo
and CogyB20®. As is expected, the density of Fe;,Co19Ba
amorphous alloy increases when adding a relatively
heavy lanthanide element. The number densities p, in
eq. (2) were calculated to be 94.8, 92.1, 92.5 and 92.2
atoms/nm3 for Fe70C010B20, Fe67 ColoSm3B20,
Fes:Co10TbsByy and Feg;CogDys By amorphous alloys,
respectively. This implies that the number of atoms per
unit volume decreases by the addition of a relatively large
lanthanide element. Considering many factors such as
the empirical rules described in Section I and small
change in density upon crystallization®”, amorphous
phase with a structure of nearly dense random packing
structure is likely to be formed in multicomponent alloy
system with the supercooled liquid region. Let us sup-
pose the simple rigid hard sphere model® in which
constituent atoms are randomly packed as hard spheres.
Then, we can estimate the packing fraction, defined by
the ratio of total volume of atoms to the volume of a cell,
in these amorphous alloys by using the atomic radii of
constituents and the number density. The resultant
packing fractions of Fes;Co10Sm;By are 0.745, 0.746 for
Feg;Co190TbsByy and 0.742 for Feg;CoypoDyaBag, respec-
tively. These values are slightly higher than that of
FesCo10Ba, 0.722. Increase in the packing fraction, in
a sense of the first order approximation, suggests that
an addition of relatively large lanthanide element to
Fe70Co10B2 modifies the local ordering structure to more
dense packed amorphous alloys. Further study is
strongly required to discuss the degree of dense random
packing structure for amorphous alloys in detail, because
the occupation volume or the free volume in solids de-
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Fig. 2 Interference functions of Fe;;Co,;B,;, FegCoiSm;By,
Feg;Co,9Tb;y B,y and Feg; Co,,Dy; B,, amorphous alloys. The solid and
dotted curves correspond to the experimental and calculated ones.
The calculation was done by the least-squares variation method.

pends not only on the chemical composition but also on
the electronic properties of constituents.

The experimental and calculated interference functions
Ql(Q) of Fe70C010B20 and F657C010LH3B20 (Ln=Sm, Tb
or Dy) amorphous alloys are shown in Fig. 2. A shoulder
in the second peak of Qi(Q) around Q=60nm™! is
clearly observed for Fe;Co10By. This is the characteris-
tic feature of various amorphous alloys® and this may
be, more or less, attributed to the existence of a certain
structural ordering. In transition metal-metalloid amor-
phous alloys, especially for the Fe-B system, amorphous
structures are classified into two types, i.e., Bernal type
and chemical order type by their composition®. When
boron content is larger than 18% in Fe-B system, the
chemical order type structure characterized by the local
ordering units of A;B or A,B becomes dominant. The
stereo-chemical model with the network structure of
trigonal prismatic unit of AsB observed in the or-
thorhombic phase of Fe;C has also been proposed in
these alloys®@®, Same as for the binary Feg By system,
the local ordering is quite likely to exist in Fe;Co9B2 by
exchanging some amount of Fe to Co. It is distinct that
the shoulder in the second peak becomes weak but still
remains in the Qi(Q) profiles of quaternary amorphous
alloys, Fes;Coj0LnsBy (Ln=Sm, Tb or Dy). This con-
trasts with the fact that the characteristic shoulder in the
second peak is not observed at all in Pt-Ni-P®?, Pt-P@®
and La-Al-Ni® amorphous alloys. The constituent
atoms in these alloys are considered to be randomly and
homogeneously mixed like liquid with good harmony of
the large difference in atomic size and chemical affinity
among constituents. This feature suggests that the addi-
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Fig. 3 Radial distribution functions (RDFs) of Fe;Co By,
Feg;Co,oSm;B,g, Feg;CogTh; B,y and Feg;Co,yDy; By, amorphous al-
loys. The solid and dotted curves correspond to the experimental and
calculated ones. The calculation was done by the least-squares vari-
ation method. Inserted arrows indicate the calculated interatomic
distances together with the atomic pairs.

tion of lanthanide element with large atomic size reduce
the atomic ordering of Fe;0CoyB by breaking the net-
work structure of the local ordering units of Fe;gCoyoB3.

Radial distribution functions calculated from the
Fourier transformation of the interference functions by
eq. (2) are shown in Fig. 3. The split in the second peak
at r=0.4-0.5 nm seems to be slightly obscure when add-
ing a small amount of lanthanide element to the
Fe;Co;0By base alloy, although the main structural
profile of RDFs is unchanged. Such behavior may cor-
respond to the variation detected in Qi(Q). For con-
venience of discussion for the amorphous structures,
coordination number N; and inter-atomic distances r;
for the neighboring pairs of type-i and type-j atoms were
calculated to reproduce the Qi(Q) profiles by the least-
squares variation method. The dotted lines in Figs. 2 and
3 show the fitted curves of Qi(Q) and resultant RDFs,
respectively. Arrows in Fig. 3 indicate the main possible
interatomic distances and types of pairs taken into ac-
count. Obtained structural parameters with respect to
the environment around Fe are summarized in Table 1.
Significant change in structural parameters of Fe-Fe
pairs is clearly seen from this table. The coordination
numbers of Fe-Fe pairs for Feg;CojoLn; By (Ln=Sm, Tb
or Dy) at the first peak is much less than that for
FenCo19B. Besides, the interatomic distance becomes
slightly shorter for Feg;CojoLn; By (Ln=Sm, Tb or Dy).
The variation in the Fe-B correlation, on the other hand,
dose not show a clear tendency when adding lanthanide
element.



Effect of Lanthanide Element on Glass-Forming Ability and Local Atomic Structure of Fe-Co—(Ln)-B Amorphous Alloys 1147
Table 1 Summary of coordination numbers and interatomic distances for Fe;;Co,oB,g, Feg;C0,0Sm;B,,, Feg;CoyyTb;B,, and
Feg;Co,yDy; B,y amorphous alloys.
Fe-B Fe-Fe Fe-Co Fe-Ln
r/nm N/atom r/nm N/atom r/atom N/atom r/nm N/atom
Fe;,Co19By 0.205+0.005  2.0£0.4  0.252+0.001  7.8+0.2  0.281+0.001  1.8%0.1 — —
Feg; Co1oSm; By 0.205+0.004 2.2%0.5 0.248+0.000 6.4+0.2 0.266+0.001 2.6x0.1 0.296+0.001 0.6+0.0
Feg;CooThs By 0.197+£0.004 1.6+£0.4  0.246+0.001  6.5+0.3  0.272+0.001  2.7+0.1  0.305+0.001  0.7%0.0
Feg;Co,0Dy; By 0.198+0.003 2.7£0.4 0.243+0.001 5.4+0.4 0.268 +0.001 3.0+0.1 0.303+0.001 0.7+0.0
12
Coordination number for B-Fe pairs IV. Concluding Remarks
10
The effect of lanthanide element such as Sm, Tb or Dy
sk on the glass forming ability and the variation of local
________________________________________________________ ordering structures of amorphous Fe-Co-(Ln)-B sys-
g oL tems have been studied by differential scanning calori-
2 metry (DSC), density measurement and X-ray diffrac-
= N tion. It is known that an addition of small amount of
lanthanide element induces the appearance of super-
oL cooled liquid region in Fe-Co-B system. ATy
(ATy=T,—T,) ranges from 32 to 38 K in these alloys. A
. N ) . . few percent increase of packing fraction is observed as
one s A by predicted in the Inoue’s empirical rules™®, The coordi-

Additional Ln Element

Fig. 4 Comparison of coordination numbers of B-Fe pairs for
Fe;0Coy9Byg, Feg;C01oSm;B,g, Feg;CoygThyByy and Feg;CoyoDy; By
amorphous alloys. Dotted line represents the level of Fe;,Co,By.

Structural parameters for the environment around B
were calculated in order to facilitate the understanding of
the trigonal prismatic units of FesB proposed in various
Fe-B based amorphous alloys. Figure 4 shows the com-
parison of coordination numbers of B-Fe pairs for
Fe7oColoB20 and F667C010L1'13B20 (LIl:SIIl, Tb or Dy)
with the experimental uncertainty. The values of Npp.s
for all amorphous alloys are dispersed around 6.0, of
which value is found in trigonal prism of FesB. Thus, it
is safely concluded that the same kind of local ordering
structure as in trigonal prismatic units of (Fe, Co)¢B in
Fe70Co10Byyo still remains in Feg;CooLn; By (Ln=Sm, Tb
or Dy). Once the disordered network of local structural
unit of (Fe, Co)sB is formed, lanthanide elements are too
large to squeeze in each unit. These elements rather stay
in between such local ordering units to slightly rearrange
their network structure. This is consistent with the fol-
lowing observation. As these units are connected
mainly with Fe atoms, the correlation of Fe-Fe pairs
becomes week and its coordination number decreases by
the addition of lanthanide element.

When adding lanthanide element to Fe;Coy9By, the
distance of Fe-Fe pair decreases. This experimental fact
for Feg;CoylnsByy (Ln=Sm, Tb or Dy) alloys suggest
that the degree of atomic packing increases compared
with that of ternary Fe;Co;oBy alloy.

nation number of transition metals around Fe decreases
by the addition of lanthanide element whereas the change
in the coordination number of transition metals around
B is not clearly observed within the experimental uncer-
tainty. These features are explained by the disordered
network model with trigonal prism-like local ordering
structure of (Fe, Co)-B. Lanthanide element plays an
important role in forming the dense random packing
structure of (Fe, Co)-B in these alloys. However, some
further experimental studies, particularly the environ-
mental structure around lanthanide element, should be
required before the full potential of the present conclu-
sion can be assessed.
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