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This paper reports the observation of the clear Invar effects of (Fes; ;B24Y45)osNb,s bulk metallic
glass. The Invar effects of (Fe;;2ByuY4g)osNb, alloys in different structural states are also
investigated in situ through cyclic thermal dilation tests at different cyclic temperatures. The results
show that these Invar effects are strengthened in the relaxation amorphous state, weakened in the
nanocrystalline state, and absent in the complete crystalline state. X-ray diffraction and Mdssbauer
spectroscopy demonstrate that the structural influences on Invar effects can be explained by the
different local atomic arrangements around Fe atoms in different structural states. © 2010 American

Institute of Physics. [doi:10.1063/1.3524199]

Invar effects constitute one of the most fundamental re-
search topics in the area of magnetism,l’2 and numerous iron-
based amorphous ribbons that exhibit such effects have been
investigated in recent years.}6 A small thermal expansion
coefficient in the order of 10® K~! below the Curie tem-
perature, analogous to crystalline FegsNiss, has been reported
for these amorphous ribbons, although their potential as
commercial low-expansion alloys is limited by their small
dimension (typically 50 wum) and low Curie temperature
(lower than 400 K). Recently, however, a class of Fe-B—
Y-Nb soft magnetic bulk metallic glass (BMG) with strong
glass-forming ability (critical diameter is 7 mm), high Curie
temperature (higher than 450 K), excellent thermal stability
(large supercooled liquid region with a temperature interval
of about 90 K), and high compressive fracture stress (4 GPa)
has been obtained.” This paper reports the observation of the
clear Invar effects of (Fe;; ,B, Y 5)osNby BMG.® The Invar
effects of (Fe;; 2B14Y435)osNby alloys in different structural
states are also investigated.

(Feq; »B24Y 4 3)o6Nb, master alloys were prepared by arc
melting the pure element mixture in a Ti-gettered high-purity
argon atmosphere. Amorphous ribbons (20 um X1 mm)
and rods ($2.5 mmX50 mm) were prepared via single-
roller melt spinning and copper-mold casting, respectively.
The BMG rods ($2.5 mm X 25 mm) and master alloy ingot
(2.5%X2.5X25 mm) were tested in a thermal dilatometer
(DIL; Netzsch DIL 402C) in an argon atmosphere. The load
applied on the samples was 0.3 N, and the instrument reso-
lution was 1.25 nm. The thermal electric resistance of the
BMG rods (®2.5 mm X 20 mm) was tested in a helium at-
mosphere using the dc four-probe technique (TER; ULVKC-
RIKO ZEM-2), and their thermomagnetic curve was tested
with a vibrating sample magnetometer (TM; Nanjing Univer-
sity, VSM-HH20). The BMG rods’ glass transition and crys-
tallization behaviors were evaluated using differential scan-
ning calorimetry (DSC) (Setaram SETSYS Evolution 1750).
The ribbons that sealed in vacuum quartz tubes (4

“Electronic mail: zengxier @szu.edu.cn.

0003-6951/2010/97(22)/221907/3/$30.00

97, 221907-1

X 1073 Pa) and the rods were isochronal-annealed in a
muffle furnace and a thermal dilatometer in an argon atmo-
sphere, respectively. The heating rate of all of the ther-
moanalysis tests and isochronal annealing was 0.0833 K/s,
and the cross sections of the rods and the ribbon surfaces
were investigated via x-ray diffraction (XRD) (Bruker DS).
Finally, the transmission Mdssbauer spectra (OXFORD MS-
500) of the ribbons were obtained at room temperature with
a °'Co/Pd source. Calibration of the spectrometer is referred
to as a-Fe at 293 K.

In addition to the small thermal expansion coefficient «
in the order of 10°® K~! below the Curie temperature, the
Invar abnormities of amorphous alloys also display in a
minimum electrical resistivity around the Curie temperature.
As shown in Fig. 1(a), the Curie temperature, identified as
the minima in the first derivative of the M/M-T curve, is
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FIG. 1. (Color online) (a) Reduced TER and TM traces of
(Fe;;2B24Y 43)9gNb, amorphous rods; (b) glass transition temperature T,
crystallization peak temperature T, and softening temperature 7, measured
by DSC and DIL and DIL traces of (c) amorphous rods and (d) master alloy.
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FIG. 2. (Color online) [(al)-(d1)] Cyclic DIL traces with different cyclic
temperatures of amorphous rods (the Invar effects are marked by circles and
the average « in the first and second heating are also given); [(a2)—(d2)]
corresponding w,(T) vs (T/T,) curves.

470 K. Electrical resistivity has a minimum at 464 K. The
relative value of electrical resistivity decreases by 1.5% com-
pared to that at room temperature, which is similar to amor-
phous Fe—(Ni,Co)-Zr ribbons with clear Invar effects.> Fig-
ure 1(c) shows that an abrupt increase at 465 K occurs in the
DIL trace. The average « in the ferromagnetic (below 465 K)
and paramagnetic (above 470 K) phases is in the same order
as that in other amorphous Invar ribbons*® and nonmagnetic
BMGs,'*!! respectively. A large degree of spontaneous vol-
ume magnetostriction w, (1.5X 107 at room temperature),
which is estimated as the treble of the thermal expansion
difference between the ferromagnetic phase and the oppo-
sitely elongated line of the paramagnetic phase, © can be
seen clearly in Fig. 1(c). In summary, the unusual thermal
behaviors prove the existence of clear Invar effects in
(Fe,2B24Y 4 )osNby BMG.*

An interesting observation from Fig. 1(d) is that there is
no obvious Invar abnormality in the master alloy with coarse
grains. It is well known that amorphous alloys do not have a
structure with a long-range atomic order as do crystalline
materials, but rather a pronounced short-range order at the
atomic scale."® To further investigate the local atomic ar-
rangement influences on the Invar effects, the rods’ thermal
expansions in different structural states were measured in
situ by cyclic DIL tests at different cyclic temperatures. The
glass transition point 7, and first and second crystallization
peaks, Ty and Ty,, were observed by DSC at 862, 951, and
984 K, respectively. The softening temperature T (the tem-
perature corresponding to the maximum point of the thermal
expansion curve) is 918 K.'*" As shown in Figs. 2(al)-
2(d1), the cyclic temperatures were 853 K (853 K<T,), 893
K (T,<893 K<T,<Ty), 953 K (T,<Ty; <953 K<Ty,),
and 993 K (993 K>T,,), respectively. Hence, after the ini-
tial heating and cooling processes shown in Figs. 2(al)-
2(dl1), the rods were in different structural states prior to the
second heating. Because of the free volume annihilation in
the first heating shown in Figs. 2(al)-2(d1) and the viscous
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FIG. 3. (Color online) (a) XRD of rods and ribbons after isochronal anneal-
ing; (b) master alloy.

flows shown in Figs. 2(c1)-2(d1), there was a degree of ver-
tical distance between the first heating and cooling DIL trace
in each test. The viscous flows that can be seen in Figs.
2(c1)-2(d1) are very small (the length shrinkage is about
1%0—3%o0) (Refs. 10 and 11) and thus should not affect the
shape of the cylinder samples violently; hence, the w, of the
second heating can still be estimated from Fig. 1(c). The
cooling curve and second heating curve almost overlap in
each test also because of the free volume annihilation, al-
though the transition is from the ferromagnetic phase to the
paramagnetic phase in heating and vice versa in cooling.
Thus, for accurate comparison, only the w, of the first and
second heating, as a function of the reduced Curie tempera-
ture, are shown in Figs. 2(a2)-2(d2). The w,(7) of the second
heating in Figs. 2(a2)-2(b2) and in Figs. 2(c2)-2(d2) are
larger and smaller than those of the corresponding first heat-
ing, respectively. Hence, the Invar effects are strengthened
and weakened after relaxation below and above T, respec-
tively. This regularity is also confirmed by the average « in
the ferromagnetic phase as indicated in Figs. 2(al)-2(d1).
The « decreases in Figs. 2(al)-2(bl) and increases in Figs.
2(c1)-2(d1).

Figure 3 shows the XRD of additional rods that under-
went the same initial heating and cooling procedure as those
in Figs. 2(al)-2(d1). The rods remained amorphous after iso-
chronal annealing to 853 and 893 K, although some nano-
crystalline behavior appeared after isochronal annealing to
953 and 993 K. In observing Fig. 3, it is difficult to explain
why the Invar effects are strengthened or weakened in dif-
ferent structural states. As it is well known that such effects
are closely related to the internal magnetic structure, Moss-
bauer spectroscopy, one of the most powerful methods for
structural investigations of amorphous and nanocrystalline
alloys was carried out on the (Fe;; ,B,4Y 4 3)o6Nby ribbons in
different structural states.

The Mossbauer spectra in Figs. 4(al) and 4(bl) consist
of very broad and overlapping lines, typical of the amor-
phous systems confirmed by XRD."*" Isochronal annealing
of the ribbons to 993 K leads to the appearance of hyperfine
sextets with sharp lines superimposed on the broad lines, as
shown in Fig. 4(cl). This is typical of nanocrystalline de-
composition of the amorphous matrix, which is also consis-
tent with XRD.'"*"> The hyperfine field distributions in Figs.
4(a2)—4(c2) exhibit bimodal profiles and can be fitted by two
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FIG. 4. (Color online) Mdssbauer spectra [(al), (bl), and (c1)] and corre-
sponding hyperfine field distributions [(a2), (b2), and (c2)] of
(Fe;; 5B24Y 4 3)96Nby ribbons in the as-quenched state and different isochro-
nal annealing states. H,, H,, H, is the average hyperfine field and low- and
high-field components, respectively.

Gaussian distributions, which indicates the presence of two
different local magnetic environments for the Fe atoms. The
high- and low-field components, respectively, are attributed
to the Fe-poor regions, in which the Fe atoms are partially
coordinated with the B, Y, and Nb nonmagnetic atoms and
the Fe-rich regions, in which the Fe atoms are mainly sur-
rounded by other Fe atoms with a certain distribution of the
Fe—Fe nearest neighbors’ distances.'® Because of the depen-
dence of the exchange interaction between two Fe atoms on
their separation, the spatial fluctuations of the interatomic
distances lead to competing ferromagnetic (for larger dis-
tances) and antiferromagnetic (for smaller distances)
interactions.'” After isochronal annealing to 893 K, the
sample is still amorphous, although it has a more closely
packed structure due to the free volume annihilation. The
enhancement of atom packing density results in a decrease in
the Fe-Fe nearest neighbors’ distance and therefore the
weakening of the ferromagnetic coupling between Fe-Fe
atoms."*" Hence, compared to the as-quenched sample,
there is a decrease in the low-field as indicated in Figs. 4(a2)
and 4(b2). It is well known that the low-field component is
responsible for the Invar effect,’” and thus a decrease in the
low field enhances this effect. However, Fe,3B4 and Fe;B
nanocrystalline behavior is displayed in the amorphous ma-
trix after isochronal annealing to 993 K. The increased or-
dering of the Fe atoms with nonmagnetic B atoms results in
an increase in the high field and a decrease in the low
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field.!*" Consequently, the Invar effects are suppressed. Fi-
nally, in the master alloy with coarse grains and no amor-
phous phase, the long-range order of the Fe atoms with other
nonmagnetic atoms leads to the disappearance of the Invar
effects.

In summary, this paper represents the observation of
clear Invar effects in a BMG. Invar effects are strengthened
after relaxation below the crystalline temperature because of
the decrease in Fe—Fe nearest neighbors’ distance due to free
volume annihilation, weakened when nanocrystalline behav-
ior occurs in the amorphous matrix because of the increased
ordering of the Fe atoms with other nonmagnetic atoms, and
completely disappear in the master alloy with coarse grains
and no amorphous phase. The strong glass-forming ability,
high Curie temperature, and excellent mechanical properties
of (Fe;; 2B24Y45)9sNby, BMG, combined with its clear Invar

effects, shed light on the development of low-expansion
BMG.
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